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ASIC1 and ASIC3 contribute to acidity-induced EMT of
pancreatic cancer through activating Ca2+/RhoA
pathway

Shuai Zhu1,4, Hai-Yun Zhou1,2,4, Shi-Chang Deng1,3,4, Shi-Jiang Deng1, Chi He1, Xiang Li1, Jing-Yuan Chen1, Yan Jin1, Zhuang-Li Hu2,
Fang Wang2, Chun-You Wang1 and Gang Zhao*,1

Extracellular acid can have important effects on cancer cells. Acid-sensing ion channels (ASICs), which emerged as key receptors
for extracellular acidic pH, are differently expressed during various diseases and have been implicated in underlying pathogenesis.
This study reports that ASIC1 and ASIC3 are mainly expressed on membrane of pancreatic cancer cells and upregulated in
pancreatic cancer tissues. ASIC1 and ASIC3 are responsible for an acidity-induced inward current, which is required for elevation
of intracellular Ca2+ concentration ([Ca2+]i). Inhibition of ASIC1 and ASIC3 with siRNA or pharmacological inhibitor significantly
decreased [Ca2+]i and its downstream RhoA during acidity and, thus, suppressed acidity-induced epithelial–mesenchymal
transition (EMT) of pancreatic cancer cells. Meanwhile, downregulating [Ca2+]i with calcium chelating agent BAPTA-AM or
knockdown of RhoAwith siRNA also significantly repressed acidity-induced EMTof pancreatic cancer cells. Significantly, although
without obvious effect on proliferation, knockdown of ASIC1 and ASIC3 in pancreatic cancer cells significantly suppresses liver
and lung metastasis in xenograft model. In addition, ASIC1 and ASIC3 are positively correlated with expression of mesenchymal
marker vimentin, but inversely correlated with epithelial marker E-cadherin in pancreatic cancer cells. In conclusion, this study
indicates that ASICs are master regulator of acidity-induced EMT. In addition, the data demonstrate a functional link between ASICs
and [Ca2+]i/RhoA pathway, which contributes to the acidity-induced EMT.
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Pancreatic cancer is one of the most aggressive cancers with
a 5-year survival rate of about 5%and amedian survival rate of
about 6 months.1 This poor prognosis and ultimate cause of
death are mainly due to metastatic invasion. Strikingly, recent
studies suggest that pancreatic cancer metastasizes very
early in their development.2 Therefore, it is critical to identify
the underlying molecular mechanisms of invasion and
metastasis of pancreatic cancer.3 Epithelial–mesenchymal
transition (EMT) has a major role in tumor invasion and
metastasis. In the process of EMT, the cells lose epithelial
characteristics and acquire invasive properties and stem cell-
like features.4 EMT is associated with poor survival in
surgically resected pancreatic cancer.5 Signaling molecules,
such as Snail, which have an essential role during EMT,
promote metastatic process of pancreatic cancer.6 Specifi-
cally, our previous study reveals that both chronic pancreatitis
and pancreatic cancer demonstrated active EMT process,
which also indicates the pivotal role of EMT in tumorigenesis of
pancreatic cancer.7 However, the precise mechanism for
initiation of EMT in pancreatic cancer has been not
elucidated fully.
Recent studies have noted that the acidity is an intrinsic

hallmark of tumor microenvironment. Owing to the ‘Warburg
effect’, which is an intrinsic characteristic in malignant cells,

metabolism shifts to glycolysis even when there is enough O2.
This shift remarkably increases glucose metabolism, which
leads to a rapid production of lactic acids.8 Moreover, the
insufficient perfusion and chaotic vascular structure of tumor
further increase the accumulation of lactic acid and H+.9 Thus,
malignant tumors display an acidic extracellular pH (pHe)
when compared with normal tissue under physiological
conditions.10–12 Interestingly, extracellular acidity as a favoring
factor of tumor progression and metastatic dissemination is
involved in EMT. Melanoma cells, which are exposed to acidic
extracellular environment, display a significant EMT profile
and an increased invasiveness in vitro and in vivo.13 Acidic
extracellular pH induces the expression of EMT regulator,
including ZEB1, Twist1 and Twist2, accompanied with
enhancing cell motility and invasion in lung carcinoma.14

Meaningfully, our previous work reveals that acidic micro-
environment induces EMT of pancreatic cancer cells through
regulating miR-652/ZEB1 pathway.15 In this study, we work to
investigate how the acidic extracellular pH, a chemical
signaling of metabolic microenvironment, is detected by
pancreatic cancer cells and further promotes the transduction
of EMTas biological signaling.
Acid-sensing ion channels (ASICs), an H+-gated subgroup

of the epithelial Na+ channel/degenerin (ENaC/DEG)
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superfamily, are triggered by increased extracellular
acidification.16,17 To date, six ASIC subunits have been
identified: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 and
ASIC4.18 The pH values required for half-maximal activation of
ASICs (pH0.5) are varied from 4.9 to 6.8.19 ASICs are involved
in most of the acidity-associated physiological and pathologi-
cal functions in nervous system disease.20,21 It has been
reported that high-grade glioma cells express voltage-inde-
pendent, amiloride-inhibitable inward Na+ current, which is
attributed to mixed ASIC1 and ASIC2, but not exists in normal
astrocyte or low-grade glioma. Moreover, inhibition of this
conductance decreases the growth and migration of glioma
cells.22 Other research has shown that ASIC1 is highly
expressed in D54-MG human glioblastoma multiform cells
than that of primary human astrocytes. Knockdown of ASIC1
or using pharmacological inhibitor effectively abolishes the
whole-cell patch-clamp current and inhibits tumor migration in
glioma cells.23 Given that ASIC1 and ASIC3 are the most
susceptible to acidic pHe and function as acidic pH sensors,19

we investigate whether ASIC1 and ASIC3 are expressed in
pancreatic cancer and contribute to acidity-induced EMT of
pancreatic cancer.

Results

ASIC1 and ASIC3 are functionally expressed on
pancreatic cancer cells. It has been well demonstrated
that ASICs are involved in numerous physiological and
pathological process in nervous system, whereas there is
rare research about the expression and function of ASICs in
non-nervous system. Given that ASIC1 and ASIC3 are the
most sensitive to acidic pHe and function as acidic pH
sensors, we first detected the expression of ASIC1 and
ASIC3 in pancreatic cancer cells. Reverse transcription-PCR
(RT-PCR) and quantitative real-time RT-PCR (qRT-PCR)
displayed that the mRNA of ASIC1 and ASIC3 in pancreatic
cancer cell lines (PANC-1, SW1990, BxPC-3 and AsPC-1)
significantly increased compared with normal pancreatic
ductal cells (HPDE) (Figure 1a). Western blot confirmed that
the protein of ASIC1 and ASIC3 in pancreatic cancer cell
lines was increased compared with normal pancreatic ductal
cells (Figure 1b). Immunofluorescence assay showed that the
fluorescence was mainly expressed in the membrane,
validating that proteins of ASIC1 and ASIC3 are expressed
in PANC-1 and BxPC-3 cell lines (Figure 1c).
Based on the above results, we investigated physiological

properties of ASICs in HPDE, PANC-1 and BxPC-3 cells.
Acidic solution did not induce inward currents in HPDE
(Supplementary Figure S1A). However, PANC-1 and
BxPC-3 cells appeared an inward current immediately when
the pH of perfusion solution was switched from 7.4 to 6.4
(Figure 1d). The current amplitude is 75.09± 9.623 pA on
PANC-1 and 38.20± 4.501 pA on BxPC-3. Interestingly,
compared with classical ASICs currents, the currents detected
on both cell lineswere not so rapid rising andwith longer decay
time. However, these inward currents were inhibited with ASIC
inhibitor amiloride (100 μM). After treated with amiloride, the
current amplitude reduced to 48.17±3.178 pA on PANC-1
and 18.66± 1.994 pA on BxPC-3.

In consistence with the results in pancreatic cancer cell
lines, the immunofluorescence assay showed that ASIC1 and
ASIC3 in pancreatic cancer specimens were increased
compared with paired adjacent noncancerous tissues
(Figure 1e). Therefore, these results indicate that ASIC1 and
ASIC3 are functionally expressed in pancreatic cancer cells.

Inhibition of ASIC1 and ASIC3 suppresses acidity-
promoted invasion and migration of pancreatic cancer
cells. In order to evaluate the role of ASIC1 and ASIC3 in
acidity-promoted invasion and migration, the expression of
ASIC1 and ASIC3 was downregulated with siRNA. The si-2
of ASIC1 siRNA and si-2 of ASIC3 siRNA had the most
distinct restraining effect on the expression of mRNA and
protein, respectively (Supplementary Figures S2A and B).
After knockdown of ASIC1 and ASIC3 separately or
simultaneously (Supplementary Figure S2C), the acidity-
promoted invasion and migration of pancreatic cancer cells
were inhibited (Figures 2a and b). However, simultaneous
inhibition of ASIC1 and ASIC3 did not have synergistic effect.
Meanwhile, knockdown of ASIC1 and ASIC3 with siRNA did
not display remarkable effect on viability of PANC-1 and
BxPC-3 cells (Figure 2c). Thus, the results of Transwell assay
and wound-healing test were attributed to the decreased
activity of invasion and migration but not proliferation
inhibition. Furthermore, amiloride, a nonspecific inhibitor to
ASICs, distinctly attenuated the acidity-promoted invasion
and migration of PANC-1 and BxPC-3 cells (Figures 2d
and e). Similarly, the specific inhibitor for ASIC1, PcTx1
demonstrated inhibitory effects to acidity-promoted invasion
and migration of pancreatic cancer cells (Supplementary
Figures S3A and B). These results suggest that ASIC1 and
ASIC3 have an important role in acidity-promoted invasion
and migration.

Inhibition of ASIC1 and ASIC3 suppresses acidity-
promoted EMT of pancreatic cancer. As our previous
results showed that the enhanced migration and invasion of
pancreatic cancer cell in acidity were attributed to the acidity-
induced EMT, we further investigated whether ASIC1 and
ASIC3 contributed to the acidity-induced EMT. Our results
showed that knockdown of ASIC1 or ASIC3 impaired acidity-
induced mesenchymal profile change in PANC-1 and BxPC-3
cells (Supplementary Figure S4A), accompanied with the
decreased expression of the mesenchymal marker, such as
Vimentin, N-cadherin, Snail and ZEB1. On the contrary, the
expression of epithelial marker E-cadherin was obviously
increased in both mRNA and protein level (Figures 3a and b).
Similarly, amiloride also restrained the acidity-induced EMT,
presenting with mesenchymal to epithelial transition (MET)
(Supplementary Figure S4B), downregulation of Vimentin,
N-cadherin, Snail and ZEB1, as well as upregulation of
E-cadherin in PANC-1 and BxPC-3 cells (Figures 3c and d).
Coincidently, PxTC1 reverted the acidity-induced alteration
of Vimentin, N-cadherin, Snail, ZEB1 and E-cadherin
(Supplementary Figures S5A and B). Thus, these results
indicate that ASIC1 and ASIC3 are involved in the acidity-
induced EMT of pancreatic cancer cells.
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Figure 1 ASIC1 and ASIC3 are functionally expressed in pancreatic cancer. (a and b) The mRNA and protein expression of ASIC1 and ASIC3 in four pancreatic cancer cell
lines (PANC-1, SW1990, BxPC-3 and AsPC-1) and normal pancreatic ductal cells (HPDE) were measured by RT-PCR, qRT-PCR and western blot. Values were normalized
against HPDE from three experiments performed in triplicate and were presented as means± S.D. (*Po0.05; **Po0.01). (c) Representative immunofluorescence of ASIC1 and
ASIC3 in PANC-1 and BxPC-3 cells. (d) Whole-cell current of PANC-1 and BxPC-3 incubated with acidic (pH 6.4) extracellular solution was recorded by whole-cell voltage-clamp
recording. After cells were treated with amiloride, whole-cell current was recorded again. (e) Representative immunofluorescence of ASIC1 and ASIC3 in pancreatic cancer (PC)
tissues and its paired adjacent noncancerous pancreatic (NP) tissues from patients
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Overexpression of ASIC1 or ASIC3 promoted EMT of
AsPC-1 in acidic condition. We have showed that the
expression of ASIC1 and ASIC3 in AsPC-1 were relatively
lower than that of PANC-1 and BxPC-3, therefore, we
upregulated the expression of ASIC1 and ASIC3 in AsPC-1
(Supplementary Figure S6A) to further determine their role in
EMT. As expected, overexpression of ASIC1 and ASIC3
promoted the invasion and migration of AsPC-1 under acidic
condition (Supplementary Figures S6B and C). Correspond-
ingly, overexpression of ASIC1 and ASIC3 increased the
expression of Vimentin, N-cadherin, Snail and ZEB1,
decreased the expression of E-cadherin during acidity
(Supplementary Figures S6D and E).

The elevation of [Ca2+]i is involved in acidity-induced
EMT of pancreatic cancer cells. It has been demon-
strated that the Ca2+ permeability of ASICs provides a

voltage-independent pathway for Ca2+ entry into cells.16

Moreover, the intracellular Ca2+ concentration ([Ca2+]i) is
ubiquitous second messenger and acts as a crucial regulator
of cell migration, which has a profound role in tumor
metastasis.24 We therefore wondered whether ASIC1 and
ASIC3 may contribute to the acidity-induced EMT through
regulating [Ca2+]i. Compared with normal pH, the calcium
imaging assay displayed obvious elevation of [Ca2+]i of
PANC-1 and BxPC-3 cells in pH-dependent manner
(Figure 4a). Meantime, this acid-promoted elevation of
[Ca2+]i was significantly attenuated by knockdown of ASIC1
or ASIC3 (Figure 4b), as well as blocked by pretreatment with
amiloride (Figure 4c). These results suggest that acidic
microenvironment evokes elevation of [Ca2+]i though activa-
tion of ASIC1 and ASIC3.
It has been demonstrated that the elevated [Ca2+]i facilitates

the acidity-promoted EMT. We therefore used calcium

Figure 2 Inhibition of ASIC1 and ASIC3 suppresses acidity-promoted invasion and migration of pancreatic cancer cells. PANC-1 and BxPC-3 were transfected with negative
control (NC) or siRNA of ASIC1 and ASIC3 (siASIC1 and siASIC3) and cultured in pH 7.4 or pH 6.4 medium as indicated for 48 h. (a) The invasive ability was evaluated by
Transwell assay. The histogram showed the percentage of invasion cells per field when compared with negative control cultured in pH 6.4 medium. (b) The migration ability was
measured by wound-healing assay. (c) The cell viability was measured by MTTassay. PANC-1 and BxPC-3 were treated with amiloride and DMSO, and cultured in pH 7.4 or pH
6.4 medium as indicated for 48 h. (d) The invasive ability was evaluated by Transwell assay. The histogram showed the percentage of invasion cells per field when compared with
negative control cultured in pH 6.4 medium. (e) The migration ability was measured by wound-healing assay. Experiments were performed three times in triplicate and were
presented as means±S.D. (*Po0.05; **Po0.01)
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Figure 3 Knockdown of ASIC1 and ASIC3 suppresses acidity-induced EMTof pancreatic cancer cells. (a and b) PANC-1 and BxPC-3 were transfected with negative control
(NC) or siRNA of ASIC1 and ASIC3 (siASIC1 and siASIC3) and cultured in pH 7.4 or pH 6.4 medium as indicated for 48 h. The mRNA and protein expression of N-cadherin,
E-cadherin, Vimentin, ZEB1, Snail were measured by qRT-PCR and western blot. (c and d) PANC-1 and BxPC-3 were treated with amiloride and DMSO, and cultured in pH 7.4 or
pH 6.4 medium as indicated for 48 h. The mRNA and protein expression of N-cadherin, E-cadherin, Vimentin, ZEB1, Snail were measured by qRT-PCR and western blot. Values
were normalized against negative control in pH 6.4 medium. Experiments were performed three times in triplicate and are presented as means± S.D. (*Po0.05; **Po0.01;
***Po0.001)
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Figure 4 The acidity-induced elevation of [Ca2+]i is suppressed by inhibition of ASIC1 and ASIC3. (a) Calcium imaging detected dynamic change in [Ca2+]i when PANC-1 and
BxPC-3 cells were treated with different acidic pH medium at 90 s. Pictures showed [Ca2+]i indicated by Fura-2/AM at indicated time. (b and c) After inhibition of ASIC1 and ASIC3
by siRNA or amiloride, calcium imaging detected dynamic change in [Ca2+]i of PANC-1 and BxPC-3 cells in acidic medium (pH 6.4). Pictures showed intracellular Ca2+

concentration indicated by Fura-2/AM at indicated time. Experiments were performed three times
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chelating agent BAPTA-AM to decrease [Ca2+]i concentration
in pancreatic cancer cells. Pretreatment with BAPTA-AM
significantly restrained invasion and migration of PANC-1 and
BxPC-3 cells in acidity condition (Supplementary Figures S7A

and B). Compared with negative control, BAPTA-AM elimi-
nated the morphologic transformation induced by acidity in
PANC-1 and BxPC-3 cells (Supplementary Figure S7C),
which was evidenced by decreased mesenchymal marker

Figure 5 ASIC1/ASIC3-[Ca2+]i signaling pathway upregulates RhoA activity of pancreatic cancer cells in acidity condition. (a) RhoA activity (GTP-bound RhoA) was detected
in PANC-1 and BxPC-3 treated in pH 6.4 or pH 7.4 medium as indicated for 48 h. (b) After inhibition of ASIC1 and ASIC3 by siRNA or amiloride, the RhoA activity was detected in
PANC-1 and BxPC-3 cells, which were incubated acidity medium (pH 6.4) for 48 h. (c) With pretreatment of BAPTA-AM or DMSO for 1 h, RhoA activity was detected in PANC-1
and BxPC-3 cells after cells were incubated with acidic medium (pH 6.4) for 48 h. PANC-1 and BxPC-3 were transfected with negative control (NC) or siRNA of RhoA (siRhoA)
and cultured in pH 7.4 or pH 6.4 medium as indicated for 48 h. (d) The invasive ability was evaluated by Transwell assay and the histogram showed the percentage of invasion
cells per field when compared with negative control cultured in pH 6.4 medium. (e) The migration ability was measured by wound-healing assay. (f) The representative pictures of
cellular morphology. (g) The mRNA of N-cadherin, E-cadherin, Vimentin, ZEB1, Snail was measured by qRT-PCR. (h) The protein of N-cadherin, E-cadherin, Vimentin, ZEB1,
Snail was measured by western blot. Values were normalized against negative control in pH 6.4 medium. Experiments were performed three times in triplicate and are presented
as means± S.D. (*Po0.05; **Po0.01; ***Po0.001)
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and increased epithelial marker in acidity conditions
(Supplementary Figures S7D and E). Together, these findings
provide compelling evidence that ASIC1 and ASIC3-[Ca2+]i
signaling pathway confers EMT capacity to pancreatic cancer
cells in acidity condition.

ASIC1/3-[Ca2+]i signaling pathway facilitates acidity-
induced EMT through upregulation of RhoA activity. We
next determined how [Ca2+]i contributes to acidity-induced
EMT. As [Ca2+]i has been reported to activate RhoA that has
a crucial role in actin cytoskeletal rearrangement and cell
migration,25,26 we first compared the activity of RhoA in
acidity with normal condition. As shown in Figure 5a, the
activity of RhoA was obviously elevated in PANC-1 and
BxPC-3 cells treated with acidity. In contrast, inhibition of
ASIC1 and ASIC3 by siRNA or amiloride distinctly decreased
RhoA activity in acidity (Figure 5b). Also, Chelating [Ca2+]i
with BAPTA-AM reduced RhoA activity that was induced by
acidity (Figure 5c).
We then assessed whether RhoA was important for

ASIC1/3-[Ca2+]i signaling pathway-induced EMT in acidity
condition. RhoA expression was knockdown by RNAi, and the
si-3 showed the most obvious inhibitory effect on mRNA and
protein expression of RhoA among all three siRNA
(Supplementary Figure S8A). We found that RhoA knockdown
significantly repressed acidity-induced migration and invasion
of pancreatic cancer cells (Figures 5d and e), supporting a role
of RhoA in acidity-induced EMT. The transition of mesench-
ymal morphology induced by acidity was rescued by RhoA
siRNA (Figure 5f). Furthermore, knockdown of RhoA reversed
the expression of EMT marker (Figures 5g and h). Together,
these results indicate that RhoA is involved in the EMT of
pancreatic cancer cells induced by ASIC1/3-[Ca2+]i activation
in acidic microenvironment, highlighting that RhoA is a major
effector of acidity-induced EMTof pancreatic cancer.

Knockdown of ASIC1 and ASIC3 inhibits metastasis of
pancreatic cancer cells in vivo. To further demonstrate that
ASIC1/3 facilitated aggressive behavior of pancreatic cancer
cells in vivo, we next used BxPC-3 cells to establish tumor
xenografts with stable knockdown of ASIC1 and ASIC3,
respectively. Supporting the above results in vitro, knockdown
of ASIC1 and ASIC3 in acidity-pretreated cells had no
obvious effect on the growth of implanted tumor (Figure 6a).
Nevertheless, the liver and lung metastasis was significantly
decreased after downregulation of ASIC1 and ASIC3,
respectively, which was confirmed by the H&E-stained slides
(Figures 6b and c). Taken together, our results provide strong
evidence that ASIC1 and ASIC3 promote metastasis of
human pancreatic cancer cells in vivo.

The expression of ASIC1 and ASIC3 are elevated in
pancreatic cancer and correlated with the level of EMT
marker. To further confirm the effects of ASIC1/3 on EMT,
we next assessed the expression of ASIC1/3 and EMT
marker in pancreatic cancer tissues. As shown in Figure 7a,
ASIC1 and ASIC3 mRNA in pancreatic cancer tissues were
significantly higher than that in paired noncancerous pan-
creatic tissues. Moreover, ASIC1 and ASIC3 were expressed
in all 40 pancreatic cancer tissues, but undetected in 6 and 4

out of 40 pancreatic noncancerous tissues, respectively. The
higher expression of ASIC1/ASIC3 was associated with poor
tumor differentiation, advanced TNM stage, lymph node
metastasis and distant metastasis (Supplementary Table S2
and S3). Immunohistochemical results showed that ASIC1 or
ASIC3 were much more extensively expressed in pancreatic
cancer tissues than that in paired adjacent noncancerous
tissues (Figure 7b). Furthermore, the immunofluorescence
assay demonstrated that ASIC1 and ASIC3 positively
correlated with the expression of mesenchymal marker
Vimentin, inversely correlated with epithelial marker E-cad-
herin in human pancreatic cancer samples (Figure 7c).

Discussion

Acidic microenvironment is an inherent characteristics of
tumor, which facilitates aggressive invasion and metastasis in
carcinogenesis.27 Previous research has shown that acidic
condition stimulates tumor cell invasion and this may involve
lysosomal proteases, promotion of normal cell death and
extracellular matrix degradation.28 However, the precise
mechanism by which extracellular acidic pH signal regulates
invasion and metastasis of tumor cells has not been well
defined. The most important new finding in this study is that
ASIC1 and ASIC3 transduce the acidic pH to elevation of
[Ca2+]i concentration and RhoA activity, promoting EMT of
pancreatic cancer cells during acidic microenvironment. Our
study elaborates an integrated signaling pathway to account
for the effect of acidic microenvironment on invasion and
metastasis of pancreatic cancer.
Ion channels are emerging as a crucial link in the cross-talk

between tumor cells and their microenvironment. Ion channels
are in a strategic position to sense and transmit extracellular
signals into the intracellular machinery,29,30 which serve as a
basis for each major step of the metastatic cascade including
EMT.31,32 So far, the role of ASIC1 and ASIC3 in cell migration
and proliferation has been mainly shown in astrocytes,
glioblastoma and breast cancer, whereas its role in other
cancers has not been well elucidated.22,23,33 Much of our
present work stems from ASIC1 and ASIC3 are the most
sensitive to acidity in ASICs. This study indicates that ASIC1
and ASIC3 senses the variation of acidic microenvironment
and transmits this signal into pancreatic cancer cells, resulting
in EMT to enhance migration and invasion. Similarly, research
has demonstrated that ASIC1 is overexpressed in hepatocel-
lular carcinoma (HCC) and associated with advanced clinical
stage, and knockdown of ASIC1 significantly inhibits cell
migration and invasion of HCC.34 ASIC1 had a critical role in
acidosis-induced reactive oxidative species and NF-κB
activation though calcium influx in breast cancer, and ASIC1
inhibitors cause a significant reduction of tumor growth and
tumor load.33 Differently, other research has shown that ASIC1
is downregulated in clear cell renal cell carcinoma and
correlated with higher tumor grades.35 Therefore, these
results imply that the expression and function of ASICs in
various cancers is heterogeneous, which requires further
investigation.
[Ca2+]i maintains at a low level of approximately 100 nM

in resting cells, whereas it can rise globally to in excess of
1 μM in response to stimulation.36 Although alterations in
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Figure 6 Knockdown of ASIC1 and ASIC3 inhibits metastasis of pancreatic cancer cells in vivo. (a) Photographs of nude mice and tumor showed subcutaneous xenograft of
BxPC-3, which was transfected with lentivirus containing sequence of ASIC1 siRNA, ASIC3 siRNA or negative control (Lv-siASIC1, Lv-siASIC3 and Lv-NC). H&E stain confirmed
tumor formation. Graph represented tumor volumes at the indicated days during the experiment and tumor weight after mice were killed. (b) Pictures of liver and H&E stain
showed liver metastases of subcutaneous xenograft. The histogram showed average number of live metastases in each group. (c) H&E stain showed lung metastases of
subcutaneous xenograft. The histogram showed average number of lung metastases in each mouse. The data represent the mean±S.D. (*Po0.05)
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Ca2+ signaling may not be necessary for the initiation of
cancer, the consequences of altered calcium transport in
cancer cells are significant and contribute to tumor
progression.37 For example, transient receptor potential
vanilloid type-2 (TRPV2) affects cancer cell aggressiveness
by influencing basal [Ca2+]i, whereas suppression of TRPV2
inhibits the migration of prostate cancer cells by reducing
[Ca2+]i.38 Moreover, recent works set up an important role for
the intracellular calcium signal in the induction of EMT in
human cancer cells. Transient receptor potential melastatin-
like 7 induces EMT of breast cancer through a transient
increased [Ca2+]i, and attenuation of this channel reduces
epidermal growth factor (EGF) and hypoxia-induced EMT.39

Given that ASIC1 and ASIC3 can evoke Ca2+ current and
elevate [Ca2+]i level of particular cells in acidification,33,40–42

we hypothesize that [Ca2+]i acts as the second messenger,
which mediates the acidity-induced EMTof pancreatic cancer.
This study displayed that acidic pHe significantly increased
[Ca2+]i of pancreatic cancer cells in a pH-dependent manner,
which was repressed by the inhibition of ASIC1 and ASIC3.
More importantly, the downregulation of [Ca2+]i level with a cell-
permeant calcium chelator BAPTA-AM distinctly suppressed
acidity-induced EMT of pancreatic cancer cells. Therefore,
these findings intensively highlights that the [Ca2+]i functioned
as the second message to bridge the ASIC1/ ASIC3 and
acidity-induced EMTof pancreatic cancer cells.
It has been documented that intracellular calcium home-

ostasis is involved in the activation of RhoA, which is one of the
Rho family of small GTPase. RhoA has a crucial role in
controlling cell shape, polarity, invasion and migration.43

Figure 7 ASIC1 and ASIC3 are overexpressed and correlated to EMT marker in pancreatic cancer. (a) The mRNA expression of ASIC1 and ASIC3 in pancreatic cancer (PC)
tissues when compared with matched adjacent noncancerous pancreatic (NP) tissues. Values were normalized against negative control in pH 6.4. Experiments were performed
three times in triplicate and are presented as means±S.D. (*Po0.05). (b) Representative picture of immunohistochemical analysis showed the expression of ASIC1 and ASIC3
in pancreatic cancer tissues and matched adjacent noncancerous pancreatic tissues. (c) The representative immunofluorescence of ASIC1 (red), ASIC3 (red), E-cadherin
(green), vimentin (yellow) and DAPI (blue) in pancreatic cancer tissues
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Calcium channel-inducedCa2+ release has a significant role in
toning vascular smooth muscle contractility through activation
of RhoA/ROCK.26 Polyamine-dependent cell migration is
partially initiated by the formation of myosin II stress fibers
as a result of Ca2+-activated RhoA.44 Similarly, the elevation
mTORC1 and mTORC2 activity promotes EMT, motility and
metastasis of colorectal cancer cells via activating RhoA and
Rac1 signaling.25 On the other hand, F-box and WD repeat
domain-containing 7 (Fbxw7) induces apoptosis and growth
arrest and inhibits the EMT in partially through downregulation
of RhoA signaling.45 In our present work, acidic pHe obviously
increased RhoA activity of pancreatic cancer cells, which was
suppressed by the inhibition of ASIC1 and ASIC3, and
chelation of [Ca2+]i with BAPTA-AM. Furthermore, knockdown
of RhoA with RNAi significantly inhibited the acidity-induced
EMT and weakened the invasion and migration of pancreatic
cancer cells. Therefore, our results suggest that the ASIC1/3-
[Ca2+]i signaling pathway, which regulating acidity-induced
EMT may be attributed to, at least partially, the activation of
RhoA signaling. On the contrary, other study has shown that
depletion of RhoA with RNAi leads to the elongated and
protrusive phenotype in PC3 prostate cancer cells and
MDA-MB-231 breast cancer cells, and therefore correlates
with an increase in invasive behavior.46 Nevertheless, these
variable consequences of RhoA imply that the role of RhoA for
cell migration, invasion and EMT is heterogeneous and has a
strong dependence on cell background.47

Collectively, our study highlights a mechanism for acidity-
induced EMT in pancreatic cancer cells through ASIC1/3-[Ca2
+]i-RhoA axis, which contributed to the metastasis of
pancreatic cancer. Therefore, ASIC1 and ASIC3 may
represent exciting targets for therapeutic intervention in
pancreatic cancer. Alternatively, targeting [Ca2+]i or its
downstream effector RhoA may offer more tractable treatment
strategy.

Materials and Methods
Patients and tumor tissues. A total of 40 self-pair of tumors and matched
noncancerous tissues were derived from patients undergoing pancreatectomy or
biopsy before chemotherapy at Pancreatic Disease Institute of Union Hospital
(Wuhan, China). Those patients were performed with pancreatectomy or palliative
surgery including I125 seeds implantation, as well as choledochojejunostomy and
gastroenterostomy depending on the National Comprehensive Cancer Network
(NCCN) guideline for pancreatic cancer. Pathologic analysis was performed to
confirm the diagnosis of patients and histopathology of the specimens. Samples
used for mRNA detection were immediately snap-frozen and stored at − 80 °C until
extraction of RNA. Sample used for immunohistochemistry and immunofluores-
cence were fixed by formalin and embedded by paraffin. Informed consent was
acquired from all patients and the study was approved by the ethics committee of
Huazhong University of Science and Technology, Wuhan, China.

Cell culture. The human pancreatic cancer cell lines (PANC-1, BxPC-3,
SW1990 and AsPC-1) and normal pancreatic ductal cells (HPDE) were purchased
from American Type Culture Collection (South San Francisco, USA) in 2014 and
they were tested and authenticated for genotypes by DNA fingerprinting. These cell
lines were passaged for o6 months after resuscitation. Cell lines were cultured in
RPMI-1640 medium (HyClone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (HyClone), 100 U/ml penicillin and 100 μg/ml streptomycin under a
humidified 5% CO2, 95% air atmosphere at 37 °C. To assess the effects of
extracellular acidic microenvironment, the pH of culture medium was adjusted by
PIPES and HEPES (Sigma, St. Louis, MO, USA).48 To block ASIC1 and ASIC3,
amiloride (Sigma) was added to normal or acidic medium with various final
concentrations 100 μM for 48 h. To specifically block ASIC1, PcTX1 (Alomone,

Jerusalem, Israel) was added to normal or acidic medium with various final
concentrations 100 nM for 48 h. To chelate intracellular Ca2+, cells were loaded with
100 mM BAPTA-AM (Sigma) for 1 h.

Patch-clamp recording. The procedure for whole-cell voltage-clamp record-
ing was performed as described previously42 with minor modifications. Membrane
currents were recorded on PANC-1, BxPC-3 and HPDE with an EPC-10 amplifier
(HEKA, Lambrecht, Germany) driven by Pulse/PulseFit software (HEKA).
Electrodes (3–5 MΩ) were filled with intracellular solution containing (in mM):
140 KCl, 10 NaCl, 1 MgCl2·6H2O, 5 EGTA, 2 MgATP, 10 HEPES, pH 7.4 with 1 mM
Tris-OH. The whole-cell configuration was established and both PANC-1 and
BxPC-3 cells were clamped at − 40 mV. A multi-barrel perfusion system was
applied to achieve a rapid exchange of extracellular solution (in mM): 5 KCl, 150
NaCl, 1 MgCl2·6H2O, 2 CaCl2, 10 glucose, 10 HEPES, adjusted to pH 7.4 and 6.4
with 1 mM Tris-OH. Whole-cell pH-induced currents were recorded immediately with
pH 6.4 extracellular solution application and recorded again after being treated with
ASICs inhibitors for 5 min. All experiments were performed at room temperature
(20–25 °C).

Calcium imaging. Intracellular Ca2+ concentration [Ca2+]i was measured using
Fura-2/AM (Gibco, Paisley, Scotland, UK). Cells were seeded on coverslips and
incubated with 2 μM Fura-2/AM in Hank’s solution at 37 °C for 30 min.
Fluorescence was illuminated at 340 and 380 nm and captured at 1-s intervals
by an inverted microscope (Olympus IX-70, Japan), which was equipped with a
calcium imaging system (TILL-Photonics, Gräfelfing, German). The emitted light
was imaged at 510 nm with a video camera (PTI Image) through an X-70 fluor oil
immersion lens (Nikon, Tokyo, Japan) and a 460 nm long-pass barrier filter. The low
pH medium was added at the time of 90 s. Paired F340/F380 fluorescence ratio was
analyzed with TILL software (version 4.0), which was used as an indicator of [Ca2+]i.

G-LISA RhoA activation assay. RhoA GTPase activity was performed
using G-LISA RhoA activation assay kit (Cytoskeleton, Denver, CO, USA) according
to the manufacture protocol. In all, 0.5 mg/ml cell lysate protein was added to the
wells, and GTP-bound RhoA were bound to wells, which were pre-coated anti-GTP
antibody. The bound active RhoA was detected with a RhoA-specific antibody. After
incubated with secondary antibody and HRP detection reagents, absorbance was
read at 490 nm using a microplate reader.

Cell transfections. SiRNA duplexes targeting the human ASIC1 or ASIC3,
and negative control were synthesized and purified by RiboBio (Ribobio Co.,
Guangzhou, China). RNA oligonucleotides were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) at a final concentration of 50 nM according to
the manufacturer’s instructions. For stable inhibition of ASIC1 and ASIC3
expression, the sequence of siRNA was structured to lentiviral vector. ASIC1 or
ASIC3 overexpression vectors and empty (pcDNA-3.1) vectors were transfected
with 1.6 μg for 12-well plates. Cells were cultured at normal medium or acidic
medium (pH 6.4) for additional 48 h after transfection until collected for
further assay.

RNA isolation, RT-PCR and qRT-PCR. Total RNA was isolated from
either cell lines or tissue samples by Trizol reagent (Invitrogen), then reverse
transcribed using reverse transcription kit (Takara, Dalian, China) according to the
manufacturer’s instructions. RT-PCR reactions were performed under the following
conditions: 94 °C for 3 min; 40 PCR cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C
for 30 s; 72 °C for 10 min. The amplified products were separated by 2% agarose
gel electrophoresis. QRT-PCR was performed according to the manufacturer’s
protocol (Takara) on Applied Biosystems StepOne-Plus Real-Time PCR System
(Thermo Fisher, Wuhan, China) and GAPDH were used to normalize the level
of mRNA. Primer sequences used in this study are all shown in Supplementary
Table S1.

Western blot analysis, immunohistochemistry and immunofluor-
escence. Western blot, Immunohistochemistry and immunofluorescence assay
were carried out as previously described.7 Antibodies for research were as follows:
ASIC1, ASIC3 (Santa Cruz Biotechnology, Shanghai, China); N-cadherin,
E-cadherin, vimentin, Snail, ZEB1, RhoA, GAPDH (Cell Signaling, Danvers,
MA, USA).
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Cell viability assay. Cell viability was measured by MTTassay after cells were
seeded into 96-well plates as a density of 2000 cells per well and incubated at
37 °C for 2 days. The survival rate was calculated as: cell viability=OD570
(experiment group)/OD570 (control group) × 100%. All experiments were repeated
three times independently and there were five samples per group.

Transwell assay and wound-healing assay. For wound-healing assay,
the cells were seeded in 12-well plates and were allowed to grow until it reached
90% concentration. The cell monolayer was scratched by micropipette tip and
cultured in serum-free medium. Microphotographs were taken at 48 h. For Transwell
assay, 24-well Transwell migration chambers (Corning, Shanghai, China) with 8-μm
pore polycarbonate membranes was pre-coated with a thin layer of Matrigel
Basement Membrane Matrix (BD Biosciences, Shanghai, China). Medium
containing 30% fetal bovine serum in the lower chamber was used as
chemoattractant. Suspensions of 5 × 104 cells in 100 μl medium were added to
the upper chamber and incubated for 48 h. After fixing with 4% paraformaldehyde
and staining with 0.1% crystal violet, the number of cells on the membrane of lower
chamber was counted under a microscope in nine random fields.

Pancreatic cancer xenografts. The animal experiments in this study were
approved and reviewed by the Animal Research Committee of the Academic Medical
Center at Huazhong University of Science and Technology. Care and handling of the
animals were in accordance with the guidelines for Institutional and Animal Care and
Use Committees. BALB/c female nude mice (4 weeks old) were purchased from
Beijing HFK Bio-Technology Co., Ltd (Beijing, China). Mice were randomly divided into
three groups with five mice in each group. Transfected BxPC-3 (2 × 106 cells per
mouse) cells was suspended in RPMI-1640 medium and injected subcutaneously into
the mice. Tumor volumes were measured every 3 days according to the formula
V= 0.5 × L (length) ×W2 (width). At 28 days after cell inoculation, mice were killed.
Solid tumor tissues were removed and weighed. Tumor metastasis on liver and lung
were counted by H&E stain slides.

Statistical analysis. All data were presented as mean±S.D. Group’s
comparisons were analyzed with Student’s t-test. The relationships between the
expression of ASIC1/ASIC3 and clinical characteristics of pancreatic cancer patients
were analyzed using χ2 tests. Po0.05 was considered statistically significant. SPSS
13.0 (IBM, New York, USA) software was used for all statistical analysis.
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