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Abstract 

The pHs of extracellular fluids (ECFs) in humans are consistently maintained at 7.35 to 7.45 in 
physiological conditions. Pathological changes, including infarction, tumourigenesis and inflamma-
tion, commonly result in decreases in the ECF pH in the affected tissues. In this study, we report 
that proliferation is promoted and apoptosis is inhibited by decreases in extracellular pH. Fur-
thermore, we demonstrated that proton-sensing G-protein-coupled receptors (GPCRs) are re-
quired for the pH-dependent regulation of proliferation and apoptosis through the G protein α 
subunit 12/13 (G12/13) and Rho GTPases. Next, we identified Yes-associated protein 1 (YAP) as a 
downstream effector of Rho signalling. Together, the results from our study demonstrate that 
extracellular pH can modulate cell proliferation and apoptosis by regulating the proton-sensing 
GPCR-YAP pathway. 
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Introduction 
The pHs of extracellular fluids (ECFs) are a basic 

property of the tissue microenvironment and are 
normally maintained between 7.35 and 7.45 by the 
regulation of respiration and renal acid extrusion. For 
in vitro cultured cells, the pH of the culture medium is 
also maintained in a narrow range of approximately 
7.40. Decreases in ECF pH are observed in ischaemic, 
tumorous and inflammatory tissues [1-3]. 
Acidification of the ECF regulates a wide range of 
cellular functions, including cell adhesion [4], neuro-
genesis [5], insulin secretion [6], smooth muscle con-
traction [7] and inflammatory cytokine production 
[8-10]. Interestingly, the effects of acidification on 
proliferation and apoptosis are controversial [11-15]. 

The molecular mechanisms by which cells sense 
and adapt to extracellular pH changes are not com-
pletely understood. Proton-sensing GPCRs, including 
GPR4 [16], GPR65 [11], GPR68 [17] and GPR132 [18], 
form a group of GPCRs that are activated in response 

to decreases in extracellular pH. Proton-sensing 
GPCRs sense neutral or weakly acidic pHs that are 
generally in the range of 6 to 8 through histidine res-
idues [19]. Unlike the proton-sensing ionotropic 
channels that are primarily expressed by neurons, 
proton-sensing GPCRs are expressed by non-neuronal 
cells and thereby have been recognized as important 
cell pH-sensors. Previous studies have discovered 
that GPR68 is typically coupled with Gq/11 and that 
GPR4, GPR65 and GPR132 are coupled with Gs [20, 
21]. Gq/11 and Gs subsequently activate the phos-
pholipase C/Ca2+ signalling pathway and the ade-
nylyl cyclase/cAMP signalling pathway, respectively, 
to modulate cellular functions. Additionally, extra-
cellular acidification leads to the activation of the Rho 
signalling pathway through GPR4 and G12/13 [22, 
23]. 

In the present study, we report that decreases in 
extracellular pH lead to increases in the proliferation 
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and decreases in apoptosis of cells with abundant 
proton-sensing GPCR expression and that these ef-
fects can be blocked by the inhibition of Rho signal-
ling. Finally, we identify YAP, a potent oncoprotein, 
as an important effector downstream of pro-
ton-sensing GPCRs. 

Materials and methods 
Cell isolation and culture 

The use of human bone marrow-derived stromal 
cells (BMSCs) and articular chondrocytes (ACs) in this 
study was approved by the ethics committee of 
Shanghai Jiaotong University and the consent of the 
donors was obtained. The BMSCs and ACs were iso-
lated from healthy donors (age 30-50 years old) who 
underwent amputation due to severe trauma. Briefly, 
cancellous bone and articular cartilage were obtained 
during the operations. The cancellous bone was first 
flushed with culture medium and then transferred to 
a T75 container. The BMSCs were isolated by adher-
ence. Articular chondrocytes were dissociated from 
the foetal cartilage using 0.1% Collagenase II in 
DMEM/F12 for 24 hours and then isolated by ad-
herence. The BMSC and AC surface markers were 
routinely examined by flow cytometry (Guava). The 
BMSCs and HEK293T were cultured in high-glucose 
DMEM (Invitrogen) with 10% FBS (Gibco). The hu-
man microvascular endothelial cells (HMVECs), hu-
man endometrial cancer cells, and human breast can-
cer cells (MDA-MB-453) were cultured with 
RPMI-1640 (Corning) with 5% FBS. The SKOV-3s and 
ACs were cultured with DMEM/F12 (Corning) with 
10% FBS. Media of different pH values were prepared 
via the addition of 1 M HCl or 1 M NaOH to supple-
mented complete medium after pH equilibrium in the 
incubator for 24 hours. The media were replaced 
every 12 h to ensure the stability of the extracellular 
pHs in the specific conditions. 

RNA Extraction, Reverse Transcription and 
Real-Time PCR 

RNA samples were prepared using Trizol (Invi-
trogen) according to a standard protocol. The RNA 
integrity and quantity were analysed with a 
NanoDrop 2000. Reverse transcription was performed 
using the Transcript First Strand cDNA Synthesis Kit 
(Roche). Real-time PCR was performed using FS 
Universal SYBR Green Master (Roche) on the ABI 
7900HT (Applied Biosystems) and analysed with SDS 
2.4 (Applied Biosystems). Each experiment was per-
formed at least three times. GAPDH was used as a 
housekeeping gene for the normalisation of the results 
of this study. The detailed information about the 
primers is as follows:  

hCTGF-FOR: TGTGCACCGCCAAAGATGG 
hCTGF-REV: ACGTGCACTGGTACTTGCAG 
hCyr61-FOR: AAGGAGCTGGGATTCGATGC 
hCyr61-REV: CATTCCAAAAACAGGGAGCCG 
hANKRD1-FOR: AGCCCAGATCGAATTCCGTG 
hANKRD1-REV: TGAGCAACTTATCTCGGGCG 
hGAPDH-FOR: GATGGGTGGAGTCGCGTG 
hGAPDH-REV: CGCCCAATACGACCAAATCAGA 
GA  
hGPR68-FOR: CCTCACCTGGTTGCAGAGAC 
hGPR68-REV: GACCCCCACCTGTGCTTTC 

Lentivirus infection and RNA interference 
All lentiviruses and siRNAs for RNA interfer-

ence were obtained from Genepharm. For infection, 
the cells were incubated in retroviral supernatant with 
5 μg/mL polybrene for 24 h. Forty-eight hours after 
infection, the cells were selected with 2.5 μg/mL 
puromycin (Sigma-Aldrich) in culture medium. For 
siRNA transfection, the cells were transfected with 
siRNA-Mate (Genepharm) according to the manu-
facturer’s instructions. The siRNA sequences used in 
this study were the following: siGPR68 #1, 5’- 
CCAGCAUCUACUUCCUGAUTT -3’; and siGPR68 
#2, 5’- GUACCAUCGACCAUACCAUTT -3’. The 
shRNA sequences used in this study were the fol-
lowing: shYAP #1, 5’- CTGGTCAGAGATACTTC 
TTAA -3’; and shYAP #2, 5’- AAGCTTTGAG 
TTCTGACATCC -3’. 

Immunoblotting analysis 
The cells were lysed using Cellytic M (Sig-

ma-Aldrich) for 30 min on ice. Cell lysates were cen-
trifuged for 15 min at 15000 × g. Immunoblotting was 
performed using standard SDS-PAGE protocols. YAP 
(#14074), p-S127 (#13008), ROCK1 (#4035), LATS1 
(#3477), p-T1079 (#8654), p-S909 (#9157), MYPT1 
(#5143), p-T853 (#4563) and GAPDH (#5174) anti-
bodies were obtained from Cell Signaling Technology.  

BrdU incorporation 
The cells were plated on 24-well plates at similar 

densities. Fresh media with different pHs were added 
to the cells. After 24 h, the cells were incubated with 
10 μM BrdU for 1 h and stained with anti-BrdU anti-
body (Cell Signaling Technology) according to man-
ufacturer’s instructions. The cells were then incubated 
with anti-mouse Alexa Fluor594-conjugated second-
ary antibodies for flow cytometry analysis (Guava). 
The BrdU (#5292) antibody was purchased from Cell 
Signaling Technology. 

Cell viability analysis 
Media of different pHs were added to the cells. 

After 24 h of incubation, the cells were incubated with 
10 μM camptothecin (MedChem Express) for 6 h to 
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induce apoptosis. Cell viability was then analysed 
using a LIVE/DEAD Fixable Green Dead Cell Stain 
Kit (Molecular Probe) or an Annexin V/PI apoptotic 
analysis kit (Cell Signalling Technology) according to 
the manufacturers’ instructions. 

Immunofluorescence staining 
For the immunofluorescence staining, the cells 

were cultured on coverslips to similar densities using 
media of different pHs. The cells were fixed and then 
permeabilized. After blocking in 10% FBS for 2 h, the 
cells were incubated with primary antibody for 2 h at 
room temperature. After washing with PBS three 
times, the cells were incubated with Alexa Flu-
or-conjugated secondary antibodies for 2 h. The cells 
were then washed with PBS three times prior to ob-
servation. Microscopic images were captured using a 
Leica DMI6000 B with Leica AF6000 software. YAP 
mouse antibodies (MR0635, UCallM) and GPR68 
(sc-98437, Santa Cruz) antibodies were used for 
staining. 

CCK-8 assay 
The cells were plated in 96-well plates at a den-

sity of 2 × 103 cells/well. At each time point, the cells 
were incubated with 10 μl CCK-8 reagent in 100 μl 
fresh culture medium for 3 hours at 37°C. The ab-
sorbance was measured at the wavelength of 450 nm. 
Each experiment was performed in triplicate. 

Animals 
Six-weeks-old male nude mice were maintained 

in SPF conditions. SKOV-3 (5×106) and MDA-MB-453 

(5×106) cells suspended in equal volumes of 50% 
Matrigel (diluted with DMEM/F12) were injected 
subcutaneously into the nude mice. The mice were 
treated daily with simvastatin (5 mg/kg) that was 
homogenously prepared in vegetable oil via intra-
gastric injections for 1 month. The tumour volumes 
were calculated according to the following: vol-
ume = 0.5×(width)2×length. 

Results 
Decreases in extracellular pH promoted pro-
liferation and inhibited apoptosis 

To examine the relationship between extracellu-
lar pH and proliferation, BrdU incorporation assays 
were performed on SKOV-3, BMSC, HMVEC, 
HEK293T, ECC-1, MDA-MB-453 and AC cells (Fig. 
1A). Surprisingly, we did not observe any cell lines 
that exhibited decreased growth rates in response to 
acidic pHs. We performed CCK-8 assays on the 
BMSCs and SKOV-3s to further confirm our previous 
observations (Fig. 1B). Next, we induced apoptosis 
with camptothecin, which is a common apoptotic in-
ducer, and tested cell viability in different extracellu-
lar pHs (Fig. 1C). Interestingly, the MDA-MB-453s 
and ACs also exhibited insensitivity to pH changes, 
whereas the other cells demonstrated reduced apop-
tosis in response to the decrease in extracellular pH. 
Annexin V/PI staining was then conducted, and con-
sistent results were observed (Fig. 1D). Taken togeth-
er, our results indicated that decreases in extracellular 
pH promote the proliferation and inhibit apoptosis in 
some cell lines.  

 
Figure 1. Decrease in extracellular pH regulates proliferation and apoptosis (A) Decrease in extracellular pH promotes proliferation of SKOV3, BMSC, HMVEC, HEK293, and 
ECC-1. Cells were cultured in medium with different pH for 24 hours and BrdU incorporation assays were then conducted. (B) BMSCs and SKOV-3 cells were cultured in 
medium with different pH for 8 or 4 days and CCK-8 assays were conducted at indicated time. (C) Decrease in extracellular pH prevents cells from apoptosis. Cells were treated 
with 10μM camptothecin for 12 hours to induce apoptosis. Cell viability was then tested with live/dead cell staining. (D) Annexin V/PI staining were conducted on BMSCs and 
SKOV-3 cells treated with 10uM camptotheccin at different pH. All experiments were performed at least 3 times in triplicate. Error bars represent the SEM. Error bars represent 
the SEM. Statistical analysis was performed using one-way ANOVA followed by Student’s T test. *P < 0.05; **P < 0.01 versus pH=7.4.  
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Proton-sensing GPCRs in the regulation of 
proliferation and apoptosis through the Rho 
signalling pathway 

We next investigated whether proton-sensing 
GPCRs were involved in the pH-dependent regula-
tion of proliferation and apoptosis. We examined the 
gene expressions of proton-sensing GPCRs in all of 
the cell types. Interestingly, one or more GPCRs were 
abundantly expressed by each of the pH-sensitive 
cells in the SKOV-3, BMSCs, HMVEC, HEK293T, and 
ECC-1 lines, whereas none of the known pro-
ton-sensing GPCRs were expressed by the 
pH-insensitive MDA-MB-453s and ACs (Fig. 2A).  

GPR68 is the sole proton-sensing GPCR that is 
abundantly expressed by BMSCs, and RNA interfer-
ence with GPR68 in the BMSCs led to the loss of sen-
sitivity to decreases in extracellular pH (Fig. 2B and 
Fig. 2C). Consistently, transgenic expression of GPR68 
in the MDA-MB-453 cells endowed them with the 

capability to responding to acidic extracellular pH 
(Fig. 2D and Fig. 2E). Our observations suggested that 
proton-sensing GPCRs were necessary for the 
pH-dependent promotion of cell survivals and pro-
liferation. 

We treated cells with botulinum toxin C3 and 
Y27632, which are specific inhibitors of Rho GTPases 
and ROCK, respectively, with the purpose of inter-
fering with Rho signalling. Strikingly, despite the 
different expression patterns of the proton-sensing 
GPCRs in the different cells, the inhibition of Rho 
signalling, which is a known downstream pathway of 
G12/13, resulted in the blocking of the enhancements 
of cell survival and proliferation in all of the 
pH-sensitive cell lines in acidic extracellular pHs (Fig. 
2F and Fig. 2G). Our findings suggested that Rho 
signalling might be the common downstream path-
way by which different proton-sensing GPCRs control 
cell death and growth. 

 

 
Figure 2. Proton-sensing GPCRs in regulation of proliferation and apoptosis through Rho signalling pathway (A) mRNA levels of indicated proton-sensing GPCRs in different cell 
lines. (B) Knockdown of GPR68 blocks pH-dependent regulation on proliferation and apoptosis. Proliferation of BMSCs transfected with control siRNA or GPR68 siRNA was 
assessed by CCK-8. (C) Apoptosis was induced with 10uM camptothecin on BMSCs transfected with control siRNA or GPR68 siRNA respectively. Annexin V/PI assays were 
then conducted. (D) Transgenic expression of GPR68 endows cells with capabilities of responding to acidic extracellular pH. ACs were transfected with empty vector or GPR68 
vector. Proliferation was assessed by CCK-8 assays. (E) Apoptosis was induced with 10μM camptothecin and then assessed by Annexin V/PI staining. (F) Rho signalling is required 
for pH-dependent regulation on proliferation and apoptosis. Cells were treated with the Rho inhibitor C3 (3μg/mL) and the ROCK inhibitor Y27632 (50mM) in medium with 
different pH (pH=7.0 or pH=7.4) for 24 hours. BrdU incorporation assay was then conducted. (G) Apoptosis was induced with 10uM camptothecin and then assessed by 
live/dead cell staining in different cell lines at different pH (pH=7.0 or pH=7.4). All experiments were performed at least 3 times in triplicate. Error bars represent the SEM. 
Statistical analysis was performed using one-way ANOVA followed by Student’s T test. *P < 0.05; **P < 0.01 (C) versus pH=7.4+siCon. (E) versus pH=7.4+empty vector. (F, G) 
versus control. 
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Decreases in extracellular pH result in YAP 
activation 

Next, we explored the downstream effector of 
proton-sensing GPCR signalling that promotes cell 
survival and proliferation. Recent progress has indi-
cated that GPCR-Rho signalling can dephosphorylate 
and thereby activate YAP [24, 25]. Based on the 
well-established oncogenic role of YAP, we hypothe-
sized that YAP is the downstream effector of pro-
ton-sensing GPCRs that drives cell proliferation and 
survival. Western blotting analysis revealed that a 
decrease in extracellular pH induced the 
dephosphorylation of YAP (Fig. 3A), which resulted 
in its dissociation from 14-3-3 and subsequent nuclear 
localization [26-28]. The nuclear localization of YAP, 
which promotes cell survival and proliferation via 
binding to TEAD family transcription factors [29], was 
observed in the immunofluorescence assays (Fig. 3C). 
Additionally, we observed the accumulation of YAP 
with longer exposure times to the acidic pH condi-
tions (Fig. 3B). CTGF, Cyr61 and ANKRD1 are 
well-characterized YAP downstream genes [30]. The 
expressions of these YAP target genes were signifi-
cantly upregulated by a decrease in extracellular pH 
(Fig. 3D). Based on the above observations, we con-
cluded that YAP can be activated in response to acidic 
extracellular pH.  

Proton-sensing GPCR-Rho signalling regulates 
YAP activity  

Next, we investigate the role of Rho signalling in 
pH-dependent YAP regulation. We first assessed the 
kinase activities of ROCK and LATS in low extracel-
lular pH conditions. The phosphorylation of MYPT1, 
which is a substrate of ROCK, was promoted, and the 
phosphorylation of LATS, which leads to the inacti-
vation of YAP, was repressed when cultured at low 
pH (Fig. 4A). We then inhibited Rho signalling with 
botulinum toxin C3 and Y27632 treatment, which in-
terferes with YAP dephosphorylation in acidic extra-
cellular pHs (Fig. 4B). YAP localization was also as-
sessed after Rho signalling interference (Fig. 4C). The 
silencing of GPR68 blocked the nuclear localization 
and activation of YAP in low pH conditions (Fig. 4D). 
Consistently, the transgenic expression of GPR68 in 
ACs resulted in the nuclear translocation of YAP in 
acidic extracellular pH conditions, and the inhibition 
of Rho signalling with C3 and Y27632 resulted in the 
retention of YAP in the cytoplasm (Fig. 4E). YAP ac-
tivity was not related to the expression levels of pro-
ton-sensing GPCRs when cells are cultured at normal 
pH (Fig. S1A and Fig. S1B). Our findings indicated 
that pH-dependent YAP activity is regulated by 
GPCR-Rho signalling. 

 
Figure 3. Decrease in pH induces activation of YAP (A) Decrease in extracellular pH induces YAP dephosphorylation. HEK293 cells were stimulated with respective culture 
medium (pH as indicated) for three hours (B) Decrease in extracellular pH results in YAP accumulation. HMVEC cells were treated with culture medium at pH=7.0 for different 
time as indicated. (C) Decrease in pH induces YAP nuclear localization in MSCs. MSCs were stimulated with culture medium at indicated pH for 3 hours. YAP subcellular 
localization was then monitored. (D) Expression of YAP target genes increases in response to decrease in extracellular pH. SKOV-3 cells were cultured at indicated pH for 24 
hours and then mRNA level of YAP target genes were assessed. All experiments were performed at least 3 times (every time in triplicate for qPCR). Error bars represent the 
SEM. Statistical analysis was performed using one-way ANOVA followed by Student’s T test. **P < 0.01 (C) versus pH=7.4. 
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Figure 4. Regulation of GPCR-Rho signalling on YAP activities (A) Low extracellular pH activates ROCK kinase while inhibits LATS kinase. The activity of ROCK kinase was 
monitored by phosphorylation of MYPT1, a substrate of ROCK kinase. Phosphorylation of LATS1 at T1079 and S909 which results in inhibition of LATS kinase was repressed 
by low extracellular pH. (B) Inhibition of Rho signalling interferes with dephosphorylation of YAP in response to decreased extracellular pH. ECC-1 cells were cultured at high 
cell density and then treated with C3 (3μg/mL) and Y27632 (50mM) in medium with low pH (pH=7.0) for 3 hours. (C) Nuclear localization of YAP induced by low extracellular 
pH is blocked by inhibition of Rho signalling. BMSCs were cultured at high cell density and then treated with C3 (3μg/mL) and Y27632 (50mM) at pH=7.0 for 3 hours. (D) 
Knockdown of GPR68 blocks pH-dependent regulation on YAP. BMSCs transfected with control siRNA or GPR68 siRNA and cultured at pH=7.0 for 3 hours. (E) ACs were 
transfected with empty vector or GPR68 vector and cultured at pH=7.0 for 3 hours. C3 (3μg/mL) and Y27632 (50mM) were treated as indicated. All experiments were 
performed at least 3 times. 

 

YAP is required for proton-sensing 
GPCR-signalling to regulate proliferation and 
apoptosis 

Finally, to further investigate the effects of YAP 
activation on proliferation and apoptosis, we used 

viral shRNA to knockdown YAP expression. De-
creases in extracellular pH were no longer able to 
promote the growth rate and cell survival of 
YAP-silenced cells (Fig. 5A and Fig. 5B). Based on 
these observations, we concluded that YAP is essen-
tial for the enhanced cell proliferation and survival 
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that is driven by decreases in extracellular pH. Recent 
progress has demonstrated inhibitory effects of statins 
on YAP [31]. Consistently, we also observed potent 
inhibitory effects of multiple statins on YAP (Fig. S2). 
The promotion of the growth rate and cell survival 
induced by low pH was blocked after statin treatment 
(Fig. 5C and Fig. 5D). Next, we successfully sup-

pressed tumour growth with statin therapy in vivo 
(Fig. 5E). However, statins were more effective 
against pH-sensitive cancer cells than pH-insensitive 
cells. Given the long history of their clinical applica-
tion, statins could be the most promising candidate 
for a novel cancer therapy. 

 
 
 
 

Figure 5. YAP is the effector of 
proton-sensing GPCR-signalling 
to regulate proliferation and 
apoptosis (A) Knockdown of 
YAP blocks pH-dependent 
regulation on cell proliferation. 
HMVECs infected with control 
shRNA or YAP shRNA were 
cultured at indicated pH. (B) 
Knockdown of YAP inhibits 
prevention of decreased extra-
cellular pH to apoptosis. 
HEK293 cells infected with 
control shRNA or YAP shRNA 
were cultured at indicated pH. 
Apoptosis was induced by 
camptothecin (10uM) for 12 
hours and assessed by Annexin 
V/PI staining. (C) Simvastatin 
inhibits increased proliferation in 
response to low pH. Simvastatin 
was treated at 10μM. (D) Inhibi-
tion of apoptosis by low pH is 
rescued by simvastatin (10μM). 
(E) Simvastatin given to nude 
mice (n = 6) at a dose of 5mg/kg 
via intragastric administration 
significantly inhibits the xenograft 
growth of tumors compared to 
control group. (F) A proposed 
model for proton-sensing 
GPCRs and G proteins in the 
regulation of YAP activity and 
subsequent proliferation and 
apoptosis. All experiments were 
performed at least 3 times. Error 
bars represent the SEM. Statis-
tical analysis was performed 
using one-way ANOVA followed 
by Student’s T test. *P < 0.05; **P 
< 0.01 (B) versus 
pH=7.4+shCon. (D) versus 
pH=7.4. (E) versus control. 
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Discussion 
Acidic microenvironments caused by lactate 

production accompany almost all pathological cir-
cumstances. Under ischemic and inflammatory cir-
cumstances, anaerobic glycolysis is stimulated due to 
hypoxia and causes lactate production. Cancer cells 
preferentially metabolize glucose to lactate as the 
main fuel source even when oxygen is plentiful, and 
this process is termed the Warburg Effect. Thus, it is 
important to determine the effects of acidic ECF on 
cells. This study primarily focused on cell prolifera-
tion and apoptosis, which are especially important in 
cancer research. Our data revealed pro-proliferative 
and anti-apoptotic roles of acidic extracellular mi-
croenvironments. The unlimited proliferation poten-
tial and the Warburg effect in cancer cells result in the 
acidification of the extracellular environment, which 
further stimulates proliferation. It is urgent to study 
the underlying proton-sensing mechanisms to break 
this viscous circle. 

The discoveries of proton-sensing GPCRs ex-
tended proton-sensing mechanisms from neurons to 
other cells. However, the GPCR signalling is rather 
complicated due to the expression of multiple recep-
tors for protons and the differential functions of G 
proteins. Thus, attempts to target single pro-
ton-sensing GPCRs might be futile for therapy due to 
compensation provided by GPCRs. Instead, the tar-
geting of downstream mediators and effectors of 
proton-sensing GPCRs might be a more reasonable 
strategy. We identified Rho-YAP signalling as the 
common downstream pathway of the proton-sensing 
GPCRs that control cell proliferation and survival. We 
then inhibited the growth of xenograft tumours by 
targeting YAP with statins. Our evidence suggests 
that statins might be a novel and potent therapy for 
cancers, especially those expressing proton-sensing 
GPCRs.  

In addition to proliferation and apoptosis, YAP 
also regulates cell migration [32, 33] and differentia-
tion [30, 34]. It is possible that extracellular acidifica-
tion might also influence such cell behaviours through 
proton-sensing GPCR-YAP signalling. Future inves-
tigations are needed to address these important bio-
logical issues. 

Supplementary Material 
Figures S1-S2. http://www.ijbs.com/v11p1181s1.pdf 
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