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ABSTRACT The lack of a clonal renin-secreting cell line has greatly hindered the 
investigation of the regulatory mechanisms of renin secretion at the cellular, bio-
chemical, and molecular levels. In the present study, we investigated whether it was 
possible to induce phenotypic switching of the renin-expressing clonal cell line As4.1 
from constitutive inactive renin secretion to regulated active renin secretion. When 
grown to postconfluence for at least two days in media containing fetal bovine se-
rum or insulin-like growth factor-1, the formation of cell-cell contacts via N-cadherin 
triggered downstream cellular signaling cascades and activated smooth muscle-spe-
cific genes, culminating in phenotypic switching to a regulated active renin secretion 
phenotype, including responding to the key stimuli of active renin secretion. With 
the use of phenotype-switched As4.1 cells, we provide the first evidence that active 
renin secretion via exocytosis is regulated by phosphorylation/dephosphorylation of 
the 20 kDa myosin light chain. The molecular mechanism of phenotypic switching in 
As4.1 cells described here could serve as a working model for full phenotypic modu-
lation of other secretory cell lines with incomplete phenotypes.

INTRODUCTION
Research into the regulatory mechanisms of secretion at the 

cellular, biochemical, and molecular levels has been severely 
impeded due to the difficulties in obtaining sufficient quantities 
of homogeneous secretory cells from living organisms. To over-
come this impediment, a number of clonal cell lines have been 
established. However, phenotypic switching and instability are 
common problems encountered with all established secretory cell 
lines. For example, in the most intensively studied insulin-secret-
ing cell lines, cell-cell contacts via E-cadherin have been shown to 
restore the secretory response to glucose, albeit not to the level of 
pancreatic β cells in vivo [1-3]. The underlying molecular mecha-
nism of how cell-cell contacts via E-cadherin improve the secre-
tory response to glucose remains unknown.

Juxtaglomerular (JG) cells, which are located in the afferent 
arterioles at the entrance to the glomerulus in the kidney, synthe-
size, store, and secrete renin in response to diverse stimuli [4]. Re-
nin plays important roles in the control of blood pressure and salt 
and water balance in the body, but it is also involved in the patho-
genesis of diverse cardiovascular and metabolic diseases [4,5]. 
Given the important roles of renin in health and diseases, control 
of renin secretion has been an intensive subject of study for de-
cades [4]. As JG cells constitute 0.001%–0.01% of the total renal 
cell population [6], and isolated JG cells in culture stop expressing 
renin after only a few days [7]. Thus, there have been continuous 
efforts to establish immortal JG cell lines [7-10]. All JG cell lines 
established to date, including As4.1, which were established from 
transgenic mice using gene-fused Ren-2 and nuclear oncogene 
SV40 T antigen [10], have been shown to constitutively secrete in-
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active renin (prorenin) without responding to any known stimuli 
of active renin secretion [11-17]. The elucidation of the molecular 
mechanisms underlying phenotype switching of JG cell lines 
from constitutive inactive renin secretion to regulatory active 
renin secretion is currently a challenging and unresolved issue in 
the research field of renin secretion.

Renal JG cells express both renin and smooth muscle contrac-
tile proteins [6]. Smooth muscle cells are interesting in that they 
are not terminally differentiated and have many phenotypes 
that range from a highly proliferative/synthetic state to a fully 
differentiated/contractile state in response to multiple factors 
[18,19]. For example, differentiated smooth muscle cells have been 
reported to express smooth muscle-specific contractile proteins 
such as smooth muscle myosin heavy chain (sm MHC), whereas 
subconfluent and rapidly proliferating smooth muscle cells have 
been reported to express non-contractile proteins, including 
nonmuscle myosin heavy chain (nm MHC) [19-21]. Thus, sm 
MHC and nm MHC have been considered as the most repre-
sentative and stringent molecular markers of differentiated and 
proliferative smooth muscle cells, respectively. In 1981, Chamley-
Campbell & Campbell demonstrated that densely seeding to the 
point of confluence of vascular smooth muscle cells in culture 
was an important factor in maintaining a contractile phenotype. 
Cell-to-cell contact via N-cadherin (N-cad) in smooth muscle 
cells is also among the key factors determining their differenti-
ated phenotype [22-24], similar to what has been observed for 
insulin-secreting cell lines. In particular significance, the altered 
phenotypes of SV40 T-induced transformed cells can be reversed 
by high-density culture [25]. Based on the common importance 
of homotypic cell-cell contacts in the phenotypic modulation of 
insulin-secreting cells and smooth muscle cells, we explored the 
possibility that As4.1 cells cultured to confluence to induce cell-
cell contacts might recapitulate the regulatory active renin secre-
tory phenotype of JG cells in vivo.

METHODS

Materials

The clonal murine JG cell line As4.1 was obtained from the 
American Type Culture Collection (ATCC CRL2193, batch 
F-13056, passage number 16; ATCC, Manassas, VA, USA). 
Dulbecco's modified eagle medium (DMEM) and fetal bovine 
serum (FBS) were purchased from Gibco (Grand Island, NY, 
USA). Forskolin, isoproterenol, ML-7 [1-(5-chloronaphthalene-
1-sulfonyl)-1H-hexahydro-1,4-diazepine], neutral red (2-methyl-
3-amino-7-dimethylamino-phenazine), and 3-(4,5-dimethylthi-
azole-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were 
purchased from Sigma Chemical (St. Louis, MO, USA). The fol-
lowing antibodies were used: anti-non-muscle and smooth mus-
cle-type myosin heavy chain (K-39; Sigma Chemical), polyclonal 

antibodies to smooth muscle myosin light chain of 20 kD (MLC20; 
unphospho, #3672; monophospho-Ser19, #3671; Cell Signal-
ing, Denver, MA, USA), polyclonal anti-protein phosphatase 1β 
(Upstate Biotechnology, Lake Placid, NY, USA), anti-N-cadherin 
(#610920; BD Bioscience, San Jose, CA, USA), and monoclonal 
anti-mouse submandibular gland renin (CH-1723 Marly 1; Swant, 
Bellinzona, Switzerland). Antibodies against myocardin related 
transcription factor-A [MRTF-A (C-19) sc-21558] and SRF [(A-11) 
sc-25290] were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Genes encoding N-cad, MRTF-A, and serum re-
sponse factor (SRF) were knocked out by clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated 
(Cas) 9 knockout plasmids of murine MRTF-A (sc-432390), SRF 
(sc-423154-HDR) and N-cad (sc-419593). Small interfering RNA 
for MYLK (sc-35942) and PP1β (sc-36296) were obtained from 
Santa Cruz Biotechnology; we used 30%–50% more plasmids 
than the supplier recommended. Recombinant IGF-1 (#GF138) 
and IGF-antibodies (#05-172) were purchased from Millipore 
(Darmstadt, Germany). N-[2-[4(4-chlorophenyl)amino]-1-meth-
yl-2-oxooethoxy]-3,5-bis(trif luoromethyl)-benzamide (CCG-
1423) was purchased from Cayman Chemical (Ann Arbor, MI, 
USA). An angiotensin I (ANG I) radioimmunoassay (RIA) kit 
was purchased from NEN Life Science Products (Boston, MA, 
USA). Mouse renin and prorenin enzyme-linked immunosorbent 
assay (ELISA) kits were obtained from Ray Biotech Inc. (Norcross, 
GA, USA) and Molecular Innovations (Novi, MI, USA), respec-
tively. All other chemicals were of the highest reagent grade avail-
able and were obtained from Sigma Chemical.

Cell culture

The JG cell line at passage 20–30 was maintained in DMEM 
supplemented with 10% FBS, penicillin (100 U/ml), and strep-
tomycin (100 μg/ml) at 37°C in a humidified atmosphere of 5% 
CO2. To characterize As4.1 cell growth, cells were seeded on 24-
well plastic plates (surface area, 2 cm2; Corning Glass Works, 
Corning, NY, USA) at an initial density of approximately of 5 × 
103 cells/well and grown for up to 10 days. Cells were detached 
with trypsin/EDTA every day and cell numbers were counted us-
ing a hemocytometer. For determination of active renin secretion, 
cells were seeded in 24-well plates at an initial density of 5 × 104 
cells/well and grown to 100% confluence for four days after plat-
ing. After confluence was reached, cells were maintained in the 
presence of 10% FBS or FBS-free DMEM for two additional days, 
and experiments were conducted. Mycoplasma infection was 
checked once per month.

Cell viability

Cell viability was assessed using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) as described 
[26]. MTT was dissolved in 500 μl of dimethyl sulfoxide and add-
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ed to cells plated in 24-well plastic plates at a final concentration 
of 1 mg/ml. Then, cells were incubated for 3 h at 37°C. The opti-
cal density of media was read at 540 nm using a microplate reader 
(Molecular Devices, Palo Alto, CA, USA). Each experiment was 
performed in triplicate and repeated six times.

Nuclear extraction

Nuclear extracts were prepared from As4.1 cells using the NE-
PER Nuclear Extraction Kit from Pierce Biotechnology (Rockford, 
IL, USA) according to the manufacturer’s recommendations.

Assessment of renin activity and content by RIA and 
ELISA

In preliminary experiments, As4.1 cells were cultured in 
DMEM + 10% FBS in 24-well plates to 70%–80% confluence or to 
100% confluence and maintained at 37°C either in the presence 
of 10% FBS or in FBS-free DMEM. After confluence was reached, 
culture media were collected every day for four days and mea-
sured for active renin activity. Since the rate of active renin secre-
tion was significantly increased and maintained in the presence 
of 10% FBS, most subsequent experiments were conducted on day 
2 postconfluence in DMEM containing 10% FBS. Unless stated 
otherwise, on day 2 postconfluence, media were replaced with 1 
ml of fresh DMEM containing 10% FBS for 1 h (control period) 
and then at subsequent 1-h intervals with either the same DMEM 
+ 10 % FBS (time control sample) or DMEM containing various 
agents (experimental period). An aliquot of the collected incuba-
tion medium was incubated with plasma from 48-h nephrecto-
mized rabbits, and renin activity was measured by RIA based on 
the generation of ANG I, as previously described [27]. To assay in-
active renin, an aliquot of incubation medium was first incubated 
with ~1,000 μg/ml trypsin for 30 min on ice; then, a two-fold 
excess of soybean trypsin inhibitor was added to inactivate the 
trypsin. The samples were assayed for ANG I as described above. 
Inactive renin activity was calculated by subtracting the active 
renin activity from the total renin activity. Recently, renin ELISA 
kits have become available; secreted active renin and inactive 
renin (prorenin) were measured using commercial mouse renin 
ELISA kits from Ray Biotech and Molecular Innovations, respec-
tively. Since the measured values of secreted renin were found to 
vary with the amount of sample volume, a fixed volume of 50 µl 
was always used.

Western blot analysis

At the end of the incubation period, the reaction was stopped 
by aspiration of the incubation medium, and cells were imme-
diately disrupted by scraping them in 1 ml of lysis buffer (1% 
Nonidet P-40, 100 mM sodium pyrophosphate, 250 mM NaCl, 
50 mM NaF, 5 mM EGTA, 0.1 mM PMSF, 10 ug/ml leupeptin, 15 

mM β-mercaptoethanol, and 20 mM Tris-HCl [pH 7.9]), which is 
known to prevent dephosphorylation of phosphorylated proteins, 
including myosin [28]. The lysates were centrifuged at 100,000 
× g for 60 min. Protein concentrations of the supernatants were 
measured by the Bradford method [29] using a BSA standard. 
Proteins (40–80 μg/lane) were resolved on a 7.5% or 15% SDS-
PAGE slab gel as previously described [28]. Separated proteins 
were transferred to polyvinylidene difluoride membranes and 
incubated first with primary antibodies and then with secondary 
antibodies conjugated with horseradish peroxidase. Immunoreac-
tive bands were visualized with an enhanced chemiluminescence 
(ECL) detection kit (Amersham Bioscience, Piscataway, NJ, USA) 
and quantified by densitometry.

Confocal immunofluorescence microscopy

Dispersed cells were fixed with 4% formaldehyde for 10 min 
and permeabilized with 0.2% Triton X-100 in PBS for 10 min at 
room temperature. After blocking with 5% BSA in PBS for 60 
min, cells were immunostained with antibodies against-N-cad 
or MRTF-A overnight at 4°C and visualized with FITC-labelled 
secondary antibodies. For nuclear staining, cells were incubated 
with propidium iodide (DAPI) for 5 min at room temperature. 
Coverslips were imaged using a Carl Zeiss LSM 700 confocal 
microscope coupled to Zen imaging software (Carl Zeiss, Jena, 
Germany).

Imaging of cytoplasmic renin and its secretion

To visualize renin secretory granules and observe renin dis-
charge, As4.1 cells on day 2 postconfluence were plated onto cov-
erslips, fixed, and permeabilized. Cells were then immunostained 
with primary antibodies (1:100) and visualised with FITC-conju-
gated secondary antibodies (1:1,000; control). Another group of 
cells were incubated with ML-7 (6 × 10−5 M) for 2 min and then 
washed. Cells were then immunostained as above (ML-7) (n = 
3 for each group). For real-time imaging, As4.1 cells plated on 
coverslips were loaded with neutral red by incubation in DMEM 
containing 100 μM neutral red for 3 h at 37°C. Neutral red was 
used for vital staining of granules in JG cells in mice [30]. The 
neutral red preloaded cells were washed three times with DMEM 
to remove extracellular dye. The chamber containing the cells 
was then mounted on the bottom of the perfusion chamber. This 
chamber was placed on the stage of an inverted microscope (TE-
300; Nikon, Tokyo, Japan) and perfused for 30 min with 1 ml/
min DMEM and then with DMEM containing 6 × 10−5 M ML-7. 
The cells were illuminated with a monochromatic light through 
a 470 ± 12-nm filter (Chroma Technologies, Brattleboro, VT, 
USA); this elicits a pH-independent, isosbestic absorbance for the 
wavelength of neutral red. Images observed through an objective 
lens (×100, oil lens, numerical aperture 1.3) with a differential 
interference contrast prism were recorded using a black and white 
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charge-coupled device camera (FTM800; Crescent electronics, 
Sandy, UT, USA). Images were captured and recorded every 33 
ms (30 frames/s) using Image-Pro software (Mediacybernetic 
Inc., Silver Spring, MD, USA).

Statistical analysis

All values are reported as the mean ± 1 SD. Groups were com-
pared using Student’s paired and unpaired t-tests. For more than 
two groups, analysis of variance followed by the Bonferroni test 
was used. Differences were considered statistically significant at p 
< 0.05.

RESULTS

Cell growth and N-cad expression

As4.1 cells seeded at an initial density of 3 × 103 cells/well in 
DMEM supplemented with 10% FBS grew with a doubling time 
of 1.96 ± 0.14 days (n = 3) and reached a plateau (1.7 × 106 cells) 10 
days after plating (Fig. 1A). Phase-contrast micrographs showed 
70% confluence (Fig. 1B, left panel, ×200) and 100% conflu-
ence with a completely covered monolayer (Fig. 1B, right panel, 
×200). Upon confluence, cell-to-cell contacts among neighbor-
ing As4.1cells are likely mediated by homophilic interactions of 
cadherin [22,31]. However, the subfamilies of cadherins expressed 
in As4.1 cells are unknown. When we investigated the expression 
in confluent As4.1cells, we found that among the three classical 
cadherins, only N-cadherin (N-Cad, 130 kDa) was expressed in 
As4 cells after reaching confluence (Fig. 1C, third panel). Fig. 1D 
shows that As4.1 cells at ~70% confluence (upper panel) expressed 

Fig. 1. Growth curve and cadherin expression before (lane 1) and after confluence (lane 2). (A) Growth curve. Cells were plated (3 × 103 cells/
well) onto 24-well plates (day 0), cultured for 10 days and counted on a hemocytometer every 2–3 days (n = 3). (B) Phase contrast microscopy of ~70% 
and 100% confluent cells (×200). Scale bar: 60 μm. (C) Expression of cadherins. Protein (40 μg) obtained from cell lysates of cells grown to ~70% con-
fluence (lane 1) or from cells on day 2 postconfluence (lane 2) were resolved by 7% acrylamide SDS-PAGE, followed by Western blotting with antibod-
ies against epithelial cadherin (E-cad), placental cadherin (P-Cad), or neural cadherin (N-Cad). The numbers on the left indicate the molecular masses 
of standard proteins in kilo Daltons (kDa). The density of the bands was compared by unpaired Student’s tests (n = 3 for each group). β-actin was used 
as the protein loading control for each gel. NS, no significant difference. (D) N-cad expression at ~70% confluence (upper panel) and 100% confluence 
(lower panel). Cell nuclei were stained with propidium iodide (DAPI). Scale bar: 10 μm.

A

B

C

D
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far less N-cad than cells at 100% confluence (lower panel).

Effect of confluence on active and inactive renin 
secretion

In our preliminary experiments, As4.1 cells cultured to 70%–
80% confluence in DMEM supplemented with 10% FBS on 24-
well culture plates secreted 36.8 ± 4.50 ng of ANG I/well/h of ac-
tive renin and 1,449 ± 209 ng of ANG I/well/h inactive renin (n = 
6) (Table 1), indicating that inactive renin is the primary secreted 
form, as reported previously [10,13]. ML-7, an inhibitor of myosin 
light-chain kinase [32], which was found to be a potent stimulator 
of renin secretion in our previous study with renal cortical slices 
[27,33], affected neither active nor inactive renin secretion (Table 
1). These results confirmed that As4.1 cells constitutively secrete 
inactive renin and do not respond to a potent stimulus of active 
renin secretion. However, after confluence, the general trend of 
active renin secretion tended to be greater and was maintained 
better in the presence of 10% FBS than in its absence (Table 2). 
Secretion of active renin (37 kDa) and inactive prorenin (47 kDa), 
as previously reported in As4.1 cells. Before and after confluence 
in the presence of 10% FBS, cell viability was determined using 
a microtiter plate-based MTT assay [26]. There was no signifi-
cant difference in cell viability after confluence compared with 
preconfluent cells after normalization for the ~30% more cells in 
the 100% confluence sample. Based on these preliminary studies, 
subsequent experiments were conducted on day 2 postconfluence 
in DMEM + 10% FBS.

Our first concern was whether the FBS included in the incu-
bation media possessed active renin activity, which might yield 

a difference in the renin activity of day 1 postconfluent cells in 
DMEM compared with those in DMEM + 10% FBS. However, 
the renin activity of DMEM alone and DMEM + 10% FBS was 
extremely low (0.35 ± 0.08 and 0.33 ± 0.24 ng ANG I/ml/h, re-
spectively) without significant difference (n = 4, p > 0.40). The 
renin concentration of cells in DMEM + 10% FBS as determined 
by ELISA was below the lower limit of detection of 6 pg/ml. Our 
results are consistent with those of a previous report that FBS 
does not have active renin activity [8].

To confirm the preliminary results, the rate of active renin se-
cretion from pre- and postconfluent cells in the absence or pres-
ence of 10% FBS was assayed using a renin ELISA kit from Ray 
Biotech. The rate of active renin secretion was significantly higher 
in postconfluent cells in the presence of 10% FBS than in precon-
fluent cells in the presence of 10% FBS or in postconfluent cells 
in the absence of FBS after reaching 100% confluence (Tables 3 
and 4). The mouse active renin kit from Ray Biotech did not react 
with prorenin.

Identification of FBS components that modulates 
renin secretion

Among the multiple components of FBS, the specific molecules 
that stimulate active renin secretion is unknown. Insulin-like 
growth factor-1 (IGF-1) has been reported to maintain smooth 
muscle cells in a differentiated state [34]. Therefore, we cultured 
As4.1 cells in DMEM containing IGF-1 (2.6 × 10−10 M) as a re-
placement for 10% FBS. The active renin secretion on day 2 post-
confluence in the presence of IGF-1 was significantly greater than 
in the presence of 10% FBS either preconfluence or postconflu-

 Table 1. Secretion of active renin and inactive renin (prorenin) from preconfluent As4.1 cells in the absence and presence of ML-7

ng ANG I/well/h
Inactive/total (%)

Total Active Inactive

DMEM + 10% FBS 1,486 ± 209 36.8 ± 4.5 1,449 ± 209 97.5 ± 0.4
DMEM + 10% FBS + ML-7 1,502 ± 209 26.9 ± 2.9 1,475 ± 220 98.2 ± 0.4

Values represent means ± SD from 6 wells. Preconfluent (70%–80% confluence) As4.1cells were incubated in DMEM + 10% FBS in the 
absence and presence of ML-7 (6 × 10−5 M) for 1 h each at 37°C in a humidified atmosphere of 5% CO2. Collected media were 
centrifuged at 1,000 ×g for 10 min at 4°C to remove detached cells. Renin activity was determined with (total) and without (active) 
trypsin (1 mg/ml) after 30 min on ice. Inactive renin was calculated by subtracting active renin from the total. ANG I, angiotensin I; 
DMEM, Dulbecco's modified eagle medium; FBS, fetal bovine serum. No significant difference before vs. after ML-7 by paired Student’s 
t-test.

Table 2. Secretion of active renin from As4.1 cells during 100% confluence day 1 to 4

Post-confluent day (ng ANG I/well/day)

Day 1 Day 2 Day 3 Day 4

DMEM 2.68 ± 1.03 10.00 ± 3.53 6.94 ± 2.82 3.10 ± 0.47
DMEM + 10% FBS 5.33 ± 1.74* 9.00 ± 5.12 13.40 ± 1.65 8.29 ± 4.04*

Values are means ± SD from 6 wells. When cells grown to 100% confluent, incubation media were switched with fresh media of DMEM 
or DMEM + 10% FBS every day, and incubated for 1 h. Secreted renin activity was determined as described in Table 1. ANG I, 
angiotensin I; DMEM, Dulbecco's modified eagle medium; FBS, fetal bovine serum. *p < 0.005 DMEM vs. DMEM + 10% FBS.

Cell-to-cell contact and phenotype switching

Korean J Physiol Pharmacol 2022;26(6):479-499www.kjpp.net

483



ence (Table 3). The effect of IGF-1 on active renin secretion was 
inhibited by 85% upon the addition of an IGF-1-neutralizing an-
tibody (10 μg/ml), suggesting that IGF-1 has a direct and specific 
effect on active renin secretion (Table 3). To further determine 
whether the effect of FBS is mediated by IGF-1, an IGF-1 antibody 
was added to the DMEM + 10% FBS media when cells reached 
100% confluence, and cells were cultured for an additional two 
days. The addition of the IGF-1 antibody completely abolished 
not only the stimulatory effect of FBS on active renin secretion 
but also its inhibitory effect on inactive renin secretion (Table 4).

Relationship between active renin and inactive 
prorenin secretion

Since ELISA kits for active renin and inactive prorenin have be-
come commercially available, we used these kits to determine the 
relationship between secretion of active renin and inactive renin 
(prorenin) from As4.1 cells (Figs. 2 and 3). ML-7 and forskolin, 
both of which are known to increase active renin secretion from 
JG cells in vivo and in vitro [4,33,35,36], stimulated active renin 
secretion from postconfluent As4.1 cells (Fig. 3C, E) but inhibited 
inactive renin secretion (Table 5). Calyculin A, an inhibitor of 
protein phosphatase [37], inhibited active renin secretion [33,38], 
increased prorenin secretion (Table 5). Interestingly, FBS and 
IGF-1 also stimulated active renin secretion (Tables 3 and 4) but 
reduced prorenin secretion following confluence (Table 4), which 

was completely reversed by addition of the IGF-1 antibody (Tables 
3 and 4). All these results indicate an inverse relationship between 
active and inactive renin secretion. This experiment is the first to 
demonstrate the feasibility of measuring secreted active renin and 
inactive renin directly under specified assay conditions rather 
than indirectly by measuring ANG I generated by enzymatic ac-
tivity of renin, which has been traditionally used since 1960s [39].

Table 3. Effects of confluence, FBS, and insulin-like growth factor-I (IGF-I) on active renin secretion

Pre-confluence Postconfluence

DMEM + 10% FBS DMEM + 10% FBS IGF-I IGF-I + Antibody

Renin secretion (ng/well/h) 10.5 ± 3.47 31.6 ± 1.25* 73.9 ± 5.72** 20.1 ± 1.70***

Values represent means ± SD from five wells. As4.1 cells were cultured in DMEM + 10% FBS to pre-confluence (70%–80% confluence) 
or day 2 postconfluence (postconfluence). Alternatively, cells were cultured in DMEM + IGF-I (2.6 × 10−10 M) or DMEM + IGF-I (2.6 × 
10−10 M) + antibodies against IGF-I (10 μg/ml) to day 2 postconfluence (postconfluence). Culture media were replaced with fresh media 
and incubated for 1 h to measure the rate of renin secretion by ELISA. DMEM, Dulbecco's modified eagle medium; FBS, fetal bovine 
serum. p-values were calculated using the unpaired Student’s t-test. *p < 0.001 DMEM + 10% FBS at Pre-confluence vs. DMEM + 10% 
FBS at Postconfluence; **p < 0.001 DMEM + 10% FBS at Postconfluence vs. DMEM + IGF-I at Postconfluence; ***p = 0.001 DMEM + 
IGF-I at Postconfluence vs. DMEM + IGF-I + Antibody at Postconfluence.

Table 4. Renin secretion from pre- and postconfluent As4.1 cells in the presence of FBS and IGF-I antibody measured by ELISA

Pre-confluence Postconfluence

+ FBS (1) – FBS (2) + FBS (3) + FBS + IGF-I antibody (4)

Active renin (ng/well/h) 7.2 ± 0.52 10.9 ± 0.31* 17.9 ± 0.47** 10.3 ± 0.34***,****
Inactive renin (ng/well/h) 366 ± 112 245 ± 36.7† 51.2 ± 16.0†† 242 ± 38†††, ††††

Values represent means ± SD from 6 wells. Cells were cultured to 70%–80% confluence in DMEM + 10% FBS (Pre-confluence) or to 
100% confluence. Culture medium was replaced with DMEM without FBS (– FBS), DMEM + 10 % FBS (+ FBS), or DMEM + 10% FBS 
containing 10 ng/ml IGF-I antibody and cultured for 2 more days (Postconfluence). Cells were incubated in fresh media under each 
culture condition for 1 h to determine the rate of renin secretion. Levels of active and inactive renin were determined with the use of 
mouse renin ELISA kit from RayBiotech® and mouse prorenin kit from Molecular Innovations®, respectively. DMEM, Dulbecco’s modified 
eagle medium; FBS, fetal bovine serum; IGF-I, insulin-like growth factor-I. p-values were calculated by ANOVA. *p < 0.001 (1) vs. (2); 
**p < 0.001 (2) vs. (3); ***p < 0.001 (3) vs. (4); ****p < 0.001 (1) vs. (4); †p = 0.006 (1) vs. (2); ††p < 0.001 (2) vs. (3); †††p < 0.001 (3) vs. 
(4); ††††p = 0.005 (1) vs. (4). No significant difference between (2) and (4) in active and inactive renin secretion.

Fig. 2. BILA 2157 BS inhibits renin activity. Incubation media from 
postconfluent cells with a renin activity of 268.3 ± 51 ng ANG I/ml/h 
(relative value 1.0) was incubated with varying concentrations of BILA 
2157 BS for 1 h. Active renin activity was determined by radioimmu-
noassay for ANG I. Each data point represents the mean ± SD of three 
samples. ANG I, angiotensin I.
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Identification of an ANG I-generating enzyme in As4.1 
cell incubation medium

In the 1980s, ultrastructural immunocytochemical studies re-
vealed that renin secretory granules contain lysosomal enzymes 
such as cathepsin D [13,40]. This lysosomal enzyme has a similar 
amino acid sequence to renin and possesses renin-like activity [41]. 
Thus, we investigated whether As4.1 cells secreted active renin or 
other lysosomal enzymes capable of generating ANG l from an-

giotensinogen. We investigated this possibility using BILA 2157 
BS, which is a synthetic structural analogue of angiotensinogen 
and thus a potent and selective renin inhibitor with little effect 
on cathepsin D (IC50 = 540 nM) or pepsin (IC50 = 11,000 nM) 
[42]. The active renin activity in the absence of BILA 2157 BS was 
268.3 ± 56 ng ANG I/ml/h (relative value of 1.0). As seen in Fig. 
2, BILA 2157 BS virtually inhibited all renin activity at 1,680 nM, 
with an IC50 of ~40 nM. This result, along with direct measure-
ments of renin by ELISA (above), strongly indicated that As4.1 

Fig. 3. Effects of Ca2+, calmidazolium, ML-7, isoproterenol and forskolin on active renin secretion in postconfluent As4.1 cells. Cells on day 2 
postconfluence were incubated in Ca2+-free DMEM containing 1 mM EGTA (–Ca2+ DMEM) (A, left panel) and then in 2 mM Ca2+-containing DMEM and 
10% FBS (+Ca2+ DMEM) successively for 1 h each or in the reverse order (A, right panel, p < 0.001, n = 6). In the next series of experiments, cells were 
incubated in +Ca2+ DMEM for 1 h (control) and then another 1 h in +Ca2+ DMEM + 10 % FBS containing either calmidazolium (3 × 10−5 M) (B, n = 6), 
ML-7 (6 × 10−5M) (C, n = 6), isoproterenol (10−8–10−5 M) (D, n = 6) or forskolin (3 × 10−5 M) plus IBMX (10−4 M) (E, n = 6). The rate of active renin secretion 
was determined by radioimmunoassay for ANG I in (A) and (B) or by ELISA in (C), (D), and (E). ANG I, angiotensin I; DMEM, Dulbecco’s modified eagle 
medium; FBS, fetal bovine serum. Samples within groups were compared using paired Student’s t-tests and between groups using unpaired Student’s 
t-tests (A–C, E) or ANOVA (D), *p < 0.001 vs. control, except between samples at the two highest concentrations, which were compared by unpaired 
Student’s t-tests. †p < 0.001.

A B C

D E

Table 5. Effects of ML-7, forskolin + IBMX, and calyculin A on inactive renin secretion from postconfluent cells

Control ML-7 Forskolin Calyculin A

Prorenin (ng/well/h) 81.5 ± 7.6 21.4 ± 1.1*,** 36.3 ± 9.7*,** 155.2 ± 20.7*

Values represent means ± SD from 6 wells. On day 2 postconfluence, cells were incubated in DMEM + 10% FBS alone (Control) or 
containing ML-7 (6 × 10−5 M), forskolin (3 × 10−5 M) + IBMX (10−4 M), or calyculin A (2 × 10−7 M) for 1 h. Levels of secreted prorenin 
were determined with the use of mouse prorenin/renin total antigen ELISA kit from Molecular Innovations. DMEM, Dulbecco's modified 
eagle medium; FBS, fetal bovine serum. p-values were calculated by ANOVA. *p < 0.001 vs. Control; **p < 0.001 vs. Calyculin A. No 
significant difference between ML-7 and Forskolin.
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cells secreted active renin and generated ANG I with little contri-
bution from lysosomal enzymes.

Effects of known stimuli on active renin secretion

An increase in the intracellular Ca2+ concentration [Ca2+]i inhib-
ited renin secretion by JG cells in renal cortical slices [35,36,43,44]. 
We tested whether or not Ca2+ inhibited renin secretion in post-
confluent As4.1 cells. On day 2 postconfluence, As4.1 cells were 
incubated at 37°C in Ca2+ -free DMEM containing 1 mM ethyl-
ene glycol-bis (β-aminoethyl ether)-N,N,N’,N’,-tetraacetic acid 
(EGTA) and 10% FBS (−Ca2+ DMEM) followed by 2 mM Ca2+ 

(+Ca2+ DMEM) for 1 h each. Active renin secretion was signifi-
cantly inhibited by Ca2+ addition (Fig. 3A, left panel). Conversely, 
cells were incubated in + Ca2+ DMEM and then in –Ca2+ DMEM 
for 1 h each. Renin secretion was significantly stimulated by Ca2+ 
removal (Fig. 3A, right panel). In addition, ionomycin (10−5 M) 
significantly inhibited renin secretion by 43% (Table 6). These re-
sults indicate that an increased [Ca2+]i inhibits renin secretion in 
As4.1 cells.

Intracellular Ca2+ is thought to inhibit renin secretion via 
calmodulin (CaM) mediation in renal cortical slices [4,36,43,45]. 
Calmidazolium, a potent inhibitor of CaM [46], potently stimu-
lated renin secretion in As4.1 cells (Fig. 3B). Another putative 
inhibitor, ophiobolin A, also stimulated renin secretion (Table 6). 
ML-7, an inhibitor of myosin light-chain kinase [32], stimulated 
renin secretion in a dose-dependent manner (10−6–10−4 M) in 
renal cortical slices [27,35,38,45]. Similarly, ML-7 at 6 × 10−5 M 
significantly increased renin secretion in As4.1 cells (Fig. 3C).

Isoproterenol, an unequivocally representative in vivo stimula-
tor of renin secretion [4], significantly stimulated renin secretion 
at 10−8 M and higher concentrations, with maximal stimulation at 
10−6 M (Fig. 3D). Forskolin, a direct activator of adenylyl cyclase 
[47], significantly stimulated renin secretion at 1 μM and higher 
concentrations in the presence of 100 μM 3-isobutyl-1-methylx-
antane (IBMX), a general phosphodiesterase inhibitor (Fig. 3E).

Postconfluent phenotypic switching of As4.1 cells in 
the presence and absence of FBS

As4.1 cells expressed N-cadherin after confluence (Fig. 1C, D); 
therefore, we investigated whether the signaling cascade triggered 
by N-cad induced phenotypic switching. First, we assessed N-cad 
expression in As4.1 cells. On day 2 postconfluence in the presence 
of 10% FBS after reaching 100% confluence, the expression levels 
of N-cad (Fig. 4A, first panel, lane 2; 130 kDa), sm MHC (Fig. 4A, 
third panel, lane 2; 200 kDa) and protein phosphatase 1β (PP1β; 
Fig. 4A, fifth panel, lane 2; 37 kDa) were significantly greater than 
those of preconfluent cells in the presence of 10% FBS (Fig. 4A, 
lane 1). In postconfluent cells, the expression levels of N-cad, sm 
MHC, and PP1β were significantly higher in the presence of 10% 
FBS than in its absence (Fig. 4A, third and fifth panels, lane 2 vs. 

3). The expression level of nm MHC (200 kDa) in postconfluent 
cells was significantly lower than that in preconfluent cells (Fig. 
4A, fourth panel, lane 2 vs. 1). The expression level of β-actin, 
used as a loading control, was not different among group lanes. 
Myocardin related factor-A (MRTF-A; 160 kDa) is a ubiquitously 
expressed transcriptional cofactor of serum response factor (SRF) 
and undergoes signal-dependent nucleocytoplasmic shuttling 
[48,49]. We subsequently sought to determine the intracellular 
distribution of MRTF-A. The relative levels of whole cellular 
MRTF-A were not significantly different between preconfluent 
and postconfluent cells with or without 10% FBS (Fig. 4A, second 
panel; p > 0.05). However, the MRTF-A level in the nuclear frac-
tion of postconfluent cells both in the presence and absence of 
10% FBS was significantly greater than that in the nuclear frac-
tion of preconfluent cells (Fig. 4B, upper panel, lane 2 and 3 vs. 
lane 1). We confirmed these results by visualizing nuclear MRTF-
A by immunofluorescence. The MRTF-A fluorescence overlaid 
on nuclear DAPI staining of postconfluent As4.1 cells in the pres-
ence of 10% FBS was significantly greater than in preconfluent 
cells (Fig. 4B, lower panel, lane 2 vs. 1). The function of MRTF-
A translocated to the nucleus was examined using CCG-1423, a 
putative MRTF-A nuclear translocation inhibitor [50]. CCG-1423 
treatment decreased active renin secretion under control condi-
tions as well as upon stimulation by ML-7 (Fig. 4C).

To further examine the role of MRTF-A in phenotype switch-
ing, the MRTF-A gene was knocked out using CRISPR-associated 
9 (Cas9) [51]. Compared with cells transfected with control plas-
mids (Fig. 5A, first panel, lane 1), MRTF-A levels in knockout 
cells were significantly reduced by 80% (Fig. 5A, first panel, lane 
2 vs. 1). This reduced expression of MRTF-A was accompanied 
by a significant decrease in the expression of sm MHC (Fig. 5A, 
third panel, lane 2 vs. 1) and PP1β (Fig. 5A, fifth panel, lane 2 vs. 
1) and a significant increase in nm MHC expression (Fig. 5A, 
fourth panel, lane 2 vs. 1). The rate of active renin secretion in 
MRTF-A knockout cells before and after stimulation with ML-7 
was significantly decreased compared with control cells (Fig. 5B). 
Notably, MRTF-A knockout did not affect N-cad expression (Fig. 
5A, second panel, lane 1 vs. 2).

Next, we evaluated the roles of SRF, a serum-induced ubiqui-
tously expressed master transcriptional factor that regulates many 
genes associated with cell growth and differentiation, as well as 
smooth muscle-specific genes [52], in the phenotypic switching 
of As4.1 cells. The SRF gene was knocked out using SRF homol-
ogy directed repair (HDR) CRISPR/Cas9 plasmids. The SRF (42 
kDa) expression in the knockout cells was significantly reduced 
by 90% (Fig. 6A, first panel, lane 2 vs. 1). In SRF knockout cells, 
the expression levels of N-cad (Fig. 6A, second panel, lane 2 vs. 
1), sm MHC (Fig. 6A, third panel, lane 2 vs. 1), and PP1β (Fig. 6A, 
fifth panel, lane 2 vs. 1) were significantly decreased, whereas nm 
MHC expression was significantly increased compared with that 
in control cells (Fig. 6A, fourth panel, lane 2 vs. 1). The rate of re-
nin secretion from SRF knockout cells was significantly decreased 
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Fig. 4. Expression of N-cadherin, MRTF-A, sm MHC, nm MHC and PP1β changes to As4.1 cells before and after confluence. Cell lysates from cells 
grown to 70%–80% confluence in the presence of 10% FBS (A, lane 1), cells at day 2 postconfluence in the continuous presence of 10% FBS (A, lane 2) 
or in the absence of 10% FBS for two days after achieving 100% confluence (A, lane 3). After the aspiration of the incubation media, cells were lysed 
and centrifuged. Supernatant protein (60 μg) was resolved by SDS-PAGE on 7% or 15% acrylamide slab gels followed by Western blotting for N-cad, 
MRTF-A, sm MHC, nm MHC, and PP1β and then analyzed by densitometry. In the case of MRTF-A, a nuclear fraction was prepared, and 100 μg was 
resolved (B, upper panel). p-values were obtained by ANOVA. To assess nuclear localization of MRTF-A, cells were plated onto coverslips and fixed 
and permeabilized as described in the Methods section. Cells were then immunostained with primary MRTF-A antibody (1:100) and then with FITC-
labelled goat anti-mouse secondary antibody to MRTF-A (1:1,000). Nuclei were stained with propidium iodide (DAPI) (B, lower panel). The density of 
preconfluent cells was arbitrarily set to 1. Fluorescence was analyzed by an image analyzer. Lane 1, preconfluent cells; lane 2, postconfluent cells in the 
presence of 10% FBS. p-values were obtained by unpaired Student’s t-tests (n = 4). Scale bar: 10 μM. (C) Postconfluent cells were incubated in DMEM 
+ 10% FBS with or without CCG-1423 (5 × 10−6 M), an inhibitor of nuclear translocation of MRTF-A, for 1 h and then with ML-7 (6 × 10−5 M) for another 
1 h. Secreted renin was measured by ELISA (C, n = 5). MRTF-A, myocardin related transcription factor-A; sm MHC, smooth muscle myosin heavy chain; 
nm MHC, nonmuscle myosin heavy chain; PP1β, protein phosphatase 1β; FBS, fetal bovine serum. NS, no significant difference. p-values within groups 
were obtained by paired Student’s t-tests, and those between groups were obtained by ANOVA.
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Fig. 5. Effects of MRTF-A knockout on phenotypic changes. Cells at ~70% confluence were transfected with control plasmids (A, lane 1) or the 
MRTF-A gene was knocked out using MRTF-A HDR CRISPR-associated 9 (Cas9) (A, lane 2) for three days. On day 2 postconfluence, the expression of 
MRTF-A, N-cad, sm MHC, nm MHC, and PP1β in the supernatant fraction (80 μg) was determined as described in the legend of Fig. 4. p-values were 
obtained by unpaired Student’s t-tests. (B) Control and knockout cells were incubated before and after stimulation with ML-7 (6 × 10−5 M) for 1 h each, 
and secreted active renin was measured by ELISA (B, n = 4). MRTF-A, myocardin related transcription factor-A; HDR, homology directed repair; CRISPR, 
clustered regularly interspaced short palindromic repeats; sm MHC, smooth muscle myosin heavy chain; nm MHC, nonmuscle myosin heavy chain; 
PP1β, protein phosphatase 1β. NS, no significant difference. p-values were obtained either by paired Student’s t-tests (within groups) or by ANOVA 
(between groups).
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before and after ML-7 stimulation (Fig. 6B). The possibility of 
FBS-dependent expression of N-cad is mediated by IGF-1 was 
tested. An IGF-1 neutralizing antibody was added to the DMEM 
+ 10% FBS media when cells reached 100% confluence, and cells 

were cultured for an additional two days. Addition of the IGF-
1 antibody significantly decreased the expression levels of N-cad 
(Fig. 7, first panel, lane 2 vs. 1) and PP1β (Fig. 7, third panel, lane 2 
vs. 1) with increased levels of phosphorylated 20 kDa myosin light 

Fig. 6. Effects of SRF knockout on phenotypic changes. Cells were transfected with control plasmids (A, lane 1) or SRF HDR CRISPR/Cas9 plasmids (A, 
lane 2) as described in the legend of Fig. 5. Then, the expression of each protein was determined in the supernatant fraction (80 μg). Both control and 
knockout cells were incubated with ML-7 (6 × 10−5 M) before and after stimulation for 1 h each, and secreted active renin was measured by ELISA (B, 
n = 5). SRF, serum response factor; HDR, homology directed repair; CRISPR, clustered regularly interspaced short palindromic repeats. p-values were 
obtained either by paired Student’s t-tests (within groups) or by ANOVA (between groups).
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chain (pMLC20) (Fig. 7, second panel, lane 2 vs. 1).
Finally, we tested our hypothesis that active renin secretion is 

regulated by phosphorylation of MLC20 by MLCK and then de-
phosphorylation of pMLC20 by PP1β [33,35,38]. First, when cells 
were treated with siRNA for MYLK, the expression of MLCK (130 
kDa) was significantly reduced (Fig. 8, first panel, lane 2 vs. 1). 
This was accompanied by a significant decrease in pMLC20 (Fig. 
8, second panel, lane 2 vs. 1). The rate of active renin secretion 
from MLCK knockdown cells was significantly increased com-
pared with controls (Fig. 8B). When cells were treated with PP1β 
siRNA, PP1β (37 kDa) expression was decreased by 80% (Fig. 9, 
first panel, lane 2 vs. 1), and the pMLC20 level was increased 2-fold 
(Fig. 9, second panel, lane 2 vs. 1). Active renin secretion with 
and without ML-7 stimulation was significantly decreased in 
PP1β knockdown cells (Fig. 9, third panel). When postconfluent 
As4.1 cells were incubated in DMEM + 10% FBS in the presence 
of ML-7 (ML-7) or in the presence of both calyculin A and ML-7 
(ML-7 + Caly), the level of pMLC20 was significantly decreased 
by ML-7 (Fig. 10, second lane) but was significantly increased by 
simultaneous treatment with calyculin A and ML-7 (Fig. 10, third 
lane) as compared with the control (Fig. 10, first lane).

Visualization and imaging of renin secretory granules 
and secretion

On the day 2 postconfluence, intracellular renin granules were 
stained with renin antibody, followed by incubation with an 
FITC-conjugated secondary antibody to visualize renin secre-
tory granules and observe their discharge. A number of spots 
with a granular appearance were present (Fig. 11A, left panel). 
When cells were treated with 6 × 10−5 M ML-7 for 2 min followed 
by washing with ML-7-free DMEM, almost all of the intracel-
lular granular staining disappeared (Fig. 11A, right panel). When 
As4.1 cells were preloaded with neutral red, many cytoplasmic 
granules were seen under light microscopy (Fig. 11B). When cells 
were viewed at isosbestic absorbance with 470-nm monochro-
matic light, the cytoplasmic granules appeared dark and round 
(Fig. 11C). Upon perfusion with ML-7, the granule marked #1 
appeared dark round with a sharp margin at time 0, and this 
granule was covered with a gray cloud with blurred margins at 66 
msec. At 200 msec, the granules had completely disappeared. The 
granules marked #2 and #3 were discharged over ~200 ms (Fig. 
11C). The gray cloud over the granules appeared to be neutral red 
that had been released from the fused granules though through 

Fig. 7. Effects of N-cad expression on 
pMLC20 and PP1β. Cells were cultured 
to 100% confluence and maintained for 
two more days in the presence of 10% 
FBS (lane 1) or in the presence of both 
FBS and IGF-1 antibody (10 μg/ml) (lane 
2). Proteins in the supernatant (40 μg) 
were resolved by Western blotting as 
described above (n = 4). pMLC20, phos-
phorylated 20 kDa myosin light chain; 
PP1β, protein phosphatase 1β; FBS, fetal 
bovine serum; IGF-I, insulin-like growth 
factor-I. p-values were obtained by un-
paired Student’s t-tests.
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the fusion pore. Exocytic discharge of neutral red without any 
cellular movement is shown (Fig. 11D, Supplementary Video).

DISCUSSION

Induction of the regulated renin secretory phenotype

Three decades ago, an immortalized clonal renin-expressing 
As4.1 cell line was established from JG cell tumors of transgenic 
mice generated by renin-2 promoter-directed expression of the 
SV 40 T antigen [10]. Unfortunately, As4.1 cells were shown to 
constitutively secrete mostly inactive prorenin with little ac-
tive renin and did not respond to known stimuli of active renin 

secretion [11-17]. In the present study, we were able to induce 
As4.1 cell phenotype switching from constitutive inactive renin 
(prorenin) secretion to regulated active renin secretion by grow-
ing As4.1 cells to confluence in the presence of 10% FBS or IGF-
1 (2.6 × 10–10 M). The rate of active renin secretion determined 
either indirectly by the amount of generated ANG I by renin or 
directly by renin ELISA was found not to be from FBS, consistent 
with previous results that FBS does not have active renin activity 
[8]. Furthermore, BILA 2157 BS, a potent and specific synthetic 
inhibitor of renin activity [42], almost completely inhibited ANG 
I generation and excluded the possible involvement of other pro-
teases such as cathepsins (Fig. 2). Taken together, these results 
indicate that active renin is secreted from As4.1 cells cultured to 
postconfluence in the presence of FBS or IGF-1.

Fig. 8. Effects of MYLK knockdown on 
phenotypic changes. Cells were trans-
fected with control or siRNA of MYLK 
plasmids as described in the legend 
of Fig. 5. Expression of MYLK and the 
cytosolic pMLC20 level (A) were deter-
mined using supernatant protein (60 
μg). p-values were obtained by unpaired 
Student’s t-tests (n = 3). Active renin 
secretion from control and knockdown 
cells was determined by incubating cells 
in DMEM + 10% FBS for 1 h (B, n =6). 
pMLC20, phosphorylated 20 kDa myosin 
light chain; DMEM, Dulbecco’s modified 
eagle medium; FBS, fetal bovine serum. 
p-values by unpaired Student’s t-tests.
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We next investigated whether active renin secretion by As4.1 
cells occurred through a regulated pathway. Active renin secre-
tion was inhibited by Ca2+ (Fig. 3A), ANG II (Table 6), and calycu-
lin A (Table 6) and stimulated by calmidazolium (Fig. 3B), ML-7 
(Fig. 3C), isoproterenol (Fig. 4D), and forskolin (Fig. 4E). In addi-
tion, the phospholipase C (PLC) inhibitor, U73122 [53], stimulated 
renin secretion from As4.1 cells (Table 6). Taken together, these 
results support that As4.1 cells fully regained the regulatory active 
renin secretory phenotype via Ca2+-CaM-MLCK-, calyculin A-
sensitive PP1β-, and cAMP-dependent stimulatory signaling cas-
cades as well as via a PLC-dependent signaling cascade, reflecting 
what has been observed in JG cells in situ [4,33,35,36,38,43-45]. 
Thus, As4.1 cells grown to confluence in the presence of FBS or 
IGF-1 switched to a regulated active renin secretory phenotype 

and responded to many, if not all, known stimuli of active renin 
secretion. The magnitude of renin secretory response in As4.1 
cells was comparable with that in renal cortical slices or isolated 
kidneys in response to Ca2+ (Fig. 3A vs. [36,43,44]), calmidazo-
lium (Fig. 3B vs. [36,43]), ML-7 or ML-9 (Fig. 3C vs. [27,35,38,45]), 
isoproterenol (Fig. 3D vs. [54]), and forskolin (Fig. 3E vs. [36]). 
Furthermore, we directly measured active and inactive renin se-
cretion using commercially available prorenin ELISA kits rather 
than the indirect measurement of ANG I produced by secreted 
renin used since 1969 [39]. We found that the ratio of secretion of 
inactive renin to active renin in postconfluent As4.1 cells in the 
presence of 10% FBS was approximately 3 (Table 4), which is sim-
ilar to the ratio found in healthy adults [55]. Taken together, these 
results indicate that after reaching confluence in the presence of 

Fig. 9. Effects of PP1β knockdown on 
phenotypic changes. Cells were trans-
fected with control (lane 1) or siRNA of 
PP1β plasmids as described in the leg-
end for Fig. 8. The expression of PP1β (A, 
upper panel) and cytosolic pMLC20 level 
(A, lower panel) were determined using 
supernatant protein (60 μg). p-values 
were obtained by unpaired Student’s t-
tests (n = 4). Active renin secretion was 
determined before and after stimulation 
by ML-7 (6 × 10−5 M) for 1 h each, and se-
creted renin was measured by ELISA (B). 
PP1β, protein phosphatase 1β; pMLC20, 
phosphorylated 20 kDa myosin light 
chain. p-values were obtained either by 
paired Student’s t-tests (within groups) 
or by ANOVA (between groups) (n = 6).

A

B
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Fig. 10. Effects of ML-7 and calyculin A on the phosphorylation of MLC20. On day 2, postconfluent cells were incubated in DMEM + 10% FBS (control) 
in the presence of ML-7 (6 × 10−5 M; ML-7) and in the presence of both calyculin A (2 × 10−7 M) and ML-7 (6 × 10−5 M; ML-7 + Caly) for 1 h. The level of 
pMLC20 was determined using supernatant protein (80 μg). MLC20, 20 kDa myosin light chain; DMEM, Dulbecco’s modified eagle medium; FBS, fetal 
bovine serum. p-values were obtained by ANOVA (n = 5).

Fig. 11. Imaging of exocytotic discharge of renin and neutral red by ML-7. Cells on postconfluent day 2 were plated on cover slips were permea-
bilized and stained with antibody to renin. Many cytoplasmic stained granules are seen (A, control). When cells were pretreated with ML-7 (6 × 10−5 M) 
for 2 min and stained with renin antibody, no granules were observed (ML-7). Scale bar: 10 μm. Cells were incubated with 100 μM neutral red for 3 h, 
washed with fresh DMEM, and photographed with a light microscope. Numerous neutral red stained pink granules are seen (B). N denotes nucleus. 
Scale bar: 3.33 μm. (C, D) When neutral red-loaded granules were viewed at the isosbestic absorbent light at 470 nm, the granules observed were 
black. White granules are likely discharged granules prior to imaging. When cells were perfused with ML-7 (6 × 10−5 M), #1, #2, and #3 neutral red-load-
ed granules were discharged over 200 msec. (D) The time-lapsed movie shows the discharge of neutral red-loaded secretory granules (Supplementary 
Video). DMEM, Dulbecco’s modified eagle medium.
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10% FBS or IGF-1, As4.1 cells fully recapitulate not only active but 
also inactive prorenin secretory phenotypes of JG cells in vivo. 
Therefore, the present study resolved a long-standing and severe 
impediment to investigating the mechanism of renin secretion at 
the cellular, biochemical, and molecular levels. At this juncture, 
notably, As4.1 cells most likely in preconfluent culture secreted 
active renin in response to 8-bromo—cAMP after 4 and 15 h of 
incubation [10]. In a subsequent study, c-AMP and forskolin were 
found not to stimulate active renin secretion within 2 h of incu-
bation [15]. To the best of our knowledge, the As4.1 cell line cul-
tured to confluence in the presence of 10% FBS or IGF-1 would be 
the first cell line to fully recapitulate the secretory phenotype in 
the literature. Thus, As4.1 cell line cultures as described here can 
now be used as an in vitro model of active as well as inactive renin 
secretion.

N-cad expression at cell-cell contacts triggers 
phenotype changes

One of the major findings in the present study is that N-cad 
expression upon cell-cell contact after confluence in the pres-
ence of 10% FBS (Fig. 4A, lane 2 and 3 vs. 1) or IGF-1 (Fig. 7, first 
panel, lane 2 vs. 1) triggers signaling cascades of gene activation 
and the expression of target proteins such as sm MHC (Fig. 4A, 
third panel) and PP1β (Fig. 4A, fifth panel and Fig. 7, third panel). 
These results strongly support the possibility that N-cad expres-
sion at the plasma membrane triggers transcriptional activities re-
sponsible for inducing phenotype changes. To explain our results 
before and after expression of N-cad at the plasma membrane, we 
expect that three signaling cascades, including a G-actin-MRTF-
A dependent signaling cascade (Fig. 12, left signaling cascade), a 
β-catenin-dependent signaling cascade (Fig. 12, middle signaling 

cascade) and a growth factor/ternary complex-dependent signal-
ing cascade (Fig. 12, right side signaling cascade), are likely to be 
involved.

Upon N-cad expression at the plasma membrane upon cell-
cell contact in As4.1 cells or density-dependent inhibition of cell 
growth and proliferation of other cell lines [56], signaling for 
phenotypic switching is likely to be triggered. In this connection, 
notably, an overexpression of N-cad blocked the mitogenic effects 
of FBS by inhibiting cyclin D1 expression as well as by increasing 
the expression of cyclin-dependent kinase inhibitors p21 and p27, 
resulting in cell cycle arrest [23,24]. Martin and colleagues [21,34] 
also reported that rapamycin, a potent immunosuppressant, 
specifically arrests the cell cycle at the G1 phase via activation of 
p27 [57] and induces expression of smooth muscle-specific genes, 
such as sm MHC, leading to cell cycle arrest. Notably, SV40-T an-
tigen-transformed SVT2 cells at high density were also found to 
be arrested at G1 phase [25]. Thus, it might be a universal mecha-
nism that N-cad expression in both normal and SV40-T antigen-
transformed cells, including As4.1 cells, could arrest the cell cycle 
via expression of specific proteins involving cell cycle transition.

N-cad (Fig. 4), MRTF-A (Fig. 5) and SRF (Fig. 6) showed com-
mon shared effects on the expression of sm MHC, PPβ1, and 
nm MHC as well as on active renin secretion. These results are 
consistent with the possibility that they are signaling molecules 
sequentially involved in phenotypic switching to differentiated 
sm MHC along with active renin secretion. MRTF-A is a tran-
scriptional coactivator of SRF and is predominantly cytoplasmic 
in a G-actin-bound state under resting conditions [48,58]. Upon 
stimulation with FBS, it is known to activate the RhoA kinase 
ROCK, which in turn polymerizes G-actin to F-actin [48,58]. 
Consequently, MRTF-A is freed from its G-actin-bound form in 
the cytoplasm, thereby allowing free MRTF-A to translocate to 

Table 6. Effects of various agents on active renin secretion

Agent Action n Effect on active renin secretion (E/C)

Ionomycin (10−5 M) Ca2+ ionophore 6 0.57 ± 0.12*
ANG II (10−8 M) Phospholipase activator 7 0.54 ± 0.16*
U73122 (3 × 10−5 M) PLC inhibitor 5 4.23 ± 1.63*
U73343 (3 × 10−5 M) Inactive analogue of U 73122 5 1.19 ± 0.38
Ophiobolin A (3 × 10−5 M) CaM inhibitor 6 3.76 ± 1.22*
K252a (10−5 M) Broad spectrum protein kinase inhibitor 6 2.33 ± 0.93*
Butanedione monoxime (25 mM) MLCK inhibitor 5 4.35 ± 0.85*
GF-109203X (3 × 10−6 M) PKC inhibitor 6 0.97 ± 0.15
Y-27632 (3 × 10−5 M) Rho kinase inhibitor 8 1.34 ± 0.11*
Calyculin A (2 × 10−7 M) Protein phosphatase 1 & 2A 6 0.77 ± 0.12*
LY294002 (5 × 10−5 M) Phosphatidylinositol-3 kinase inhibitor 5 0.61 ± 0.13*
Wortmanin (10−6 M) Phosphatidylinositol-3 kinase inhibitor 5 0.54 ± 0.09*
SB216763 (2 × 10−5 M) GSK-3β inhibitor 6 1.89 ± 0.17*
Blebbistatin (10−6 M) Myosin ATPase inhibitor 8 1.21 ± 0.37

Values represent means ± SD. Cells were grown in DMEM + 10% FBS to 100% confluence. On day 2 postconfluence, cells were 
incubated in 1 ml fresh DMEM + 10% FBS for 1 h (C) followed by incubation in medium containing one of the above agents (E). 
Concentrations in parentheses are the concentrations tested. (E/C) values significantly greater than 1.0 or less than 1.0 indicate 
stimulation or inhibition of renin secretion, respectively. DMEM, Dulbecco's modified eagle medium; FBS, fetal bovine serum. *p < 
0.05.

494

https://doi.org/10.4196/kjpp.2022.26.6.479Korean J Physiol Pharmacol 2022;26(6):479-499

Chang JW et al



the nucleus (Fig. 4B, lane 2 vs. 1). Thus, in postconfluent cells, in 
the presence of 10% FBS compared with in its absence, a greater 
amount of MRTF-A would be translocated to the nucleus (Fig. 
4B, lane 2 vs. 3; Fig. 12, left side signaling cascade). Under cell-cell 
contact alone in the absence of FBS (Fig. 4B, lane 3), i.e., without 
ROCK activation, the amount of both G-actin polymerized to 
F-actin and MRTF-A nuclear translocation should be limited, 
thereby producing only limited transcriptional activation with 
expression of proteins such as sm MHC and PPβ1 (Fig. 4A, third 
and fifth panel, lane 3 vs. 2). However, notably, the level of MRTF-
A in postconfluent cells even in the absence of 10% FBS was 
significantly greater than that before confluence in the presence 
of FBS (Fig. 4B, upper panel, lane 3 vs. 1), indicating that N-cad 
expression alone can promote nuclear translocation of MRTF-A.

In the nucleus, MRTF-A binds SRF [48,58], and this complex in 
turn binds to two or more CC(AT)6GG DNA sequences, termed 
CArG boxes, activating smooth muscle-specific genes [19,59]. 
Consistent with the information in the literature, inhibited ex-
pression of MRTF-A (Fig. 5A, first panel) and SRF (Fig. 6A, first 
panel) abolished the increased expression of sm MHC (Fig. 5A, 
third panel) and PPβ1 (Fig. 6A, third panel) in postconfluent cells 
in the presence of 10% FBS. Inhibition of MRTF-A expression 
resulted in inhibition of active renin secretion (Fig. 5B), similar to 
its inhibition by CCG-1423 (Fig. 4C), an inhibitor of MRTF-A nu-
clear translocation [50]. These results support that MRTF-A and 
SRF are involved in the signaling cascade of active renin secretion 
through the signaling cascade of N-cad-MRTF-A-SRF in associa-

tion with increased expression of sm MHC and other smooth 
muscle-specific genes (Fig. 12, left signaling cascade). Myocardin 
is a representative transcriptional cofactor that controls the differ-
entiation of smooth muscle lineage and has been reported to play 
a determining role in smooth muscle differentiation; this protein 
is also constitutively localized in the nucleus [59]. Our finding 
that expression of sm MHC is mediated by transcriptional co-
activator MRTF-A, rather than myocardin, is a novel finding. 
The expression of PP1β was in parallel with sm MHC expression 
(Figs. 4–6, panel third vs. fifth) and suggests that PP1β expres-
sion is likely regulated via a similar or identical transcriptional 
pathway, another novel finding of present study. Interestingly, the 
expression of N-cad was SRF-dependent (Fig. 6A, second panel), 
suggesting positive feedback between the two genes (Fig. 12, left 
side signaling cascade). In summary, N-cad expression itself at 
the plasma membrane at cell-cell contacts induces cell cycle ar-
rest, promoting cellular differentiation. In addition, N-cad trig-
gers downstream signaling cascades involving the MRTF-A-SRF-
CArG box, leading to the activation of genes including sm MHC 
and PP1β (Fig. 12, left signaling cascade) and to switching from 
the secretory phenotype to a regulated active renin secretion (Figs. 
4C, 5B, and 6B).

At this juncture, it seems worth noting that FBS is a well-
known growth factor [23,56,58]; however, paradoxically, it pro-
moted expression of one of the differentiation marker protein, 
sm MHC [19-21] (Fig. 4A, third panel, lane 2 vs. 3), whereas it 
inhibited expression of the dedifferentiated marker protein nm 

Fig. 12. Schematic summary of the transcriptional cascades regulating expression of proteins associated with renin secretory phenotypes in 
As4.1 cells. N-cad expression at the plasma membrane upon cell-cell contact triggers MRTF-A-SRF-CArG box, which activates transcription of smooth 
muscle-specific genes encoding contractile proteins in association with the regulatory phenotype of active renin secretion (left side). Without N-
cad expression, β-catenin (signaling cascade in the middle) and growth factors (signaling cascade of right side) trigger a signaling cascade of growth 
factors of cell proliferation. MRTF-A, myocardin related transcription factor-A; SRF, serum response factor; MLC20, 20 kDa myosin light chain; PP1β, 
protein phosphatase 1β; FBS, fetal bovine serum; IGF-I, insulin-like growth factor-I; sm MHC, smooth muscle myosin heavy chain; nm MHC, nonmuscle 
myosin heavy chain.
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MHC (Fig. 4A, fourth panel, lane 2 vs. 3). Since antibodies against 
IGF-1 blocked the differential effects of 10% FBS on N-cad, PP1β 
and pMLC20 (Fig. 7), and active and inactive renin secretion (Table 
4), IGF-1 could be a principal factor of the above mentioned FBS-
induced transcriptional modulation. Furthermore, IGF-1 induced 
expression of N-cad triggered a signal at the plasma membrane 
(Fig. 7, upper panel) that was transduced to the expression of a 
final target molecule PP1β (Fig. 7, third panel) with increased 
dephosphorylation of pMLC20 (Fig. 7, second panel), ultimately 
resulting in increased regulated active renin secretion (Table 3). 
These results elucidate for the first time the signaling proteins in-
volved in signal initiation and the final target proteins along with 
the intervening steps (Fig. 12, left signal cascade). Further work is 
necessary to confirm whether IGF-1 has universal molecular ef-
fects on cellular differentiation with associated gene transcription 
in other cells.

Although it is beyond the aims of this study, it is worth briefly 
mentioning preconfluent cells. When N-cad is not expressed at 
the plasma membrane, such as in preconfluent As4.1 cells (Fig. 
1B–D), the linkage between N-cad and F-actin via β-catenin and 
α-catenin cannot be formed ([22-24]; Fig. 12, middle signaling 
cascade). Consequently, β-catenin released from N-cad at the 
membrane is translocated to the nucleus and binds T-cell fac-
tor-4 (Tcf-4), promoting expression of cyclin D1 and activation 
of cyclin-dependent kinase, facilitating progression from the G1 
to S phase, and resulting in cell growth and proliferation [22-24]. 
Second, growth factors such as FBS and platelet-derived growth 
factor in culture media activate the Ras-Raf-mitogen-activated 
protein kinase MEK-extracellular signal-regulated kinase (ERK), 
which then phosphorylates transcription cofactors of the ternary 
complex factor (TCF) with Ets domains (Elk-1, Sap-1, and Net; 
Fig. 12, right side of signaling cascade). This signaling cascade 
has been reported to displace myocardin from the CArG box and 
to inhibit transcription of smooth muscle-specific genes such as 
sm MHC [58,60]. In our study, it is likely that MRTF-A rather 
than myocardin was displaced by TCF (Figs. 4A, 5A). In addi-
tion, phosphorylated TCF binds to the promotor of the immedi-
ate early gene c-fos [60]. Thus, growth factors could promote cell 
cycle progression with subsequent cell growth and proliferation. 
Activation of these signaling cascades is likely to increase expres-
sion of nm MHC (Figs. 4–6). Consistent with this possibility is 
that inhibition of nm MHC expression by its antisense nucleotide 
or proto-oncogene c-myb phosphorothiolate oligonucleotides 
suppressed smooth muscle cell proliferation [61]. We defined the 
molecular mechanisms underlying increased expression of nm 
MHC in preconfluent As4.1 cells and confirmed that nm MHC 
expression is a specific molecular marker of cell proliferation. 
Taken together, the cadherin/MRTF-A/SRF/CArG box signaling 
cascade, β-catenin/TCF-4 signaling cascade, and Ras/ERK/TCF/
SRF/c-fos signaling cascade seem to reciprocally interact, and 
the net balance between proliferative and differentiation signals 
lead to expression of proteins specific for differentiation (e.g., sm 

MHC) or proliferation (e.g., nm MHC), thereby determining the 
constitutive vs. regulated phenotype of renin secretion in As4.1 
cells.

Correlation of expression of specific proteins and 
induction of regulated renin secretory phenotypes

Our results (Table 1) that preconfluent As4.1 cells secreted a 
profuse amount of inactive renin secretion without responding 
to strong stimuli of active renin such as ML-7 [35,38], confirm-
ing the findings of a previous report [10]. On the other hand, 
postconfluent As4.1 cells secreted active renin secretion through 
regulated pathways. As mentioned above, active renin secretion 
from postconfluent cells is most likely mediated via an N-cad-
MRTF-A-SRF/sm MHC/PP1β signaling pathway (Fig. 12, left sig-
naling cascade). In this connection, notably, JG cells in vivo have 
been reported to express myocardin-SRF-sm MHC [6]. Unlike 
preconfluent As4.1 cells with constitutive inactive renin secretion 
(Table 1), inactive renin secretion from postconfluent cells was 
inhibited by stimulators of active renin secretion such as 10% FBS 
(Table 4), ML-7 and forskolin (Table 5). On the other hand, ca-
lyculin A inhibited active renin secretion (Table 6) but stimulated 
inactive renin secretion (Table 5). These results suggest an inverse 
relationship between active and inactive renin secretion, a noble 
finding of this study. ML-7, an inhibitor of myosin light chain 
kinase [32], decreased pMLC20 but calyculin A, an inhibitor of 
myosin light-chain phosphatase [37] increased pMLC20 (Fig. 10). 
Accordingly, these results suggests that unphosphorylated MLC20 
promotes active renin secretion and pMLC20 promotes inactive 
renin secretion in an antagonistic and competitive manner. This 
is a notable finding of this study.

Finally, the ultimate aim of the present study with the use of 
As4.1 cells with a regulated active renin secretory phenotype was 
to validate whether renin secretion is a result of two consecutive 
steps of phosphorylation of MLC20 by MLCK and then dephos-
phorylation of pMLC20 by PP1β [33,35,38]. MLCK knockdown 
(Fig. 8, third panel) and the MLCK inhibitor ML-7 stimulated 
active renin secretion (Fig. 3C) with a decreased pMLC20 (Fig. 
8, second panel), whereas PP1β knockdown (Fig. 9, first panel) 
increased pMLC20 (Fig. 9, second panel) with a decreased renin 
secretory response to ML-7 (Fig. 9, third panel). These results 
were independently confirmed by the findings that ML-7 de-
creased pMLC20, whereas calyculin A increased it (Fig. 10). Ac-
cording to these results, the reduced stimulatory effect of ML-7 
on active renin secretion in cells treated with calyculin A [33] is 
likely attributable to its inability to reduce pMLC20 in the pres-
ence of calyculin A. Overall, these results support our proposal 
that active renin secretion is a two-step process: phosphorylation 
of MLC20 by MLCK (primed step) and then dephosphorylation 
of pMLC20 by PP1β (exocytotic step). In this regard, the results of 
the stimulatory effects of MLCK knockdown (Fig. 8B) and that 
of ML-7 (Fig. 3C) on active renin secretion seem paradoxical. 
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However, considering the fact that MLC20 exists in an equilib-
rium between its phosphorylated state of pMLC20 (primed state) 
and its dephosphorylated state of MLC20 (exocytotic state), MLCK 
knockdown and treatment of cells with ML-7 would shift this 
equilibrium to unphosphorylated MLC20 in favor of the exocytot-
ic step. Immunostaining with the renin antibody showed many 
cytosolic granules (Fig. 11A, left panel), confirming the presence 
of renin secretory granules in As4.1 cells, as reported previously 
[10,13,15]. ML-7 treatment discharged intracellular renin-stained 
granules (Fig. 11A, right panel). In addition, many neutral red-
preloaded pink granules were visualized by light microscopy (Fig. 
11B), and black granules were observed at absorbance light (Fig. 
11C). These granules were also discharged by ML-7 (Fig. 11C, D 
of Supplementary Video). Although we did not directly colocal-
ize renin secretory granules and neutral loaded granules, it is 
unlikely that As4.1 cells have many granules other than renin 
secretory granules. Since the large molecule renin (34,000 Dalton; 
[13]) and the small molecule neutral red (252 Dalton; [30]) were 
both discharged at a similar time course of 200 msec at a single 
secretory granular level and approximately 1–2 min on a single 
cellular level (Fig. 11C and Supplementary Video), we concluded 
that active renin is secreted via an exocytotic pathway. On a more 
detailed view, neutral red was discharged as if the granules had 
popped or broke open, one after another, without any granule 
movement. Such a mode of discharge of neutral red likely reflects 
an osmotic swelling of renin secretory granules by dephosphory-
lation of pMLC20 by ML-7 (Fig. 10, middle lane), which is most 
likely located on renin secretory granules, as we previously specu-
lated [35,45]. Taken together, these results demonstrate that ML-7 
dephosphorylates MLC20 on the active renin secretory granule 
membrane and allows osmotic swelling, leading to fusion of the 
granule membrane with the plasma membrane and discharging 
of stored renin via exocytosis.

In summary, we successfully induced an active renin secretory 
phenotype in renin-expressing As4.1 cells from a state of consti-
tutive unregulated inactive renin secretion to a state of regulated 
active renin secretion as well as inactive renin secretion by cultur-
ing cells to confluence for at least two days in the presence of FBS 
or IGF-1. N-cad expression at cell-cell contacts plays a key role in 
activating MRTF-A/serum response factor-mediated transcrip-
tional signaling cascades and elicited transcription of genes en-
coding smooth muscle-specific proteins. The phenotype-switched 
As4.1 cells secreted active renin upon dephosphorylation of 
smooth muscle myosin light chain, allowing osmotic swelling of 
renin secretory granules and discharging of active renin via exo-
cytosis. Conversely, inactive renin secretion is likely mediated by 
phosphorylation of smooth muscle myosin light chain.
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