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Abstract
The microenvironment of solid tumors is often acidic due to poor vascular perfusion, regional hypoxia, and increased glycolytic
activity of tumor cells. Although acidosis is harmful to most types of cells, tumor cells seem well adapted to such harsh
conditions. Moreover, overwhelming evidence indicates that tumor cells are more invasive and more aggressive in acidic
conditions by a cascade of cell signaling and upregulation of oncogenic gene expression. Therefore, how extracellular acidic
signals are transduced to the cytoplasm and then into the nucleus is an interesting topic to many cancer researchers. In this review,
we update on the recent advances in acidosis-induced tumorigenesis through the acid-sensing ion channels (ASICs) and activa-
tion of cell signaling.
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1 Introduction

Almost every type of cell is able to sense extracellular envi-
ronment. Acidity is one of the important features of tumor
microenvironment which are often favorable to tumor cells
through adaptation and evolution. Evidence suggests that acid
sensors in the cytoplasmic membrane may play a critical role
in how the cells respond to acidic conditions. There are two
major types of acid sensors, proton-sensing G protein-coupled
receptors (GPCRs) [1] and acid-sensing ion channels (ASICs)
[2]. Like other members of GPCRs, proton-sensing GPCRs
are also transmembrane receptors which, however, sense acid-
ic pH, i.e., these receptors are activated when extracellular pH
falls into the range of 6.4–6.8.

For example, ovarian cancer G protein-coupled receptor 1
(OGR1) and GPR4 (G protein-coupled receptor 4) are the first
two members that are shown to proton-sensing receptors in-
volved in pH homeostasis [3]. Other members include
GPR132 (G2A) and GPR65 (TDAG8) [4]. They are expressed

in various tissues such as the testis, spleen, bone, lung, brain, and
placenta, and may play a role in bone metabolism. Of interest, at
least, some of these receptors play a role in cancer. In this regard,
OGR1 has been implicated as a metastasis suppressor gene in
prostate cancer, although exogenous OGR1 overexpression had
no effect on primary prostate tumor growth in vivo [5].

On the other hand, ASICs are neuronal voltage-insensitive
cationic channels activated by extracellular protons and they
are primarily expressed in neuronal cells. However, increasing
evidence suggests that expression of ASICs is not limited to
neuronal cells. Furthermore, upregulation of ASICs has been
reported in several types of cancer. They may also contribute
to tumorigenesis. A substantial progress has been made in
dissecting the acidosis-induced signaling pathways in cancer,
and in particular, how ASICs impact tumorigenesis.
Therefore, the focus of this current review is on ASICs.

2 Acidosis is a common physical hallmark
of solid tumors

The extracellular pH (pHe) of solid tumors is more acidic than
that of normal tissue primarily due to high glycolysis and poor
perfusion within tumors; pHe values could reach 6.2~6.8 [6].
In some extreme cases, interstitial pH values could even be as
low as 5.8 [7]. It is known that tumor cells can metabolize
glucose to lactic acid even under normal oxygen tension, a
phenomenon called aerobic glycolysis or the Warburg effect.
This can lead to low intracellular pH (pHi) which is often
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deleterious to the tumor cells. Thus, the tumor cells have to
employ various mechanisms to remove intracellular acids in
order to maintain physiological pHi. These include Na-driven
proton extrusion, V-type ATPases, Na+/H+ exchangers
(NHEs), and those facilitated by carbonic anhydrases [2].
Among these, NHE1 is a primary cellular housekeeping
Na+/H+ antiporter present in the membranes of many types
of cells. It serves to regulate intracellular pH (pHi) and cell
volume and is intimately involved in changing the growth and
functional states of cells, and cell metabolism. In particular,
pHi may also impact how the cells respond to therapy. In silico
analysis suggests that alkaline pHi maximizes cancer cell pro-
liferation coupled to increased glycolysis and adaptation to
hypoxia, whereas acidic pHi disables these adaptations and
compromises tumor cell growth [8].

As a result, pHe becomes acidic, which is often harmful to
normal cells including host immune cells. However, such low
pHe is not harmful to tumor cells; instead, it may even benefit
tumor cells for their migration and invasion [9]. For example,
a report showed that the peritumoral pH is acidic and hetero-
geneous, and pHe is negatively correlated with their invasive-
ness [10]. On the other hand, little tumor invasion is detected
in regions with normal or near-normal pH [10]. These findings
suggest that tumor cells have adapted well to extracellular
acidosis which, furthermore, may be used by tumor cells as
a means to promote their invasion and metastasis [11].

Acidosis changes tumor metabolism and induces expres-
sion of oncogenes. An important feature of acidosis is the
production of reactive oxygen species (ROS) [12] (see
Sonveaux this volume). For instance, acidosis induces
MAPK phosphorylation in rat prostate carcinoma cells
through the formation of ROS [13] (see Thews, this volume).
ROS plays a critical role in enhancing the inflammation by the
activation of NF-κB and AP-1 transcription factors, and nu-
clear histone acetylation and deacetylation in various inflam-
matory diseases including cancer. These microenvironmental
stresses exert important influences on metabolic phenotypes
and gene expression patterns. It is well known that the process
of tumorigenesis requires genetic instability and highly selec-
tive local microenvironments, and such environmental stress
promotes somatic evolution.

As an example, a variety of environmental factors can alter
tumor cell metabolism to serve the distinct cellular biosynthetic
and bioenergetic needs during oncogenesis. In this regard, acido-
sis can increase both glutaminolysis and fatty acid β-oxidation.
For example, acidosis activates p53, which contributes to both
the enhancement of the pentose phosphate pathway and
glutaminolysis [14]. In other cases, several oncogenic genes
can be induced by acidosis. For instance, an acidic pHe promotes
the expression of VEGF in melanoma cells through the NF-κB
transcription factor [15]. Similarly, it has been shown that acidic
tumor microenvironment can promote autophagy and induce
autophagy-related genes [16]. In particular, chronic autophagy

can serve as a survival adaptation mechanism for tumor cells in
this setting [16]. In addition, acidosis can activate extracellular
matrix-degrading enzymes such as cathepsin B and hyaluroni-
dase 2 and pro-angiogenic factors [17, 18]. Together, these find-
ings may also explain in part why tumor cells can benefit from
the acidic microenvironment.

Furthermore, acidosis also affects therapeutic resistance.
For example, in lymphoma cells, acidosis (pH 6.5) blocks
apoptosis induced by multiple cytotoxic metabolic stresses,
including deprivation of glucose or glutamine and treatment
with dexamethasone. Acidic conditions cause elevation of
both Bcl-2 and Bcl-xL, while also attenuating glutamine
starvation-induced upregulation of PUMA and Bim [19].
Consistent with this finding, acidosis is able to strongly induce
P-glycoprotein, an important drug transporter responsible for
multidrug resistance [20].

Finally, acidosis has been implicated in stimulation of au-
tophagy and immunosuppression, and immune-evasion, pro-
moting tumorigenesis [21, 22]. In support of this, acidosis-
induced cell invasion has been reported in variety of cancer
including melanoma [23, 24], cervical cancer [25], and pros-
tate cancer [26]. Moreover, acidosis can activate NF-κB in
melanoma [15], osteosarcoma [27], and ovarian cancer [28]
as well as pancreatic, colon, and prostate cancer [29]. Our
results show that acidosis induces NF-κB activation in breast
cancer cells [30]. Therefore, acidic tumor microenvironment
can have multiple effects on tumor cells and may contribute to
invasiveness and metastasis through various mechanisms.

3 Role of reactive oxygen species (ROS), AKT,
and NF-κB in cancer

Several studies suggest that acidic conditions increase ROS
generation and activation of AKT/NF-κB [12, 13, 35–37] (see
also Sonveaux, this volume). Acidosis-induced formation of
ROS, probably through activation of NADPH oxidase from
mitochondria, may then trigger a series of cell signaling events
such as MAPK phosphorylation, activation of AKT and nu-
clear localization of NF-κB, and gene expression, leading to
tumor growth and invasion.

The role of ROS, AKT, and NF-κB in cancer is well
established. For example, AKT and NF-κB control a large
number of cellular pathways and cellular functions.
Similarly, ROS can serve as an inducer of genes involved in
DNA repair, DNA mutation, and genome integrity. Thus, a
better understanding of how these factors are regulated in
acidic conditions is critical to effectively targeting the path-
ways associated with these factors.

ROS impacts various hallmarks of cancer such as cel-
lular proliferation and angiogenesis through the promo-
tion of cell signaling pathways. It is well known that
ROS can damage DNA, and it subsequently increases

180 Cancer Metastasis Rev (2019) 38:179–188



genome instability and the mutagenic activity, leading to
breast cancer progression [33]. A variety of mechanisms
can cause tumor cells to produce ROS, including alter-
ations to metabolic pathways in tumor cells, an inadequate
tumor vascular network, and macrophage infiltration of
the tumors. A well-known consequence of ROS produc-
tion is an increased mutation rate and accelerated tumor
progression and activation of growth-promoting signaling
pathways such as MAPK pathways [34]. ROS can also
promote secretion of angiogenic factors and matrix metal-
loproteinase [35]. Oxygen radicals can promote tumor cell
migration, increasing the risk of invasion and metastasis
through activation of the p38 MAPK [34] (see also
Thews, this volume). These are not the only mechanism
that ROS impacts tumorigenesis. For instance, mitochon-
drial dysfunction and ROS stress can promote cancer cell
motility through a CXCL14-mediated pathway [36].

AKT is a key downstream target of PI3K-mediated
signaling pathway and it plays an important role in regu-
lation of diverse cellular processes. Inappropriate activa-
tion of AKT has been reported in many types of human
diseases, including cancer. As a major pathway involved
in cell growth and proliferation, the AKT pathway has
been intensively investigated. For instance, AKT plays a
key role in the cell in response to growth factors; it con-
trols cell survival, cell cycle progression, metabolism, and
angiogenesis. Several known factors control AKT activity
positively or negatively; a notable negative regulator is
the tumor suppressor PTEN. ROS can deactivate several
phosphatases including PTEN, leading to activation of
AKT [37]. Activated AKT is capable of phosphorylating
IKK, which is a kinase for IκBα, a direct inhibitor of
NF-κB. Thus, AKT can serve as an upstream molecule
for NF-κB in acidic conditions.

NF-κB is a ubiquitously expressed pleiotropic transcrip-
tion factor that can be activated in response to a number of
stimuli including low pHe [15, 28, 29]. Under normal con-
ditions, NF-κB stays in the cytoplasm as a heterotrimeric
complex consisting of the subunits p50, p65, and the in-
hibitory subunit IκBα. In response to inducing stimuli such
as ac idos i s , IκBα undergoes phosphoryla t ion ,
ubiquitination, and proteolytic degradation. The p65 sub-
unit then undergoes phosphorylation and moves into the
nucleus where it binds to specific DNA sequence and can
activate the transcription of hundreds of genes [38]. The
phosphorylation of IκBα is catalyzed by IκBα kinase
(IKK), which consists of three subunits, IKK-α, IKK-β,
and IKK-γ (also called NEMO). Aberrant regulation of
NF-κB and the signaling pathways that control its activity
often leads to inflammation, drug/radiation resistance, and
tumorigenic potential of cancer cells [39]. Therefore, like
AKT, NF-κB may also be critical to the acidosis-induced
tumor initiation, progression, and metastasis.

4 Acid-sensing ion channels

Now, a key question is how tumor cells sense the acidic mi-
croenvironment and then transduce into the cell to impact
gene expression. As discussed early, there are two major types
of acid sensors, ASICs and proton-sensing G protein-coupled
receptors. Since the primary focus of this review is on ASICs,
we will provide a brief background of ASICs.

ASICs belong to the epithelial sodium channels/degerin
(ENaC/Deg) superfamily. ASICs are neuronal voltage-
insensitive cationic channels activated by extracellular protons
and they are largely responsible for the acid-evoked currents
in neurons. Thus, ASICs are molecular acid sensors expressed
in neurons throughout the body [40]. Knockout have identi-
fied ASIC1 as a key component of acid-activated currents
which are important to the processes underlying synaptic plas-
ticity, learning, and memory [41]. There is evidence
supporting roles for ASICs in pain, neurological disease, and
psychiatric disease [42, 43].

ASICs are widely expressed throughout the central and
peripheral nervous system [44], except for ASIC5 that is pri-
marily expressed in the small intestine [45]. The function of
ASIC5 is not known. There are eight subunits of ASICs
encoded by five different genes: ASIC1a, ASIC1b1,
ASIC1b2, ASIC2a, ASIC2b, ASIC3, ASIC4, and ASIC5
[40, 45, 46]. ASIC1a is a primary acid sensor in the peripheral
and central nervous system. ASICs can form functional homo
or hetero trimmers [47, 48]. For example, ASIC1a can form a
homotrimeric or heterotrimeric complex with ASIC2b. All
ASICs are expressed in the peripheral nervous system while
ASIC1a, 2a, 2b, and 4 are also expressed in the central ner-
vous system. The amino acid sequences of ASIC subunits are
well conserved among different species. For example, the
mouse ASIC1a and the human ASIC1a share over 98% of
their amino acid sequence identity.

Acidosis is a common feature of ischemia and plays a crit-
ical role in brain injury. Overactivation of ASIC1a can lead to
neuron injury. For example, ASIC2b and ASIC1a have been
implicated in acidosis-induced neuronal death [49]. On the
other hand, ASIC3 plays a protective role in the inflammatory
arthritis by limiting inflammation through enhanced
synoviocyte cell death [50]. ASICs have also been implicated
in production of reactive oxygen species (ROS) in cerebral
ischemia/reperfusion injury [51].

Various ASIC modulators have been identified and report-
ed. In particular, some animal toxins have been shown to
specifically inhibit ASICs. Psalmotoxin-1 (PcTx1), a potent
toxin isolated from the venom of tarantula spider, possesses
sub-nanomolar affinity for ASIC1 [49]. Unlike amiloride
which inhibits ASICs and other channels such as sodium–
hydrogen exchangers (NHEs) and epithelial sodium channels
(ENaCs) [52], PcTx1 is a specific inhibitor to ASIC1. The sea
anemone toxin APETx2 inhibits ASIC3-containing channels
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with IC50 < 100 nM [53]. On the other hand, a snake toxin
(MitTx) from the Texas coral snake is a potent and selective
agonist for ASICs and causes opening of the channels [54].
Recently, co-crystal structures of chicken ASIC1a with MitTx
have been reported, which indicates that MitTx-induced open
state of an ASIC1 can serve as a selectivity filter of voltage-
independent and sodium-selective ion channels [55].
Therefore, in addition to being potential therapeutics, these
reagents can also serve as important tools for characterization
of ASIC-mediated physiological and disease processes.

5 Role of ASICs in cancer

Although ASICs are expressed primarily in neurons of periph-
eral sensory and central nervous systems, there are reports
suggesting that ASIC currents can be detected in glia, smooth
muscle cells, and osteoclasts [61–64]. ASICs are upregulated
in glioma, which is not surprising because they are derived
from the same neuronal stem cells as neuronal cells do.
Particular relevant to this review is that overexpression of
ASICs is able to impact the growth and migration of glioblas-
toma cells [60, 61]. For example, glioma cation current is
mediated by mixed ASIC1 and ASIC2; inhibition of this con-
ductance decreases glioma growth and cell migration [60]. It
has also been shown that knockdown of ASIC1 or ENaC
inhibits glioblastoma cell migration [62]. In contrast to
ASIC1, increasing surface expression of ASIC2 suppresses
the proliferation and migration of glioblastoma cells [63].

Of interest, ASICs have been also shown to be expressed in
other types of cancer. For instance, we have shown that ASICs
are expressed in a subset of breast tumors, and breast cancer
cell lines [32]. This upregulation of ASIC1 may in part attri-
bute to the capability of ASIC1 to promote cell invasion and
metastasis. Another example is ASIC2 which is upregulated
in colorectal cancer specimens and its high expression can
predict poor outcomes of patients with colorectal cancer. Of
interest, acidic exposure can upregulate expression of ASIC2.
Furthermore, ASIC2 overexpression promotes, whereas
ASIC2 knockdown inhibits, cell proliferation in vitro and
in vivo. Importantly, ASIC2 promotes CRC cell invasion un-
der acidosis in vitro and liver metastasis in vivo [64]. This may
be attributed to the activation of calcineurin/NFAT1 signaling
pathway under acidosis. These observations suggest that
ASICs play an important role in cancer and they may serve
as potential therapeutic targets.

6 ASICs as an important mediator
for acidosis-induced cell signaling

Now, we turn our focus on the importance of ASICs in
acidosis-mediated cell signaling, leading to tumor cell

invasion and metastasis. In particular, we will discuss how
acidosis induces ROS production, and activation of AKT
and NF-κB in an ASIC-dependent manner. Several lines of
evidence suggest that there is acidosis-induced cell signaling
where ASICs play a critical role (Fig. 1).

Acidosis induces NF-κB activation and cell invasion in breast
and prostate cancer cells Although several studies have
shown that acidosis promotes tumor cell growth and invasion,
the detailedmechanism has not been elucidated. Thus, we first
determined whether NF-κB is activated in response to acidosis
because NF-κB is a known key factor for inflammation, and
cancer development. When MCF-7 and MDA-MB-231 cells
were exposed to pH 6.6 medium from 5 min to 48 h, the levels
of nuclear NF-κB increased substantially in both cell lines
[30]. This high level of p65 was maintained for at least 48 h.
Consistent with these results, acidosis induced degradation of
IκBα, a well-known NF-κB inhibitor [65]. Moreover, immu-
nofluorescence (IF) staining also supports that acidosis in-
duced the nuclear localization of p65 (Fig. 2). This was not
limited to breast cancer cells. We also detected acidosis-
induced activation of NF-κB in several prostate cancer cell
lines [31]. These results suggest that low pHe can induce
NF-κB activation and cell invasion. Further studies suggest
that the acidosis-induced NF-κB activation is dependent on
ASICs and ROS production (see discussion below).

Another interesting observation is that acidosis induces
AKT activation in a time-dependent manner. As expected,
acidosis increases the phosphorylation of AKT (pAKT at
Ser473) in MCF-7 and MDA-MB-231 cells while the total
level of AKT is unaffected under the same conditions.
Especially, this is a time-dependent increase. For example,
starting from 5 min, the pAKT level was gradually increased

ROS

Upregulation of 
pAKT

Increased level of 
nuclear NF-κB

Tumor cell invasion 
and metastasis

Acidosis

GSH or NAC

ASICs KO or siRNA PcTx-1

Fig. 1 ASIC is required for acidosis-induced ROS-AKT-NF-κB path-
way, leading to cell invasion and metastasis. GSH, glutathione; NAC,
N-acetylcysteine; KO, knock out; siRNA, small interfering RNA;
PcTx1, psalmotoxin; ROS, reactive oxygen species
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until 2 h and then decreased to the baseline level in MCF-7
cells. From 24 h, the pAKT level started to increase again [30].
Thus, AKT activation appears to act upstream of NF-κB be-
cause AKT activation occurs earlier than NF-κB activation in
response to acidosis. Moreover, AKT activation is transient
whereas NF-κB activation lasts much longer.

7 Acidosis promotes ROS generation

Several studies show that acidosis induced the formation of
lung metastases depends on elevated ROS production; thus,
ROS plays a critical role in metastases of acidosis-primed
tumor cells in vivo [66]. Under acidic conditions, fatty acid-
derived acetyl-coA becomes oxidized, which may contribute
to increased ROS production [67], highlighting the impor-
tance of fatty acid metabolism as a critical determinant of
tumor cell proliferation under acidosis. This acidosis-
induced ROS production may be due to mitochondrial func-
tional impairment related to mitochondrial permeability [68].

Intensive studies have been carried out on cross-talk be-
tween ROS generation, and NF-κB and AKT activation
[69], leading to invasion andmetastasis. For example, acidosis
significantly increases the formation of lungmetastases of two
rat carcinoma cell lines in vivo and promotes cellular motility
[66].

Indeed, we showed that acid-induced ROS production in
both MCF-7 and MDA-MB-231 cells as early as 5 min expo-
sure [30]. Moreover, two well-known ROS scavengers, gluta-
thione (GSH) and N-acetyl cysteine (NAC), both abrogated
the acidosis-induced ROS production. Furthermore, both
GSH and NAC suppresses the acidosis-induced NF-κB and
AKTactivation in a concentration-dependent manner. Finally,
the acidosis-induced ROS promotes cell invasion which can
be blocked by NAC.

A question is howROS andAKTare connected. PT EN is a
well-known tumor suppressor and it serves as a phosphatase
to remove phosphate group attached to the 3′-hydroxyl group
of the PI(3,4,5)P3 [70]. Therefore, inhibition of PTEN ele-
vates intracellular level of PI(3,4,5)P3, leading to AKT acti-
vation. Of interest, acidosis is able to inactivate PTEN by

oxidation, suggesting that PTEN is also involved in
acidosis-induced AKT activation. This is consistent with the
findings that catalytically active form of PTEN is able to sup-
press basal activation of AKT [71, 72]. Furthermore, acidosis
enhances the level of pAKT in cells expressing wild-type
PTEN but not in those expressingmutant PTEN [30], suggest-
ing that acidosis-mediated ROS production induces disulfide
bond formation between Cys71 and Cys124 of PTEN, leading
to the loss of its phosphatase activity, and enhanced AKT
phosphorylation. Thus, acidosis induces AKT activation
through thiol modification of PTEN, and NADPH oxidase
(NOX) may contribute to acidosis-induced ROS generation.

Acidosis-induced activation of AKT and NF-κB is specific to
cancer cells Of interest, we detected acidosis-induced activa-
tion of AKT and NF-κB only in breast cancer cells, but not in
non-malignant MCF-10A cells [30]. For example, we detect-
ed an obvious induction of NF-κB and AKTat 30 and 60 min
exposure to pH 6.6 in MCF-7 cells; there was no such induc-
tion in MCF-10A cells under the same conditions. Moreover,
there was a same trend for acidosis-induced ROS generation
in these two cell lines [30]. In neutrophils, although acidosis
can induce activation of AKT/ERK, it does not activate
NF-κB [73], further supporting that the effect of acidosis on
NF-κB signaling is cancer-specific. This may provide a basis
for therapeutic targeting acidosis associated cell signaling.

ASIC1 is expressed in breast cancer cells and it promotes the
acidosis-induced cell invasion To search for upstream regula-
tors responsible for the acidosis-induced ROS generation, and
activation of AKT and NF-κB, leading to increased cell inva-
sion, we identify ASICs, in particular ASIC1, as a key player
in the acidosis-induced signaling in breast cancer cells [32].
Although ASICs are primarily expressed in neuronal cells, we
detected ASIC1 expression in breast tumors. For example,
ASIC1 is expressed in a number of cell lines. The highest level
of ASIC1 was detected in LM-4142 cell line [32], which was
originally derived from MDA-MB-231 [74]. ASIC1 is a pri-
mary acid sensor and more sensitive to extracellular pH
changes than ASIC2a [75]. Experiments with ASIC1
CRISPR-mediated KO and RNAi demonstrated an important
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PIFig. 2 Nuclear localization of
NF-κB p65 in breast cancer cells
under acidic environment. Cells
were cultured at pH 7.4 or pH 6.6
for 1 h before fixation and
immunefluorescent staining
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role of ASIC1 in sensing the extracellular acidic environment
and promoting breast tumor growth and invasion [32].

Of interest, patch clamp assay, a commonly used technique
for measuring ion channel function [76], with ASIC1KO cells
demonstrated that while we detected current in control cells in
the acidic condition, no current was detected in ASIC1 knock-
out cells [32]. These results suggest that ASIC1 is also func-
tional in cancer cells.

Role of ERK pathway in ASIC-mediated NF-κB activation It is
well known that tumor cells often carry deletions or mutation
of PTEN [77] or mutations in the PI3K genes [78], producing
highly active AKT. In this case, acidosis-induced cell signal-
ing may take alternative pathways such as mitogen-activated
protein kinase (MAPK) pathway (see Thews, this volume).
Like AKT, MAPKs are a highly conserved family of serine/
threonine protein kinases involved in a variety of important
cellular processes such as proliferation, differentiation, motil-
ity, stress response, apoptosis, and survival. Extracellular stim-
uli such as mitogens, cytokines, growth factors, and environ-
mental stress cause a cascade of MAPK signaling through
phosphorylation of MAP3K, MAP2K (e.g., MEK), and
MAPK (e.g., ERK). ERK serves as a substrate for MEK.
Once activated byMEK, ERK can regulate a variety of down-
stream targets. Our study suggests that ERK plays a critical
role in acidosis-induced NF-κB activation in cancer cells car-
rying a highly active AKT because acidosis activates ERK in a
time-dependent manner and ERK inhibitors or ERK siRNAs

suppress the acidosis-inducedNF-κB activation. Finally, ERK
inhibitors or ERK siRNAs suppress the acidosis-induced
IκBα phosphorylation [31]. These findings are in line with
the report that ASIC1 is also required for ERK activation
in glioma cells [79]. Therefore, ERK may serve as an
alternative signaling molecule in acidosis-mediated cell
signaling (Fig. 3).

8 ASICs as potential therapeutic targets

Since ASICs are sensitive to inhibition by amiloride [80], we
determined whether this compound can inhibit tumor growth
in a xenograft nude mouse model. LM-4142 cells were
injected into the mammary fat pads of female nude mice,
followed by amiloride injection (i.p.). The tumor weight was
suppressed by 56% in the amiloride group as compared to
vehicle control [32]. Such amiloride treatment had no effect
on the body weight of the mice, suggesting that mice are well
tolerated at this dose. Since amiloride has multiple targets
including ENaC and urokinase-type plasminogen activator
[81], in addition to ASICs, it is important to determine wheth-
er amiloride-mediated suppression of tumor growth is in part
through suppression of ASICs. Furthermore, intratumoral in-
jection of PcTx1 indeed caused a reduction of tumor growth.
Finally, xenograft mouse model with ASIC1 siRNA showed
that ASIC1 siRNA also significantly suppressed tumor
growth [32], further supporting the role of ASIC1 in tumori-
genesis, and ASIC1 may serve as a therapeutic target. Given
that extracellular acidosis is a common feature for solid tu-
mors, 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.

9 Conclusions and perspectives

Accumulating evidence suggests that acidic tumor microenvi-
ronment can have multiple effects on tumorigenesis through a
cascade of cell signaling events such as ROS production and
activation of AKT and NF-κB. Apparently, tumor cells have
adapted well to extracellular acidosis, and furthermore, they
use this as a means to promote their invasion and metastasis.
Among many players, ASICs play a critical role in cancer
development and metastasis by sensing the external acidic
microenvironment. Thus, there is a critical need for a better
understanding of how ASICs impact these acidosis-induced
signaling events. For instance, it would be important to deter-
mine whether ASICs are key players in tumor cells that ex-
press ASICs for tumor progression and metastasis in the acidic
tumor microenvironment.

In particular, how ASICs regulate ROS generation and ac-
tivation of the AKT/NF-κB associated signaling pathways

RTK

PI3K

ASIC

ROS

NF- B

I B

NF-κB-mediated 
gene expression

ERK

PIP2

PIP3

AKT

PTEN

Fig. 3 Acidosis induces NF-kB through AKT-PTEN or ERK depending
on the cellular context
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will provide new insight into cancer biology in the context of
the interaction between tumor cells and the acidic tumor mi-
croenvironment. Furthermore, this ASIC-mediated cell sig-
naling may provide an opportunity for intervention in can-
cer therapy. For instance, ROS production is a general phe-
nomenon in response to acidosis and ROS can cause cell
death. However, co-evolution may help cancer cells to sur-
vive in the high level of ROS whereas normal or non-
malignant cells may lack such a mechanism so that they
cannot survive well under acidosis. Therefore, this high
level of ROS in cancer cells may help them to achieve
the acidosis-induced signaling cascades [82]. Evidently,
this selectivity may provide a great opportunity for inter-
vention. The availability of specific ASIC inhibitors will
stimulate these studies.

One potential approachwould be to neutralize the acidity in
tumor environment. For example, oral administration of sodi-
um bicarbonate is sufficient to increase peritumoral pH and
inhibit tumor growth and local invasion in HCT-116 xenograft
model in preclinical setting [10]. In clinical setting for large
hepatocarcinoma, transarterial chemoembolization (TACE)
with bicarbonate local infusion showed a significant benefit
as compared to TACE without bicarbonate [83]. In addition,
tumor acidosis also affects host immune system. For example,
melanomas with highly acidic tumor microenvironment can
regulate transcriptional repressor ICER in tumor-associated
macrophages to promote their non-inflammatory phenotype,
leading to tumor growth [22]. Thus, it is important to deter-
mine whether such intervention has any effect on immune
cells including macrophages and infiltrated T-lympho-
cytes. An alternative approach would be to target acid
sensors (e.g., ASICs) because they are the major players
in acidosis-induced cell signaling. However, a challenge
is that tumors are often very heterogeneous, and they may
express different types of acid sensors even within the
same tumor.

We hope that these special reviews will stimulate further
discussion and attract more researchers to this field. Although
much has been learned regarding how tumorsmaintain normal
pHi under such conditions and how acidic pHe benefits tumor
cells, there is still a lot to be learned, particularly how tumor
cells sense the acidic signal to regulate gene expression. For
instance, our unpublished results indicated that a number of
long non-coding RNAs (lncRNAs) are induced in response to
acidosis. Thus, it would be interesting to determine whether
any of these lncRNAs are involved in acidosis-induced cell
signaling. If so, it would be important to determine the under-
lying mechanism.
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