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Activation of Piezo1 downregulates renin 
in juxtaglomerular cells and contributes 
to blood pressure homeostasis
Xiaoqiang Yang1,2, Honghui Zeng1,2, Le Wang1,2, Siweier Luo1,2 and Yiming Zhou1,2*   

Abstract 

Background: The synthesis and secretion of renin in juxtaglomerular (JG) cells are closely regulated by the blood 
pressure. To date, however, the molecular identity through which JG cells respond to the blood pressure remains 
unclear.

Results: Here we discovered that Piezo1, a mechanosensitive ion channel, was colocalized with renin in mouse kid-
ney as well as As4.1 cells, a commonly used JG cell line. Activation of Piezo1 by its agonist Yoda1 induced an intracel-
lular calcium increase and downregulated the expression of renin in these cells, while knockout of Piezo1 in JG cells 
abolished the effect of Yoda1. Meanwhile, mechanical stress using microfluidics also induced an intracellular calcium 
increase in wildtype but not Piezo1 knockout JG cells. Mechanistically, we demonstrated that activation of Piezo1 
upregulated the Ptgs2 expression via the calcineurin-NFAT pathway and increased the production of Ptgs2 down-
stream molecule  PGE2 in JG cells. Surprisingly, we discovered that increased  PGE2 could decreased the renin expres-
sion through the  PGE2 receptor EP1 and EP3, which inhibited the cAMP production in JG cells. In mice, we found that 
activation of Piezo1 significantly downregulated the renin expression and blood pressure in wildtype but not adeno-
associated virus (AAV)-mediated kidney specific Piezo1 knockdown mice.

Conclusions: In summary, these results revealed that activation of Piezo1 could downregulate the renin expres-
sion in JG cells and mice, subsequently a reduction of blood pressure, highlighting its therapeutic potential as a drug 
target of the renin-angiotensin system.

Keywords: Piezo1 ion channel, Renin, Calcium signaling, Juxtaglomerular cell, Mechanical stress, Blood pressure 
homeostasis
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Introduction
The renin-angiotensin system (RAS) plays a crucial role 
in the maintenance of fluid-electrolyte and blood pres-
sure homeostasis [1, 2]. Renin, the step-limiting pro-
tease of the RAS, is produced, stored, and secreted by 

the renal juxtaglomerular (JG) cells, which are located in 
the media of the afferent arterioles at the entrance to the 
glomerulus [3]. According to the previous studies, three 
important mechanisms trigger the synthesis and secre-
tion of renin: (1) a decrease in blood pressure caused by 
the reduction in renal perfusion, (2) the detection of a 
decrease in sodium in the renal tubule by Macula Densa, 
(3) and beta-1 adrenergic receptor activation via an 
increase in the activity of the sympathetic system [4–6]. 
Intriguingly, of these three mechanisms, blood pressure 
has been suggested to be the most direct and impor-
tant factor that regulates the RAS. On the one hand, an 
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inverse relationship between renin and blood pressure 
changes in afferent arteries has been well demonstrated 
in  vivo. On the other hand, an increase in mechanical 
stress (MS) was shown to inhibit forskolin-induced renin 
secretion in renin-producing Calu-6 and As4.1 cells as 
well as primary JG cells [7]. To date, however, the detailed 
mechanism by which MS regulates the synthesis and 
secretion of renin remains unclear.

Mechanotransduction, referring to the conversion 
of MS into electrochemical signals, plays a vital role in 
a wide variety of physiological and pathophysiological 
processes in mammalian cells, including touch, proprio-
ception, pain, vascular development, and blood pressure 
regulation [8–11]. Mechanosensitive ion channels allow 
the passage of ions in response to increased membrane 
tension. Coste and colleagues identified the nonselec-
tive cation channels Piezo1 and Piezo2 as a novel class 
of mechanosensitive ion channels [12]. Increasing evi-
dence indicates that Piezo channels are expressed in a 
wide range of tissues and play important roles in various 
physiological functions, including vascular tone mainte-
nance, hypertension, bone metabolism, pulmonary vas-
cular remodeling in pulmonary arterial hypertension, 
macrophage polarization, and stiffness sensing [13–19]. 
Studies have shown that local blood flow-associated 
shear stress, in addition to blood pressure-associated cell 
membrane stretching are key endogenous activators of 
Piezo channels [14]. Consistently, the renin synthesis and 
secretion in JG cells is regulated through calcium influx, 
which is elicited by the increased blood pressure. How-
ever, whether Piezo channels are involved in this event 
remains unclear.

In this study, we demonstrated that the mechanosen-
sitive ion channel Piezo1, but not Piezo2, is functionally 
expressed in JG cells, and activation of Piezo1 increased 
intracellular calcium  ([Ca2+]i) level in JG cells, result-
ing in decreased level of renin synthesis and secretion. 
Knockout (KO) of Piezo1 in JG cells reduced the effect 
of Yoda1. In addition, Piezo1-KO significantly reduced 
the mechanosensation of JG cells. In mice, the activation 
of Piezo1 significantly decreased renin expression, the 
systolic blood pressure (SBP) and mean blood pressure 
(MBP) levels, while specific knockdown of Piezo1 in the 
kidney abolished these effects of Yoda1. Mechanistically, 
we demonstrated that Piezo1 activation-induced renin 
downregulation is mediated via the Ptgs2 (COX-2)-PGE2-
EP1/3 pathway. In summary, these results suggested that 
Piezo1 plays an important role in the mechanosensation 
of JG cells and contributes to blood pressure homeostasis 
by regulating renin synthesis and secretion, highlighting 
its therapeutic potential as a drug target of the RAS.

Results
Piezo1 is functionally expressed in JG cells
To investigate the expression pattern of ion channels in 
JG cells, we performed qRT-PCR to detect the mRNA 
levels of several non-selective cation channels, includ-
ing Piezo channels, TRPMs, TRPVs and TRPCs in As4.1 
cells, a commonly used JG cell line that expresses renin as 
well as αSMA (Additional file 1: Fig. S1A). The qRT-PCR 
results showed that Piezo1, but not Piezo2, was highly 
expressed in As4.1 cells (Fig.  1A). We then verified the 
subcellular location of Piezo1 in As4.1 cells by immuno-
fluorescence assay. The results showed that Piezo1 was 
mainly expressed in the membrane and cytoplasm of JG 
cells (Fig.  1B). To further determine the distribution of 
Piezo1 in mouse kidneys, we performed the multiplexed 
immunohistochemical staining of Piezo1 with renin and 
αSMA in mouse kidneys and found that Piezo1 is highly 
expressed in JG cells, as well as tubular cells (Fig.  1C, 
Additional file 1: Fig. S1B).

Next, we investigated the function of Piezo1 in As4.1 
cells with a specific agonist Yoda1, using a Fluo-4-based 
calcium imaging assay. Interestingly, Yoda1 induced 
a dose-dependent increase in intracellular calcium 
 ([Ca2+]i) in As4.1 cells, with an  EC50 of 7.68 µM (Fig. 1D 
and E). Besides, this increased  [Ca2+]i level induced by 
Yoda1 could be blocked by ruthenium red (RR), a blocker 
of cation channels (Fig. 1F). Moreover, the calcium imag-
ing assay showed that Yoda1 failed to induce a significant 
 [Ca2+]i increase in the absence of extracellular calcium 
(Fig. 1G and H), while adding the calcium to the extracel-
lular solution restored the effect of Yoda1 (Fig. 1I), sug-
gesting that Yoda1 induced the  [Ca2+]i increase is mainly 
derived from the extracellular calcium influx but not the 
release of intracellular bound calcium (such as ER-bound 
calcium). Taken together, these results demonstrated that 
Piezo1 is functionally expressed on the plasma mem-
brane of JG cells.

Activation of Piezo1 reduced renin expression in JG cells
To investigate the effect of Piezo1 activity on renin syn-
thesis and secretion, we generated a Piezo1-KO As4.1 
cell line using the CRISPR/Cas9 system. We confirmed 
that Piezo1 expression, both at mRNA and protein level, 
was abrogated in Piezo1-KO As4.1 cells (Fig. 2A–C). In 
addition, calcium imaging assay results showed that the 
increase in  [Ca2+]i induced by Yoda1 was completely 
abolished in Piezo1-KO As4.1 cells (Fig. 2D and E). Sur-
prisingly, Piezo1-KO not only significantly abolished the 
effect of Yoda1 on renin expression (Fig. 2F and G), but 
also exhibited higher renin level at the baseline (Fig. 2H). 
To further determine the role of Piezo1 in JG cells, we 
isolated the primary mouse JG cells (Additional file  1: 
Fig. S2A) and performed the calcium imaging assays and 
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Fig. 1 Piezo1 is functionally expressed in JG cells. A Screening of the cation channels in As4.1 cells by qRT-PCR. (n = 5). B Immunostaining of Piezo1 
and Plasma Membrane Calcium ATPase (PMCA, a membrane marker) in As4.1 cells. Scale bar = 20 µm. C Multiplexed immunohistochemical staining 
of Piezo1, renin, and αSMA showing the localization in mouse kidney. Scale bar = 50 µm. White arrows indicate the JG cells; white circles indicate 
the glomerulus (G). D and E Calcium imaging assay showing the  [Ca2+]i increase induced by different concentrations of Yoda1 in As4.1 cells. Data 
are displayed as dose–dependent curves and fitted with Hill equation, indicating the  EC50 of Yoda1 (n = 4). F Calcium imaging assay showing the 
effect of RR (Ruthenium Red, a cation channel blocker) on Yoda1 induced  [Ca2+]i increase in As4.1 cells (n = 4). G Calcium imaging assay showing 
the  [Ca2+]i increase induced by Yoda1 in the presence or absence of extracellular  Ca2+ in As4.1 cells (n = 4). H and I Calcium imaging assay showing 
the  [Ca2+]i increase induced by Yoda1 while changing the extracellular solution with or without  Ca2+ in As4.1 cells (n = 4). All data are represented 
as mean ± SEM
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Fig. 2 Knockout of Piezo1 abolishes the effect of Yoda1 on renin expression. A–C Validation of the knockout efficiency of Piezo1 by qRT-PCR (A), 
immunofluorescence (B), and Western blotting (n = 3 each) (C) in Piezo1-KO As4.1 cells. Scale bar = 20 µm. D Calcium imaging assay showing the 
 [Ca2+]i increase induced by Yoda1 (20 µM) in WT and Piezo1-KO As4.1 cells (n = 3). E Peak values of the  [Ca2+]i responses induced by Yoda1 from (D). 
F and G Quantification of the fold changes in mRNA (F) and secreted renin G levels in WT and Piezo1-KO As4.1 cells after Yoda1 (20 µM) treatment 
by qRT-PCR and ELISA, respectively (n = 3). H Renin mRNA basal expression in WT and Piezo1-KO As4.1 cells. (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001; 
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Yoda1 treatment as in As4.1 cells. Results showed that 
Yoda1 also significantly increased the  [Ca2+]i level in 
primary mouse JG cell (Additional file  1: Fig. S2B) and 
reduced the renin mRNA expression (Additional file  1: 
Fig. S2C), which is consistent with that in As4.1 cells. 
Thus, these results together demonstrated that the acti-
vation of Piezo1 negatively regulates renin expression in 
JG cells in a calcium-dependent manner.

Previous studies suggested that MS, such as blood 
pressure, regulates renin synthesis and secretion. We 
then hypothesized that Piezo1 contributes to the mech-
anosensation of JG cells. To test this hypothesis, we 
applied MS to both WT and Piezo1-KO As4.1 cells 
using a flow-induced MS loading system (Fig.  3A) and 
performed the calcium imaging assay. Then real-time 
dynamic changes of  [Ca2+]i were observed in As4.1 cells 
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after MS application. The results showed that  [Ca2+]i 
was increased immediately after the application of MS in 
WT As4.1 cells (Fig.  3B). Furthermore, WT As4.1 cells 
showed a repetitive transient  [Ca2+]i increase in response 
to repetitive MS (Fig.  3C and D). Interestingly, Piezo1-
KO As4.1 cells exhibited a significantly lower  [Ca2+]i 
increase of AUC, peak and plateau values in response to 
MS (Fig. 3E and F, Additional file 1: Fig. S3A and B). In 
addition, MS significantly downregulated renin mRNA 
expression in WT but not in Piezo1-KO As4.1 cells 
(Fig.  3G, Additional file  1: Fig. S3C), suggesting that 
Piezo1 plays an important role in mechanosensation and 
renin expression in JG cells. However, we still observed a 
reduction in renin expression in Piezo1-KO As4.1 cells, 
indicating that other channels, such as TRPV4, may also 
contribute to the mechanosensation in JG cells [20]. 
Therefore, we also examined the MS to WT and TRPV4-
KO As4.1 cells, and found that TRPV4-KO As4.1 cells 
exhibited a slightly attenuated calcium influx compared 
with that of Piezo1-KO As4.1 cells in response to MS 
(Additional file 1: Fig. S3D).

Piezo1 regulates renin via the calcineurin‑Ptgs2 
(COX‑2)‑PGE2‑EP1/3 pathway
To explore the mechanism of how Piezo1 downregulates 
renin expression, we performed the RNA-seq assay using 
As4.1 cells with or without Yoda1 treatment. Differen-
tially expressed genes (DEGs) between two groups were 
shown in a heatmap (Fig. 4A) and volcano plot (Fig. 4B). 
Gene set enrichment analysis (GSEA) revealed that most 
of the DEGs are enriched in the vasculature development 
and regulation of blood circulating cytokine production 
(Fig.  4C) which indicates the crucial role of Piezo1 in 
regulation of the blood pressure homeostasis. Next, we 
validated these DEGs using qRT-PCR in WT and Piezo1-
KO As4.1 cells with or without Yoda1 treatment. The 
qRT-PCR validation results were consistent with most of 
the DEGs uncovered by the RNA-seq assay (Additional 
file 1: Fig. S4). Interestingly, we found that the Ptgs2 was 
highly expressed in JG cells and its expression level was 
significantly affected by Yoda1 compared with that of 
other genes. In addition, RNA-seq assay using As4.1 cells 
with or without MS treatment demonstrated that MS 
also induced significant changes in Ptgs2 (Fig. 4D and E), 
which was consistent with the result of Yoda1 treatment 
(Fig. 4F).

Since several reports showed that calcineurin, a down-
stream molecule of Piezo1, could regulate Ptgs2 expres-
sion in the kidney [21, 22]; therefore, we applied two 
calcineurin inhibitors, FK506 and cyclosporin A (CsA), to 
As4.1 cells before Yoda1 treatment to investigate whether 
calcineurin participates in these cells. The results showed 
that both FK506 and CsA significantly inhibited the 

expression of Ptgs2 (COX-2) (Additional file 1: Fig. S5A 
and B), which indicated that Piezo1 regulates Ptgs2 via a 
calcineurin-dependent pathway in JG cells. Next, changes 
in Ptgs2 (COX-2) at the mRNA and protein levels were 
investigated in WT and Piezo1-KO As4.1 cells. Treat-
ment with Yoda1 strongly upregulated the Ptgs2 mRNA 
as well as its protein COX-2 expression level in WT As4.1 
cells (Fig. 5A and B). This effect, however, was completely 
eliminated in Piezo1-KO As4.1 cells. Previous reports 
demonstrated that the activation of Ptgs2 (COX-2) affects 
the renin expression [23, 24]; therefore, we speculated 
that the activation of Piezo1 reduces the renin expression 
through upregulation of the Ptgs2 (COX-2) expression. 
To investigate this hypothesis, NS398, a small-molecule 
enzymatic inhibitor of COX-2, was applied together with 
Yoda1 to WT and Piezo1-KO As4.1 cells. Then, we found 
that NS398 significantly reduced the effects of Yoda1 
on renin synthesis and secretion, suggesting that Ptgs2 
(COX-2) is an important downstream player of Piezo1 in 
JG cells (Fig. 5C and D).

Robertson et  al. previously reported that COX-2 
reduces cAMP levels through the  PGE2-EP3-Gαi/o path-
way [25].  PGE2 is a crucial downstream enzymatic prod-
uct of COX-2 produced by the conversion of arachidonic 
acid. In the kidney, the COX-2-PGE2 cascade is of high 
importance in regulating fluid metabolism, blood pres-
sure, and renal hemodynamics [26]. In general,  PGE2 
functions by binding four G-protein-coupled receptors 
designated EP1, EP2, EP3, and EP4 [27, 28]. Therefore, 
we explored whether Piezo1 regulates renin expression 
through the COX-2-PGE2-EPs pathway in JG cells. Since 
we found that EP1 and EP3, but not EP2 or EP4, were 
highly expressed in As4.1 cells using qRT-PCR (Addi-
tional file  1: Fig. S5C), we then detected the levels of 
secreted  PGE2 and intracellular cAMP in Yoda1-treated 
WT and Piezo1-KO As4.1 cells. The results showed that 
Yoda1 significantly increased the secreted  PGE2 level 
and decreased intracellular cAMP level in WT but not 
Piezo1-KO cells (Fig.  5E and F), suggesting that Piezo1 
may reduce the cAMP level through increased  PGE2 
secretion in JG cells.

Activation of Piezo1 reduced blood pressure in mice
To investigate whether Piezo1 activity could regu-
late renin expression in  vivo, we examined the effect of 
Yoda1 in WT and Piezo1-knockdown mice. A kidney-
specific Piezo1-knockdown mouse model was suc-
cessfully established by a 3-week AAV infection, and 
Yoda1 was then injected intraperitoneally for 17  days 
to stimulate Piezo1 (Fig.  6A). Firstly, the knockdown 
efficiency of Piezo1 was determined by qRT-PCR and 
multiplexed immunohistochemical staining in mouse 
kidneys. Results showed that the expression of Piezo1 
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was reduced in the AAV-shPiezo1 infected mouse kid-
neys (Fig. 6B and C). Since the in vitro study showed that 
Yoda1 treatment decreased the renin expression, we then 
detect the renin expression in mouse kidneys. Interest-
ingly, results showed that Yoda1 treatment significantly 
reduced the renin expression in AAV-shControl but not 

AAV-shPiezo1 kidneys (Fig.  6D and E). Furthermore, 
Yoda1 treatment significantly decreased both SBP and 
MBP in AAV-shControl but not AAV-shPiezo1 mice 
(Fig.  6F). These results suggested that the activation of 
Piezo1 could downregulate renin expression and contrib-
ute to the blood pressure homeostasis in vivo.
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Taken together, our results demonstrated that Piezo1 
activation downregulated renin expression through the 
Ptgs2 (COX-2)-PGE2-EP1/3 pathway in JG cells (Fig. 7). 
Briefly, mechanical stress, such as blood pressure, could 
activate Piezo1 channel and cause the extracellular cal-
cium influx into the JG cells. The increased intracellu-
lar calcium induces the Ptgs2 (COX-2) expression via a 
calcineurin/NFAT pathway and following the increase 
of  PGE2 secretion. The increased  PGE2, on the one hand 
inhibits cAMP production through EP3 and downregu-
lates renin expression; on the other hand, elevates the 
intracellular calcium through EP1, which further reduces 
renin expression and eventually contributes to blood 
pressure homeostasis.

Discussion
The synthesis and secretion of renin from JG cells are 
crucial for the regulation of the blood pressure in the 
human body. An inverse relationship between renin pro-
duction and blood pressure changes in glomerular affer-
ent arterioles has been well documented [29]; however, 
the detailed mechanism of this process remains unclear. 
The discovery of Piezo1, a novel mechanosensitive ion 
channel, led us to wonder whether Piezo1 participates 
in renin synthesis and secretion from JG cells by sens-
ing the MS generated by the changes of the blood pres-
sure. In this study, we found that Piezo1 is expressed in 
mammalian JG cells. Both MS and a Piezo1 agonist acti-
vated Piezo1 and initiate Piezo1-mediated calcium influx 
in JG cells in  vitro. The activation of Piezo1 resulted in 
the downregulation of renin expression in JG cells and 
mice following lowered blood pressure in  vivo. We fur-
ther found that Piezo1 affects renin via the Ptgs2 (COX-
2)-PGE2-EP1/3 pathway.

In 2010, Coste et al. discovered that two calcium-per-
meable nonselective cation channels, Piezo1 and Piezo2, 
are mechanosensitive ion channels that are crucial in 
mammalian cells in response to various types of MS 
[12]. Upon MS, including compression, tension, swelling, 
and shear stress, Piezo channels are activated, inducing 
calcium influx followed by intracellular signal transmis-
sion. Piezo1 is involved in various key biological events, 

including vascular and lymphatic development [30–32], 
blood pressure control [19, 33, 34], red blood cell (RBC) 
volume regulation [35, 36], the perception of force by 
bladder endothelial cells and renal tubular epithelial 
cells [37, 38], and bone formation [39, 40]. We screened 
TRPVs, TRPMs, TRPCs, and Piezos (Piezo1 and Piezo2) 
expression by qRT-PCR. Among these channels, Piezo1, 
but not Piezo2, was significantly highly expressed in JG 
cells. To test whether the Piezo1 channel expressed in 
As4.1 cells could functionally induce calcium influx, we 
applied its agonist and antagonist using calcium imaging 
assay. Intriguingly, on the one hand, we observed a sig-
nificant rise in  [Ca2+]i after Yoda1 treatment that could 
be blocked by RR, a general antagonist for cation chan-
nel families. On the other hand, this increase in  [Ca2+]i in 
As4.1 cells was observed only in the presence of extracel-
lular calcium after Yoda1 activation, but did not appear 
when extracellular calcium was removed from the work-
ing solutions. As the  [Ca2+]i increase could be a result of 
either extracellular calcium influx or  [Ca2+]i release [41], 
our results demonstrated that the increased  [Ca2+]i level 
in As4.1 cells was due to the extracellular calcium influx.

Previous studies reported the synthesis and secretion 
of renin is tightly related with the intracellular calcium 
concentration [42]. Since Yoda1-induced activation of 
Piezo1 led to calcium influx in As4.1 cells, we wondered 
whether Piezo1 activation could affect renin expres-
sion level. As expected, we observed that renin mRNA 
as well as protein were significantly reduced after Yoda1 
treatment, and this effect was abolished when Piezo1 
was knocked out by CRISPR/Cas9. Our results indicate 
for the first time that Piezo1 plays a key role of regulat-
ing renin synthesis and secretion in calcium-dependent 
manner in As4.1 cells. Piezo1 has been widely reported 
to be expressed in various tissues and cells and to sense 
physiological MS in vivo. We wondered whether Piezo1 
in As4.1 cells responses to MS and induces  [Ca2+]i 
increase. To test this hypothesis, a pump-based MS load-
ing system was used in this study. The results showed 
that 10–30 dyn/cm2 MS could elicit a significant increase 
in calcium influx in WT As4.1 cells but not Piezo1-KO 
As4.1 cells, further demonstrating the importance of 

Fig. 6 Activation of Piezo1 decreases renin expression and blood pressure in vivo. A Schematic design of the animal experiments. B qRT-PCR results 
of the mRNA expression of Piezo1 in kidneys from AAV-shControl (n = 3) and AAV-shPiezo1 (n = 4) mice (37 days post infection). C Multiplexed 
immunohistochemical staining results showing that Piezo1 expression and distribution after AAV infection in mouse kidney. Scale bar = 50 µm. 
D Immunohistochemical staining showing the changes of renin expression in day 12 post Veh/Yoda1/Captopril treatment after AAV infection in 
mouse kidney (Veh, n = 3, Yoda1, n = 4, Captopril, n = 4). Scale bar = 1000 µm. E Quantification of the expression of renin in different treatment 
groups by the average optical density (AOD) values of IHC. ns no significant; ** p < 0.01. Data are represented as mean ± SEM. F The levels of systolic 
blood pressure (SBP), mean blood pressure (MBP), diastolic blood pressure (DBP), and heart rates of mice in day 0 and day 12 post Veh/Yoda1/
Captopril treatment, (Veh, n = 3, Yoda1, n = 4, Captopril, n = 4). ns no significant; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as 
mean ± SEM

(See figure on next page.)
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Piezo1 in the mechanosensation in JG cells. However, we 
also found that deletion of Piezo1 from As4.1 cells did 
not completely abolish the MS-induced  [Ca2+]i increase, 
suggesting other proteins and structures, including 

TRPV4, focal adhesions and primary cilia, also likely 
contribute to mechanosensation in JG cells. Recent 
studies indicated that TRPV4, an ion channel, is widely 
expressed in keratinocytes, dorsal root ganglion (DRG) 

0

50

100

150 ✱✱✱✱ ✱✱✱ ns ✱✱✱nsns

0

25

50

75

100

125
✱✱ ✱✱✱ ns ✱✱nsns

0

20

40

60

80

100 ns
✱✱✱✱ ns

✱✱✱nsns

400

480

560

640

720

Renin αSMA DAPI MergePiezo1

Renin αSMA DAPI MergePiezo1

AA
V-
sh

C
on

tro
l

AA
V-
sh

Pi
ez

o1

Veh Yoda1 Captopril

AA
V-
sh

C
on

tro
l

AA
V-
sh

Pi
ez

o1

0

10

20

30

40
✱✱
✱✱

ns
✱✱

Av
er

ag
e 

op
tic

al
 d

en
si

ty
 o

f r
en

in

AAV-shControl
AAV-shPiezo1

Ve
h

Yo
da

1
Ca

pt
op

ril
Ve

h
Yo

da
1

Ca
pt

op
ril

C

0

5

10

15

Pi
ez

o1
 m

R
N

A 
ex

pr
es

si
on

AAV-sh
Con

tro
l

AAV-sh
Piez

o1

SB
P 

(m
m

H
g)

D
BP

 (m
m

H
g)

M
BP

 (m
m

H
g)

H
R

 (B
PM

)

B

D E

✱✱✱

Day 17

Sample collection

Day 12Day 0

BP detectionBP detection

Yoda1/Captopril
      per dayAAV

3 weeks

Veh
Yod

a1

Cap
top

ril

Veh
Yod

a1

Cap
top

ril

AAV-shControl AAV-shPiezo1

Veh
Yod

a1

Cap
top

ril

Veh
Yod

a1

Cap
top

ril

AAV-shControl AAV-shPiezo1

Veh
Yod

a1

Cap
top

ril

Veh
Yod

a1

Cap
top

ril

AAV-shControl AAV-shPiezo1

Veh
Yod

a1

Cap
top

ril

Veh
Yod

a1

Cap
top

ril

AAV-shControl AAV-shPiezo1

Day 0

Day 12

A

F

Fig. 6 (See legend on previous page.)



Page 11 of 17Yang et al. Cell & Bioscience          (2022) 12:197  

neurons, hippocampal neurons, and urothelial cells, can 
be activated by mechanical stress [43, 44]. These reports 
are consistent with our data in TRPV4-KO As4.1 cells, 
however our results suggested Piezo1 play a more impor-
tant role in the mechanosensation of JG cells. Moreover, 
Piezo1 and TRPV4 may interact under some special con-
ditions, as previously reported. For example, Yoneda et al. 
studied their distinct mechanosensing roles in osteoblas-
tic MC3T3-E1 cells and concluded that TRPV4, but not 
Piezo1, was sensitive to MS with shear stress upon induc-
tion with fluid flow. When both Piezo1 and TRPV4 are 
highly expressed, the TRPV4-dependent  Ca2+ response 
can be induced via activation of Piezo1 [45]. Yarishkin 
et al. recently reported that Piezo1 mediates fast MS acti-
vation and that TRPV4 mediates slow MS activation in 
human TM cells [30]. Swain et  al. reported that Piezo1 
acts upstream of TRPV4 to induce pathological changes 
in endothelial cells due to shear stress [46]. These stud-
ies may explain the co-expression of TRPV4 and Piezo1 
in As4.1 cells. Possible crosstalk between piezo1 and 
other sensors and how they sense different kinds of 
MS, and influence renin in JG cells needs to be further 
investigated.

Unlike the most secretory cells in human body, renin 
secretion from the JG cell is inversely related to the 
 [Ca2+]i concentrations, which is referred as the “Cal-
cium paradox” [42, 47]. The “Calcium paradox” has been 

discovered almost forty years, but the detailed mecha-
nism how  [Ca2+]i regulates renin expression remains 
unelucidated. Here, we firstly identified that Ptgs2 (COX-
2) plays an important role in the renin downregulation 
induced by Piezo1 activation. Yoda1-induced calcium 
influx increased the mRNA and protein levels of Ptgs2 
(COX-2) in WT but not Piezo1-KO As4.1 cells. Our 
results showed that Piezo1 activation-induced renin 
downregulation was abolished by both calcineurin and 
COX-2 inhibitors. COX-2 is known to increase  PGE2 
production, which is highly important in regulating fluid 
metabolism, blood pressure, and renal hemodynamics 
[26].  PGE2 functions by binding its four different G-pro-
tein-coupled receptors, termed EP1, EP2, EP3, and EP4 
[27, 28]. Studies have shown that EP2 and EP4 increase 
cAMP level, whereas EP3 inhibits cAMP level [27, 28]. 
EP1 functions via a PLC–dependent calcium signaling 
pathway [27, 28]. Recent studies reported  PGE2 inhib-
its cAMP levels through EP3/Gi/o in pancreatic islet 
cells [25, 48]. Our results showed that Yoda1 treatment 
significantly induced  PGE2 production and decreased 
cAMP level in As4.1 cells, while this effect was abol-
ished in Piezo1-KO cells, suggesting Piezo1-Ptgs2 (COX-
2)-PGE2-EP1/3 pathway play a role in renin expression in 
JG cells.

Recently, several studies reported that endothe-
lium-specific Piezo1 play a vital role in blood pressure 

Fig. 7 Summary of the mechanism of this study. The increased MS, such as blood pressure, activates the Piezo1 channels and increases the 
intracellular  Ca2+ level in JG cells. The increased  [Ca2+]i induces the Ptgs2 (COX-2) expression via a calcineurin/NFAT pathway and subsequently an 
increased level of  PGE2 secretion, which inhibits cAMP production through EP3 and downregulates renin expression
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regulation, that activation of Piezo1 in endothelial cell 
(EC) induced phosphorylation of endothelial NO syn-
thase (eNOS) and regulate blood pressure [18, 34, 49]. 
Mechanistically, Wang et  al. found that endothelial 
Piezo1 is required for flow-induced ATP release and 
subsequent P2Y2-Gq/G11-mediated activation of down-
stream signaling, which results in phosphorylation and 
activation of AKT and endothelial NOS which finally 
regulates NO formation and blood pressure [34]. Iring 
et al. identified fluid shear stress–induced Piezo1 activa-
tion as a central regulator of endothelial adrenomedul-
lin release and establish the adrenomedullin receptor 
and subsequent Gs-mediated formation of cAMP as a 
critical endothelial mechanosignaling pathway regulating 
basal endothelial NO formation, vascular tone, and blood 
pressure [18]. Study of Wang et  al. demonstrated that 
COMP (Cartilage Oligomeric Matrix Protein) is a novel 
Piezo1 regulator that plays a protective role in BP regu-
lation by increasing cellular  Ca2+ influx, eNOS activity, 
and nitric oxide production [49]. These studies highlight 
the importance of Piezo1 in vascular EC for the blood 
pressure regulation; while our results demonstrated that 
administration of Piezo1 by Yoda1 could decrease renin 
expression both in vitro and in vivo, suggesting that there 
is a direct effect of Piezo1 in JG cells. Since both vascu-
lar endothelial cells and JG cells are important players 
in blood pressure regulation, we believe there is a syn-
ergic effect of these cells. In another words, these works 
together suggest that mammalians may rely on multiple 
mechanosensitive pathways to maintain blood pressure 
homeostasis.

In conclusion, our study demonstrated that the mecha-
nosensitive ion channel Piezo1 is functionally expressed 
in JG cells, and plays a crucial role in renin synthesis 
and secretion. These findings provide new mechanism 
of mechanosensation of JG cells. Taken together, these 
findings suggest that Piezo1 could regulate renin expres-
sion, and become as a novel drug target for hypertensive 
diseases.

Methods
Animals
Male C57BL/6J mice at 8-week age were purchased from 
the Guangdong Medical Laboratory Animal Center 
(Guangzhou, China). All animals were fed a normal 
chow diet and water and housed at the Animal Care 
Facility of the Laboratory Animal Center at Sun Yat-Sen 
University with a constant temperature of 25  °C and 
humidity of 60%–65% on a 12-h dark/light cycle under 
pathogen-free conditions. Animal care and experimen-
tal procedures were in accordance with the Guidelines 
for the Care and Use of Laboratory Animals (NIH Pub-
lication, 8th Edition, 2011). Recombinant AAV-mediated 

Piezo1-knockdown mice were generated by AAV2/9-
Piezo1-shRNA virus injection, following a protocol mod-
ified from methods described previously [50, 51]. Briefly, 
the kidneys of all mice were exposed and injected with 10 
µL of AAV2/9-Piezo1-shRNA (1.1*1012  vg/mL) per site 
for a total of 7 sites per kidney. AAV2/9-Control-shRNA 
virus (1.3*1012 vg/mL) was administered by the same pro-
cedure as a control. The skin was then closed, and the 
mice recovered for 3  weeks. Then, 20  mg/kg/day Yoda1 
and 100 mg/kg/d captopril or an equal volume of saline 
were intraperitoneally injected into the mice. The blood 
pressure of the mice was noninvasively measured on 
days 0  day 12 using tail-cuff plethysmography (BP-2010 
series, Softron, Tokyo) as described in a previous study 
[52]. At 17 days after Yoda1/captopril treatment, the mice 
were sacrificed, and kidney and blood samples were col-
lected for further experiments. All animal protocols were 
approved by the Institutional Review Boards of the Ani-
mal Care and Use Committees of Sun Yat-Sen University 
(approval No. SYSU-IACUC-2021-000518).

Cell culture and calcium imaging assay
The mouse JG cell line As4.1, obtained from the Ameri-
can Type Culture Collection (CRL2193), was main-
tained in Eagle’s minimal essential medium (ATCC, No. 
30-2002) supplemented with 10% FBS, 100  U/mL peni-
cillin, and 100 µg/mL streptomycin at 37 °C in a humidi-
fied atmosphere containing 5%  CO2. As4.1 cells were 
seeded at 15,000 cells per well and grown overnight to 
approximately 80–90% confluence. On the second day, 
the cells were carefully washed 2–3 times with PBS and 
then quickly but carefully, after which 100 µL of a load-
ing solution containing Fluo-4 dye was added to each 
well to a final concentration of 5  mM. The plates were 
incubated at 37 °C for 30 min and then at room tempera-
ture for an additional 30 min to achieve stable measure-
ment results. A total of 100 µL of Yoda1 (Piezo1 agonist), 
GSK1016790A (TRPV4 agonist) or RR at the indicated 
concentration was added to the cells. All chemical com-
pounds were diluted in HBSS (HyClone, #SH30268.01 
with calcium, #30588.01 without calcium), and an equal 
volume of DMSO in HBSS was used as a control. Then, 
the fluorescence intensity was measured using instru-
ment settings appropriate for excitation at 494  nm and 
emission at 516 nm with the Fluo-4 NW Calcium Assay 
Kit (#F36206).

RNA‑seq experiment
As4.1 cells were treated with DMSO or Yoda1 for 4 h and 
then washed with PBS twice. Total RNA was extracted 
with TRIzol, and the concentration of RNA was accu-
rately determined using a Qubit2.0 fluorometer (Thermo 
Fisher, USA). The integrity of the RNA was detected with 
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an Agilent 2100 bioanalyzer (Agilent, Germany). Quan-
titative RNA-seq analysis was then performed by Novo-
gene Tech Co. Ltd. (Beijing, China). Data handling and 
processing were performed on the basis of a previously 
described bioinformatics pipeline [53].

Mechanical stress (MS) assay
MS was achieved in a microfluidic chamber (http:// ibidi. 
com). MS is specified in dyn/cm2, where 1.0 dyn/cm2 is 
0.1 Pa or 0.1 N/m2. Briefly, 7.5 *  105 Piezo1-KO and WT 
As4.1 cells were seeded in a µ-Slide I Luer (0.4 mm) fluid 
chamber slide (Ibidi, Germany) overnight. Before use, 
the cells were washed with HBSS and then loaded with a 
Fluo-4 NW working solution following the manufactur-
er’s instructions. Fluorescence was recorded for 10–20 s 
before starting fluid flow at the indicated rate for another 
3 min. Fluorescent videos were transformed to images by 
Aoao Video to Picture Converter software, and sixty cells 
in one of the series images were selected for fluorescence 
intensity quantification by ImageJ.

Generation of Piezo1‑knockout cell lines
To generate the Piezo1-KO As4.1 cell line, plasmids 
containing Cas9 and sgRNA targeting Piezo1 (5ʹ-TAG 
ATG CTG CCC CAG CCG TG-3ʹ) were transfected into 
As4.1 cells via Lipofectamine™ 3000 transfection rea-
gent (#L3000015, Thermo Fisher). Forty-eight hours after 
transfection, the cells were grown in DMEM supple-
mented with 10% FBS, 1% penicillin–streptomycin, and 
puromycin (2 μg/mL; Sigma) for 2 to 3 days. Single-cell 
clones were sorted into 96-well plates by flow cytometry 
and then subjected to long-term proliferation. Finally, 
clones were identified by genome sequencing, qRT-PCR, 
immunofluorescence analysis, and western blotting to 
verify the successful knockout of Piezo1.

Isolation of primary mouse JG cells
Six-week-old C57/BL6 mice were obtained from the 
Guangdong Medical Laboratory Animal Center (Guang-
zhou, China). Primary mouse JG cells were isolated 
as described previously [54]. For one cell preparation, 
five male C57/BL6 mice that had free access to normal 
food and water were euthanized by cervical dislocation 
to avoid adverse effects of anesthesia on the harvested 
cells. The cells were divided equally into six wells of a 
six well culture plate (Corning) to a density of 70%. Cells 
was maintained in Eagle’s minimal essential medium 
(Hyclone) supplemented with 10% FBS, 100 U/mL peni-
cillin, and 100 µg/mL streptomycin at 37 °C in a humidi-
fied atmosphere containing 5%  CO2. After 72  h, the 
culture medium was removed and 2 mL fresh prewarmed 
culture medium was added. Experiments were performed 
on primary mouse JG cells as designed.

Quantitative real‑time PCR (qRT‑PCR)
Total RNA was extracted by using TRIzol reagent (Life 
Science Technology). Approximately 1000  ng of total 
RNA was reverse transcribed into cDNA with a reverse 
transcription PCR Kit (FSQ-101, Toyobo), and qRT-PCR 
was performed using 2 × Power SYBR Green Master 
Mix (Applied Biosystems) and a Bio–Rad machine with 
GAPDH used for the normalization of input cDNA. The 
qRT-PCR data were analyzed to obtain relative expres-
sion. Primer information is listed in Table  1 and Addi-
tional file 2: Table S1.  

Western blotting
Cells were washed three times with PBS and lysed on ice 
in RIPA buffer containing 1% protease inhibitor cocktail 
(FuDe Biotech). The protein concentration was deter-
mined with a BCA protein assay kit (Beyotime). Proteins 
were electrophoresed on a 10% SDS–PAGE gel and trans-
ferred to a PVDF membrane (Millipore). Then, the mem-
brane was incubated overnight at 4  °C with anti-Piezo1 
(#15939-1-AP, Proteintech), anti-COX-2 (#12375-1-
AP, Proteintech), or anti-GAPDH (#2118S, CST). Pro-
teins were detected by electrochemiluminescence assay 
(WBKLS0100, Millipore). Full range gels of western blots 
are shown in Additional file 1: Fig. S6.

Immunofluorescence assay
Cells were gently washed twice with PBS, fixed with 4% 
PFA for 15  min, washed with PBS to remove residual 
PFA, and then treated with 0.1% Triton X-100 for 5 min 
following washing with PBS wash three times. Cells 
were blocked with 5% bovine serum albumin (BSA) for 
1 h at room temperature and incubated with the follow-
ing different primary antibodies overnight at 4  °C: anti-
Renin (1:100 dilution, #ab212197, Abcam), anti-Piezo1 
(1:100 dilution, #APC-087-25, Alomone), anti-PMCA 
(1:100 dilution, #MA3-914, Sigma-Aldrich), and anti-
αSMA (1:200 dilution, #ab5694, Abcam). Samples were 
washed with 0.1% PBST buffer (PBS + 0.1% Tween 20) 
three times for 10 min each and incubated with fluores-
cently conjugated goat anti-rabbit or goat anti-mouse 
IgG secondary antibody (Thermo Fisher) for 2 h at room 
temperature before being washed with 0.1% PBST buffer 
another three times. The nuclei were counterstained with 
4′6′-diamidino-2 phenylindole (DAPI) at room tempera-
ture for 5  min, and the cells were finally washed with 
PBST three times. Fluorescent images were captured 
using an Olympus IX73 inverted fluorescence micro-
scope or a Zeiss LSM 710 confocal microscope.

Immunohistochemical staining
The immunohistochemical analysis was performed on 
paraffin-embedded tissues as previously described [55], 

http://ibidi.com
http://ibidi.com
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Briefly, the deparaffined sections were incubated with 
0.3%  H2O2 in methanol to inhibit endogenous peroxidase 
activity, and non-specific binding was blocked by incu-
bating sections with 5% BSA for 1  h at room tempera-
ture. The sections were probed with antibodies against 
renin (1:100 dilution, #ab212197, Abcam), except they 
were counterstained with hematoxylin if applicable. The 
stained sections of each group were examined of the 
average optical density (AOD) of renin protein. Five ran-
domly fields of each section were used for analyzing the 
positive staining as previously reported [55, 56] using 
the ImageJ software, and the AOD values of each sample 
were used as an index of the expression of renin.

For multiplexed immunohistochemical staining using 
the Opal protocol [57, 58], briefly, the slides were depar-
affinized in xylene and rehydrated in ethanol. Antigen 
retrieval was performed in citrate buffer (pH 6.0) using 
microwave heating (MWT). Primary rabbit antibodies 
for renin (1:100 dilution, #ab212197, Abcam) were incu-
bated for 1 h in a humidified chamber at room tempera-
ture, followed by detection using the rabbit SuperPicture 
Polymer Detection HRP kit. Visualization of renin was 

accomplished using 1 × Opal 570 TSA Plus, after which 
the slide was placed in citrate buffer (pH 6.0) and heated 
using MWT. In a serial fashion, the slide was then incu-
bated with primary rabbit antibodies for piezo1 (1:100 
dilution, #15939-1-AP, Proteintech). Samples for 1  h in 
a humidified chamber at room temperature, followed by 
detection using the rabbit SuperPicture Polymer Detec-
tion HRP kit. Piezo1 was visualized using 1 × Opal 620 
TSA Plus. The slide was again placed in citrate buffer 
(pH 6.0) and subject to MWT, and then incubated with 
primary rabbit antibodies for αSMA (1:100 dilution, 
#ab5694, Abcam) for 1  h in a humidified chamber at 
room temperature, followed by detection using the rab-
bit SuperPicture Polymer Detection HRP kit. αSMA was 
then visualized using 1 × Opal 690 TSA. The slide was 
again placed in citrate buffer (pH 6.0) and heated using 
MWT. Nuclei were subsequently visualized with DAPI 
(1:2000) for 5  min, and the section was coverslipped 
using Vectashield Hardset mounting media. Using this 
Opal method, three primary antibodies were sequentially 
applied to a single mouse kidney slide. Visualization of 

Table 1 List of primers used in qRT-PCR

Gene Species Forward (5ʹ‑3ʹ) Reverse (5ʹ‑3ʹ)

Renin Mouse GCA CCG CTA CCT TTG AAC GA CCA CGG GGG AGG TAA GAT TG

GAPDH Mouse GGA GAG TGT TTC CTC GTC CC ACT GTG CCG TTG AAT TTG CC

Piezo1 Mouse GTC ATG GAC TGG GTG TGG AC TGG GCT GGG GGT ATT TCT TC

Piezo2 Mouse ACT CGT CTG CAT CCT ACA CC ATT GAC TTT GGC ATG GCT GT

TRPM1 Mouse CCT GGC CTG AAG GTC ATC AT CTG CAT TTG CAT CCA CAT TCTCT 

TRPM2 Mouse AAG CCT CTC GAA GCC AAG AC CAG ATC TGC AGG CTT CCA CT

TRPM3 Mouse CGA GGA CAG CGC AGA GAG CAG GAT TTC TGA GCC GGT GT

TRPM4 Mouse CTT TGG GGC AGC CGT AGT T TCA GAC AGC CGG AGA AAG TTG 

TRPM5 mouse ATC ACG AGC AAC AGC CCT GAG TTG CAT GGT GGC TTT CCA GTC 

TRPM6 Mouse TCA CCA CCA TTA TTC AGC CATTG GAT GGT CAC TTC CTC TCC TGTG 

TRPM7 Mouse GCA GCT TTG TTA CCG GAT TGG ACG GGC TTA AAT GGA GAA GCA 

TRPM8 Mouse GGT CAT TTG GGA GCA GAC CA TTG GCC AGT TCC TCC GAT TC

TRPV1 Mouse AGC GAG TTC AAA GAC CCA GAG TCT GTC TTC CGG GCA ATG TC

TRPV2 Mouse TGG GCG TCA GTG TTT TAG GG GAG GAA GTT CTG GGG TGG TG

TRPV3 Mouse GAT TTG GAG TAG CGC TGG C CAG GCC TAT GGT GAG CTT GA

TRPV4 Mouse CAT TAA CGA GGA CCC TGG CA CCG AGG ACC AAC GAT CCC TA

TRPV5 Mouse GCA AGA AGA CAT GGG GGC TA AGT GGA GAC TCC CAA ATA CTTTT 

TRPV6 Mouse CTG GAG AGC ACA GGT TGT GG CCA AGA CCA TAC TCT CGC CC

TRPC1 Mouse CGT GCG ACA AGG GTG ACT AT CTC CCA AGC ACA TCT ACG CA

TRPC2 Mouse GGA CCC CCT TTC GCC ACA CGA GGC ATC GGA ACT GGA TTC 

TRPC3 Mouse TGG GTA ACT CAA AGT CCA GGT TAA A TGA GAA TGC TGT TAA AAC TGT GTG A

TRPC4 Mouse GAA GAG CCA GAG CGA AGA AGAA ACC CCG TGA AGC TAA TCC TTT 

TRPC5 Mouse GGC ACC TTA CCA CCT CCT TT AGC ATG ACG TTC TGT GAA GC

TRPC6 Mouse CTC TGG TTT ACG GCA GCA GA CGC AAT ATC TTC CCC ATC TTGC 

TRPC7 Mouse CTC TCA GGC TTA CGG CAA CA AGG GTT TGT CCT AGC TTG CTG 

Ptgs2 Mouse GCT CAG CCA GGC AGC AAA TC ACC ATA GAA TCC AGT CCG GGT 
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4-color Opal slides can be performed using Mantra or 
Vectra Quantitative Pathology Imaging Systems.

ELISA
The cell supernatants were harvested and centrifuged 
for 10  min at 10,000  rpm to remove the cell debris and 
then used to determine the concentrations of  PGE2 
(#CEA538Ge, Cloud-Clone) and renin (#ab193728, 
Abcam) with ELISA test kits following the manufacturer’s 
instructions. The absorbance at 450 nm was determined 
with a microplate reader (Quant, BioTek). To determine 
cAMP concentrations, treated cells were lysed with 0.1 M 
HCl and analyzed with a kit (#ab133051, Abcam) follow-
ing the manufacturer’s instructions.

Statistics analysis
All experiments were conducted at least three times in 
an independent manner, and all results are shown as the 
mean ± SEM. All statistical analyses were performed by 
GraphPad Prism v9.0 using Student’s t test if not spe-
cifically noted. Statistical significance was indicated if 
P < 0.05.
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Additional file 1: Fig. S1. Detection of renin in JG cells. (A) Immunofluo-
rescence results showing the renin and αSMA expression in As4.1 cells; 
PMCA, a plasma membrane marker. Scale bar = 20 µm. White arrow: renin 
signal. (B) Immunofluorescence results showing the Piezo1 and αSMA 
co-expressed in mouse kidney. Scale bar = 50 µm. Green arrows: Piezo1 
signals; white arrows: arterials stained by αSMA; white circles: glomerulus 
(G). Fig. S2. Activation of Piezo1 decreases renin expression in primary 
JG cells. (A) Immunofluorescence results showing the αSMA and renin 
co-expressed in primary mouse JG cells. Scale bar = 100 µm. (B) Calcium 
imaging assay showing the  [Ca2+]i changes in the presence or absence 
of Yoda1 (20 μM) in primary mouse JG cells (n = 4). (C) Quantification of 
renin mRNA expression by qRT-PCR in the presence or absence of Yoda1 
(20 μM) in primary mouse JG cells (n = 3). *** p < 0.001. Data are repre-
sented as mean ± SEM. Fig. S3. Mechanosensation of Piezo1-KO As4.1 
cells. (A and B) Calcium imaging assay showing the Peak (A) and plateau 
(B) values of the  [Ca2+]i  responses induced by MS. (n = 3) (C) Quantifica-
tion of the mRNA level in WT and Piezo1-KO As4.1 cells in response to the 
MS (20 dyn/cm2, n = 3).  (D) Calcium imaging assay showing the  [Ca2+]i 
changes in WT As4.1 cells in the presence or absence of extracellular  Ca2+ 
after the MS (30 dyn/cm2, n = 3) treatment;  the  [Ca2+]i changes in Piezo1-
KO as well as in TRPV4-KO As4.1 cells in the presence of extracellular  Ca2+ 
after the MS (30 dyn/cm2, n = 3). ns, no significant; * p < 0.05; **** p < 
0.0001. Data are represented as mean ± SEM. Fig. S4. qRT-PCR validation 
of DEGs in WT and Piezo1-KO As4.1 cells. DEGs from RNA-seq analysis were 
validated by qRT-PCR in WT and Piezo1-KO As4.1 cells with or without 
Yoda1 (20 µM) treatment. Red and blue colors of graph titles indicate 

the upregulated and downregulated genes, respectively (n = 3). ns, no 
significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Data are 
represented as mean ± SEM. Fig. S5. Inhibition of calcineurin reduces the 
Ptgs2 (COX-2) expression. (A and B) Quantification of the expression levels 
of the Ptgs2 (COX-2) mRNA (A) and protein (B) expression with or without 
FK506 (20 µM) and CsA (Cyclosporin A, 10 nM) treatments (n = 3) in As4.1 
cells for 10 hours. (C) Quantification of the expression levels of  PGE2 recep-
tors by qRT-PCR in WT and Piezo1-KO As4.1 cells (n = 3). ns, no significant; 
* p < 0.05; **** p < 0.0001. Data are represented as mean ± SEM. Fig. 
S6. Full range gels of Western blotting. Red boxes indicate the cropped 
regions shown in the corresponding figures.

Additional file 2: Table S1. List of primers used in qRT-PCR in supple-
mentary figures.
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