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INTRODUCTION
Primary cilia are present in most mammalian cells and func-

tion as sensory organelles that transmit extracellular signals into 
cells [1]. In the kidney, a single primary cilium is located on the 
apical surface of all renal tubular epithelial cells, with the excep-
tion of collecting duct intercalated cells [2,3]. The primary cilium 

acts as a mechanosensor to detect fluid flow and composition of 
the ultrafiltrate, and maintain normal nephron structure [4,5]. 
Recent emerging evidence has demonstrated that changes in 
primary cilia are associated with various genetic and non-genetic 
diseases, such as autosomal dominant polycystic kidney disease, 
obesity, hypertension, and diabetes [6]. Moreover, recent reports 
revealed that the length of primary cilia reflects pathophysiologi-
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ABSTRACT Primary cilia on kidney tubular cells play crucial roles in maintaining 
structure and physiological function. Emerging evidence indicates that the absence 
of primary cilia, and their length, are associated with kidney diseases. The length of 
primary cilia in kidney tubular epithelial cells depends, at least in part, on oxidative 
stress and extracellular signal-regulated kinase 1/2 (ERK) activation. Hydrogen sulfide 
(H2S) is involved in antioxidant systems and the ERK signaling pathway. Therefore, in 
this study, we investigated the role of H2S in primary cilia elongation and the down-
stream pathway. In cultured Madin-Darby Canine Kidney cells, the length of primary 
cilia gradually increased up to 4 days after the cells were grown to confluent mono-
layers. In addition, the expression of H2S-producing enzyme increased concomitantly 
with primary cilia length. Treatment with NaHS, an exogenous H2S donor, accelerated 
the elongation of primary cilia whereas DL-propargylglycine (a cystathionine γ-lyase 
inhibitor) and hydroxylamine (a cystathionine-β-synthase inhibitor) delayed their 
elongation. NaHS treatment increased ERK activation and Sec10 and Arl13b protein 
expression, both of which are involved in cilia formation and elongation. Treatment 
with U0126, an ERK inhibitor, delayed elongation of primary cilia and blocked the ef-
fect of NaHS-mediated primary cilia elongation and Sec10 and Arl13b upregulation. 
Finally, we also found that H2S accelerated primary cilia elongation after ischemic 
kidney injury. These results indicate that H2S lengthens primary cilia through ERK 
activation and a consequent increase in Sec10 and Arl13b expression, suggesting 
that H2S and its downstream targets could be novel molecular targets for regulating 
primary cilia.
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cal changes in the kidney [7].
In the kidney, we and others have found that the length of pri-

mary cilia is altered dynamically following ischemia and reperfu-
sion (I/R) injury [7,8]. On severely damaged, dedifferentiating, 
and proliferating kidney tubule cells, primary cilia are shorter 
than normal length, or even absent, while they exceed the normal 
length in redifferentiating cells. Kidney tubular cells recovering 
from ischemic acute kidney injury have longer primary cilia com-
pared to normal tubular cells, while tubular cells that successfully 
recover from ischemic injury have primary cilia with a normal 
length [7]. In addition, we also demonstrated that the elongation 
of primary cilia is at least partly regulated by the activation of 
extracellular signal-regulated kinase 1/2 (ERK) and the exocyst 
trafficking complex, of which Sec10 (also known as Exoc5) is a 
central component [7,9,10].

Hydrogen sulfide (H2S) is synthesized by two pyridoxal-5 -́
phosphate-dependent enzymes, cystathionine β-synthase (CBS) 
and cystathionine γ-lyase (CSE), and a pyridoxal-5 -́phosphate-
independent enzyme, 3-mercaptpyruvate sulfurtransferase, 
through the transsulfuration pathway found in most mammalian 
tissues, including the kidney [11-14]. H2S is currently recognized 
as a third endogenous gaseous physiological molecule and plays 
important pathophysiological roles in various organs, includ-
ing the kidney [13-15]. Recent studies have demonstrated that 
H2S acts as a signaling molecule that regulates intracellular sig-
naling through mitogen-activating protein kinases, including 
ERK [16,17]. We reported previously that H2S accelerates kidney 
recovery from I/R injury along with reduced renal fibrosis [18], 
and exogenous H2S administration delays progression of kidney 
fibrosis after ureteral obstruction, while deleting the gene coding 
CSE exacerbates kidney fibrosis following ureteral obstruction 
in mice [18,19]. In addition, we found that inactivation of ERK 
aggravated tubular recovery after renal I/R injury and blocked 
the elongation of primary cilia induced by I/R injury during the 
recovery period [9]; however, the role of H2S in regulating the 
length of primary cilia, and the underlying mechanism(s), remain 
to be defined.

Therefore, in the present study, we investigated whether and 
how H2S affects primary cilia length. Here, we report that H2S 
elongates primary cilia by activating ERK with concomitant 
upregulations of Sec10 and Arl13b, suggesting that H2S and its 
downstream targets could be molecular targets for regulating pri-
mary cilia length.

METHODS

Cell culture

Madin-Darby Canine Kidney (MDCK) cells were cultured in 
MEM with 5% FBS and penicillin/streptomycin (penicillin, 100 
IU/ml; streptomycin, 100 μg/ml). For immunofluorescence stain-

ing of primary cilia, cells were cultured on glass coverslips. When 
MDCK cells reached 100% confluence, cells were treated with 
1, 10, and 50 μM NaHS, 10 μM U0126 (a MEK inhibitor; Sigma-
Aldrich, St. Louis, MO, USA), 0.5 mM DL-Propargylglycine (PAG, 
a CSE inhibitor; Sigma-Aldrich), 0.1 mM hydroxylamine (HA, a 
CBS inhibitor; Sigma-Aldrich) or vehicle (distilled water) as de-
scribed in the figure legends. The chosen dosages of PAG and HA 
were based on previous studies [20]. Cells were harvested using 
cell lysis buffer or fixed with 4% paraformaldehyde and processed 
for Western blot analyses or immunofluorescence staining, re-
spectively.

Animal preparation

Eight-week-old C57BL/6 male mice (Koatech, Pyeongtaek, 
Korea) were used in experiments. All animal experiments were 
carried out in accordance with the Animal Care and Use Com-
mittees of Kyungpook National University and Pukyong National 
University's guide lines. For the induction of ischemia, kidneys 
were exposed through flank incisions, and the renal pedicles were 
clamped completely for 30 min using microaneurysm clamps 
while the mice were anesthetized with pentobarbital sodium 
(50 mg/kg body weight [BW] or to effect). The sham operation 
followed the identical method of ischemia surgery, with the ex-
ception of the clamping of the renal pedicle. Mice received daily 
intraperitoneal administration of NaHS (500 μg/kg BW), PAG 
(50 mg/kg BW) or 0.9% NaCl (vehicle), beginning 2 days after 
ischemia until the end of the experiment. Chosen NaHS and PAG 
dosages were based on our and other previous studies [18,21-23]. 
NaHS and PAG were prepared freshly before intraperitoneal in-
jection. Eight days after ischemia, kidney sections were subjected 
to immunofluorescent staining using anti-acetylated α-tubulin 
(Sigma-Aldrich) and aquaporin 1 (Alomone Labs, Jerusalem, Is-
rael) antibodies. Pictures were obtained from the outer medulla.

Measurement of primary cilium length

Fixed kidneys or cells were processed for immunofluorescence 
microscopy by staining with anti-acetylated α-tubulin (Sigma-
Aldrich) antibody. Images were captured using Axioplan-2 epi-
fluorescence microscope (Carl Zeiss, Oberkochen, Germany). For 
measurement of primary cilia length, more than 50 cells from 
each experiment were used. iSolution (IMT i-Solution, Rochester, 
NY, USA) software was used to trace and measure the length of 
primary cilia in the captured images. The length of the curved 
primary cilia was calculated by summing the straight parts of 
curved primary cilia. All measured primary cilia were used to 
analyze the percentage of primary cilia in each length range.

Western blot analysis

Western blot analyses were performed as described previously 
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[24]. Briefly, Cell lysates were separated on 10% SDS-PAGE gels 
and then transferred to Immobilon membranes (Millipore Corp., 
Bedford, MA, USA). The membranes were incubated with anti-
bodies against phospho-ERK (Cell Signal Technology, Beverely, 
MA, USA), -total ERK (Santa Cruz Biotechnology Inc., Santa 
Cruz, CA, USA), Sec10 [10], CBS (Santa Cruz Biotechnology Inc.), 
Arl13b (Proteintech, Chicago, IL, USA) and GAPDH (Novus Bio-
logicals, Littleton, CO, USA). After washing, the membranes were 
incubated with horse radish peroxidase-conjugated secondary 
antibodies against the appropriate primary antibodies, exposed to 
Western Lighting Chemiluminescence Reagent (NEL101; Perki-
nElmer LAS, Boston, MA, USA), and then developed using X-ray 
film.

Statistical analysis

Statistical differences between the groups were evaluated with 
an analysis of variance using a two-tailed Student’s t-test and one-
way ANOVA plus Tukey’s post hoc multiple comparison test. For 

analysis of the ratio of primary cilia to proximal tubular nuclei, 
logistic regression was used. Results were expressed as mean ± 
SEM. A p-value of < 0.05 was regarded as significant difference.

RESULTS

Primary cilium length correlates with the expression 
of H2S-producing enzyme

To investigate the correlation between the length of primary 
cilia and the expression of H2S-producing enzyme, we measured 
primary cilia length, and the expression of CBS in renal tubule 
epithelial cells. Primary cilia length gradually increased up to 4 
days after MDCK cells were grown to confluent monolayers (Fig. 
1A, B). The expression levels of CBS showed a similar gradual 
increase (Fig. 1C). These data suggest that an increase of the H2S-
producing enzyme may be associated with elongation of primary 
cilia.

Fig. 1. Relationship between expres-
sion of H2S-producing enzyme and 
primary cilium length in MDCK cells. 
MDCK cells grown on the coverslip were 
fixed and processed for immunofluores-
cence staining using anti-acetylated-α-
tubulin antibody (green) at the indicated 
day following growth of the cells to 
confluent monolayers. DAPI (blue) indi-
cates nuclear staining. (A) Representa-
tive images and length of primary cilia 
are shown at the indicated times. (B) 
The percentage of primary cilia in each 
length range are shown at the indicated 
times. (C) Representative immunoblot 
image of CBS. GAPDH was used as load-
ing control. The results are expressed as 
the mean ± SEM (n = 3–4). H2S, hydro-
gen sulfide; MDCK, Madin-Darby Canine 
Kidney; CBS, cystathionine β-synthase. 
*p < 0.05 vs. 0 day.

B C
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H2S elongates primary cilia in cultured tubule cells

Next, we assessed whether H2S elongated primary cilia on 
MDCK cells. MDCK cells were treated with NaHS (an exogenous 
H2S donor), PAG (an inhibitor of CSE), HA (an inhibitor of CBS), 
and the combination of PAG and HA daily for 4 days after cells 
reached confluence. Treatment with NaHS elongated primary cil-
ia compared with those of vehicle-treated cells. In contrast, treat-
ment with either PAG or HA shortened the length of primary 
cilia, and combined treatment with both inhibitors prevented the 
elongation of primary cilia to a greater extent than either alone, 
and the ratio of the short primary cilia (0–2 μm) were slightly in-
creased by the combined treatment with both inhibitors (Fig. 2A, 
B). These results suggest that both endogenous and exogenous 
H2S can elongate the primary cilia in MDCK cells.

H2S elongates primary cilia in MDCK cells via ERK 
activation

We reported previously that ERK and Sec10 induced ciliogen-
esis and elongation of primary cilia in kidney tubule cells [9] and 
ADP-ribosylation factor-like protein 13B (Arl13b) which is es-
sential for ciliogenesis by interacting with Sec10 [25,26]. Here, we 
investigated whether H2S regulates ERK activation and Sec10 and 
Arl13b expression. Treatment of MDCK cells with 10 μM NaHS 
activated ERK to a greater extent than other concentrations of 
NaHS (Fig. 3A, B). Treatment with 10 or 50 μM NaHS increased 

Sec10 and Arl13b expressions to a similar extent (Fig. 3A, C, D). 
Treatment with 10 or 50 μM NaHS increased the length of pri-
mary cilia to a similar length. However, 1 μM NaHS didn’t affect 
the length of primary cilia (Fig. 3E, F). Next, we assessed whether 
NaHS treatment elongated primary cilia via ERK activation. 
MDCK cells were treated with NaHS or vehicle along with U0126, 
a MEK and, therefore, ERK inhibitor. Treatment with NaHS 
activated ERK and this effect was completely abolished by treat-
ment with U0126 (Fig. 4A, C). In addition, treatment with NaHS 
increased Sec10 and Arl13b expressions, and these increases were 
blocked by U0126 (Fig. 4B, D, E). Consistent with ERK activation 
and Sec10 and Arl13b expression, NaHS accelerated elongation of 
primary cilia, and treatment with U0126 suppressed this elonga-
tion. Interestingly, the shortening of primary cilia by U0126 could 
not be reversed by treatment with NaHS (Fig. 4F–H). However, 
U0126 treatment alone didn’t affect Sec10 and Arl13b expression, 
indicating ERK activation is specifically necessary for NaHS-
mediated elongation of primary cilia.

Hydrogen sulfide elongates primary cilia length on 
kidney tubule cells after ischemia/reperfusion injury

In our previous study, we have found that kidney cells recover-
ing from I/R injury have longer primary cilia, and the elongation 
of primary cilia is associated with repairs of polarity and differ-
entiation of injured tubule cells [27,28] and we also demonstrated 
that NaHS treament accelerated recovery form kidney ischemic 

Fig. 2. Hydrogen sulfide elongates primary cilia in cultured MDCK cells. MDCK cells grown on coverslips were treated with vehicle, 10 μM NaHS, 
0.5 mM PAG, 0.1 mM HA or combination of PAG and HA daily after cells were grown to confluency. After 4 days, cells were fixed and processed for 
immunofluorescence staining using anti-acetylated-tubulin antibody (green). DAPI (blue) indicates nuclear staining. (A) Representative images of pri-
mary cilia and the length of primary cilia are shown. (B) The percentage of primary cilia in each length range is shown. The results are expressed as the 
mean ± SEM (n = 4). MDCK, Madin-Darby Canine Kidney; HA, hydroxylamine; PAG, propargylglycine; ns, non-significant. *p < 0.05 vs. vehicle. **p < 0.01 
vs. vehicle.

A

B
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injury while PAG treatment delayed that by regulating antioxi-
dant system and ERK activation. However, it is unclear whether 
H2S regulates the length of primary cilia after I/R and that the 
length change is related to kidney recovery from I/R injury. I/R 
insult elongated primary cilia on kidney tubule cells 8 days after 
I/R, and NaHS treatment accelerated the elongation of primary 
cilia and increased the ratio of primary cilia to proximal tubular 
cell nuclei, whereas PAG treatment delayed those elongation and 
decreased the ratio of nuclei (Fig. 5A–D). These results suggest 
that H2S elongates primary cilia length and the elongation of pri-
mary cilia is associated with the kidney repair process following 
I/R injury.

DISCUSSION
In the present study, we demonstrated, for the first time, that 

H2S elongates primary cilia via increased ERK activation and 
Sec10 and Arl13b expression in cultured kidney tubule cells (Fig. 
6). These findings suggest that H2S and its production system play 
important roles in regulating primary cilia length, and thus help 
to maintain primary cilia homeostasis as well as normal kidney 
tubule cell architecture and function.

In previous studies, we, and others, found that the lengthening 
of primary cilia in kidney tubule cells is important for epithelial 
differentiation, maintaining the epithelial phenotype, and en-
hancing compensatory adaptation after injury [27,28]. During the 
initial and extended phases of ischemic kidney injury, primary 
cilia are short, or even absent, and primary cilia start to elongate 
as renal tubule cells undergo dedifferentiation and proliferation in 
the maintenance phase. Subsequently, primary cilia are elongated 
on redifferentiated and repolarized cells during the repair phase. 
Although the detailed mechanisms have not been elucidated yet, 
we speculate that we speculate that for primary cilia to return to 

Fig. 3. Hydrogen sulfide increases expressions of phospho-ERK and Sec10. MDCK cells were treated with vehicle or 1, 10, and 50 μM of NaHS after 
cells reached confluence. (A) Ten minutes after treatment, cell lysates were subjected to Western blot analysis using antibodies against Sec10, Arl13b, 
phosphorylated ERK (p-ERK), and total-ERK (t-ERK). GAPDH was used as loading control. (B–D) Band densities were measured using ImageJ software. (E, 
F) After 4 days, cells were fixed and processed for immunofluorescence staining using anti-acetylated-tubulin antibody (green). DAPI (blue) indicates 
nuclear staining. The results are expressed as the mean ± SEM (n = 4). ERK, extracellular signal-regulated kinase. *p < 0.05 vs. vehicle.

B C D
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normal length, they may need to first elongated, and then return 
to normal length by reabsorption rather than directly proceeding 
to normal length as suggested by others [29,30]. So, it is possible 
that hydrogen sulfide could accelerate the return of primary cilia 
to normal length (16 days after reperfusion) by elongating pri-
mary cilia in the maintenance phase (8 days after reperfusion).

In a recent study, we also demonstrated that inhibition of pri-
mary cilia by knocking down the ciliary protein genes Arl13b and 
Ift20 accelerated TGF-β-induced epithelial-mesenchymal transi-
tion, one of the major mechanisms for the development of renal 
fibrosis [31]. There are several factors that can regulate primary 
cilia length, including: cyclic AMP, PKA activity, and intracellular 
Ca2+ levels. In previous studies, we demonstrated that the elonga-
tion of primary cilia is regulated by reactive oxygen species and 
ERK activation [7,9]. Treatment with Mn(III) tetrakis(1-methyl-
4-pyridyl) porphyrin (MnTMPyP), an antioxidant, during the 
repair phase of I/R injury accelerated normalization of primary 

cilia length concomitant with a decrease in oxidative stress in the 
kidney [7]. In MDCK cells, treatment with H2O2, a reactive oxy-
gen species, shortened primary cilia by releasing ciliary fragments 
into the medium, and MnTMPyP inhibited this deciliation [32]. 
In our recent study, we found that renal I/R injury significantly 
decreased H2S levels and reduced both enzyme activity and ex-
pression of H2S producing enzymes and treatment with NaHS ac-
celerated recovery of kidney histological and functional changes 
after renal I/R injury [18]. In the present study, we found that the 
expression of CBS was increased with elongation of primary cilia, 
and treatment with NaHS accelerated elongation of primary cilia, 
while treatment with inhibitors of H2S producing-enzymes sup-
pressed elongation of primary cilia after renal I/R injury (Fig. 5). 
However, we couldn’t find any change in primary cilia length in 
kidneys subjected to sham surgery after NaHS or PAG treatment. 
Although very powerful as translational studies, there are limita-
tions with in vivo studies. With in vivo approaches, it is nearly 

Fig. 4. Inhibition of ERK activation prevents hydrogen sulfide-induced elongation of primary cilia. MDCK cells were treated daily with either 
vehicle or 10 μM NaHS 30 min after treatment with either vehicle (DMSO) or 10 μM U0126. Cell lysates were subjected to Western blot analysis, which 
was performed for phospho-ERK (p-ERK, A), total-ERK (t-ERK, A), Arl13b and Sec10 (B) 10 min after treatment. (C–E) Band densities were measured us-
ing ImageJ software. (F) Four days after treatment, cells were fixed and processed for immunofluorescence staining using anti-acetylated-α-tubulin 
antibody (green). DAPI (blue) indicates nuclear staining. The length of primary cilia (G) and the percentage of primary cilia in each length range (H) 
were measured. The results are expressed as the mean ± SEM (n = 4). ERK, extracellular signal-regulated kinase; MDCK, Madin-Darby Canine Kidney; 
ns, non-significant. *p < 0.05 vs. vehicle.
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Fig. 6. Schematic of the proposed mechanisms for H2S-mediated primary cilia elongation. The biological production of H2S in the kidney is 
mediated by the transsulfuration pathway. CSE and CBS generate H2S by using L-cysteine and homocysteine as substrates. PAG and CBS are inhibitor 
of CSE and CBS respectively, and NaHS is the exogenous H2S donor. H2S elongates primary cilia by activating ERK with concomitant upregulation of 
Sec10 and Arl13b. H2S, hydrogen sulfide; CBS cystathionine β-synthase; CSE, cystathionine γ-lyase; HA, hydroxylamine; PAG, propargylglycine.

Fig. 5. Effect of H2S on the primary cilia elongation and recovery of kidney after ischemia/reperfusion injury. Mice were subjected to either 30 
min of bilateral renal ischemia or sham surgery. Mice were treated daily with NaHS (500 μg/kg BW), PAG (50 mg/kg BW) or vehicle (0.9% saline) begin-
ning 2 days after surgery. (A) Eight days after ischemia, kidney sections were subjected to immunofluorescent staining using anti-acetylated α-tubulin 
(green) and aquaporin 1 (AQP-1, red) antibodies. Pictures were obtained from the outer medulla. Average length of primary cilia (B), frequency of 
primary cilia length (C), and the ratio of primary cilia to proximal tubular cell nuclei (D) were measured as described in the Methods. Results were ex-
pressed as the means ± SEM (n = 6). H2S, hydrogen sulfide; BW, body weight; PAG, propargylglycine. *p < 0.05 vs. their respective vehicle-treated sham 
on the same day. †p < 0.05 vs. vehicle-treated ischemia on the same day.

A

B C D



600

https://doi.org/10.4196/kjpp.2021.25.6.593Korean J Physiol Pharmacol 2021;25(6):593-601

Han SJ et al

impossible to dissect the cause-and-effect relationship and it is 
hard to rule out other diverse compensatory effects. Moreover, 
there are multiple cell types and organ systems being affected by 
exogenous changes including renal tubular cells, endothelial cells, 
and leukocytes. In normal conditions, tissues and cells maintain 
homeostasis, but in pathological conditions such as ischemic in-
jury, they lose the ability to maintain homeostasis. In this study, 
NaHS did not affect primary cilia length in sham kidneys. How-
ever, NaHS treatment elongated primary cilia during the recovery 
phase of ischemic kidney injury. We speculate that these discrep-
ancies may be due to the inherent differences between physiologi-
cal and pathological conditions.

Many different ciliary proteins are involved in regulating pri-
mary cilia. Sec10 is a central member of the exocyst trafficking 
complex which also includes Sec3, Sec5, Sec6, Sec8, Sec15, Exo70, 
and Exo84. Sec10-regulated trafficking is essential for establish-
ing cell polarity [33]. In a previous study, we reported that Sec10 
knockdown inhibited ciliogenesis and elongation of primary 
cilia in MDCK cells, whereas Sec10 over-expression increased 
ciliogenesis and cilia length. These results indicate that Sec10 is 
critical factor for ciliogenesis [10]. Finally, we showed that Sec10 
overexpression protected MDCK cells from injury with H2O2 
in a MAPK-dependent manner [34]. In the present study, NaHS 
increased Sec10 expression and accelerated the elongation of pri-
mary cilia, whereas PAG and HA suppressed these effects. Other 
studies have reported that H2S activates ERK in human colon 
cancer cells [17], aorta smooth muscle cells [35], and neuronal 
stem cells [36]. We reported previously that inactivation of ERK 
suppressed elongation of primary cilia and restoration of cell 
polarity in kidney tubule cells after ischemic kidney injury [9]. 
These findings indicate that ERK activation accelerates elonga-
tion of primary cilia in mouse kidney tubule cells. In the present 
study, we found that ERK inactivation shortened primary cilia in 
MDCK cells, and administration of NaHS induced ERK activa-
tion and primary cilia elongation and increased Sec10 significant-
ly more than in the U0126-treated group. ERK phosphorylation 
is one of the earliest MAPKs induced after renal IR injury and 
drug treatment. ERK is phosphorylated within 10 min of reper-
fusion and drops to intermediate values between 2 and 4 h after 
reperfusion [37]. So, in the present study, 8 days after reperfusion 
would not be proper time point to analyze ERK phosphorylation 
induced by ischemic injury or NaHS administration.

In conclusion, our present results suggest that H2S accelerates 
elongation of primary cilia by activating ERK and up-regulating 
Sec10 and Arl13b. This suggests that H2S is a novel target for the 
regulation of primary cilia in kidney tubule cells, and a potential 
regulator for modulating changes in primary cilia-associated ge-
netic and non-genetic kidney disease.
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