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Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common life-
threatening monogenic hereditary renal diseases and is mainly caused by mutations in two 
genes, Pkd1 (85% of all ADPKD cases) and Pkd2 (15% of cases), which encode polycystin-1 
(PC-1) and polycystin-2 (PC-2) [1, 2]. With the progressive increase of bilateral renal cysts, 
5-10% patients exhibit a decline in kidney function leading to chronic kidney disease (CKD) 
[3]. In addition, approximately 50% of polycystic kidney disease (PKD) patients develop 
end-stage renal disease (ESRD) in the 3rd and 4th decade of life within 5–10 years of the 

become necessary when PKD has progressed to ESRD. Despite the severity and incidence 
of ADPKD, there unfortunately remains a lack of effective therapeutic methods to slow the 
progression from PKD to ESRD. Over the past decade, the proportion of patients hospitalized 

drug targets todecrease or halt the progression of cyst development and thus slow the 
deterioration of renal functional and prevent the development of ESRD is of tremendous 
importance.

The principal pathological manifestations of PKD include 1) excessive cell proliferation 

(ECM)composition and deposition. Pathological manifestations of ADPKD also include extra-
renal cyst formation in the liver and pancreas, aneurysms and vascular abnormalities [4, 
5]. The enlargement of renal cysts and abnormal changes in ECM ultimately cause renal 

unclear. 
Studies with animal models or patients suggest that the dysregulation of two 

monophosphate (cAMP), are the most important driving factors in the pathogenesis of 
PKD. Previous evidence has demonstrated that cAMP-PKA signals play a central role in cyst 

 

8-Br-cAMP is commonly used to probe the mechanism of cAMP-PKA-dependent stimulation. 
Treatment of embryonic kidney explants from Pkd1 mutant mice with 8-Br-cAMP results 
in tubular dilation [8]. The cAMP-PKA activated extracellular signal-regulated kinase 1/2 
(ERK1/2) pathway has been implicated in the proliferative response of primary cells derived 
from polycystic renal tissue, but inhibits proliferation in cells derived from healthy human 
kidneys [11, 12]. The cAMP-PKA pathway can promote cell proliferation by stimulating the 
Ras/B-Raf/MEK1/ERK1/2 pathway in decreased intracellular calcium circumstances in 
ADPKD. Utilizing forskolin-treated Madin-Darby canine kidney (MDCK) cells, a classic in 
vitro model of renal cysts was created. MDCK cells form hollow cysts in a three-dimensional 
collagen matrix and tubulate in response to hepatocyte growth factor, which increases the 
levels of active ERK1/2.

At present, most studies focus on the role of cAMP-PKA signals on cell proliferation and 

renal dysfunction in ADPKD and will lead to ESRD, the role of the cAMP-PKA pathway in 
interstitial lesions of ADPKD remains poorly understood.

In a number of in vivo 

is a crucial regulator of ECM neosynthesis, as it controls the expression of ECM network 
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ECM proteins. 

Therefore, in this study we used the MDCK cell model, an embryonic kidney cyst model 
and a Pkd1
signaling. Meanwhile, we further explored the function of the cAMP-PKA pathway in ECM 

Studies of the pharmacologic modulation of these two pathways would help identify a novel 

Ethics statement
This study was carried out in strict accordance with the recommendations of the Guide for the Care 

and Use of Laboratory Animals of the Chinese Association for Laboratory Animal Science. All animal care 

Every effort was made to minimize animal suffering.

Pkd1/Ksp-Cre mouse model of ADPKD

in vivo PKD model. 

Research.

Embryonic kidney cyst model
Mouse embryonic kidneys at embryonic day 13.5 (E13.5) were dissected and placed on transparent 

mlprostaglandin E, 32 pg/ml T3, 250 U/ml penicillin, 250 mg/ml streptomycin, and 100 mM 8-Br-cAMP. 

Materials

were each dissolved in 100% DMSO to prepare 100 mM stock solutions and were stored at -20°C. The 

were purchased from Calbiochem. Dimethylsulfoxide (DMSO) was purchased from Sigma (St. Louis, MO). 
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non-phosphorylated p38, Smad3 and against phosphorylated Smad2 were purchased from Cell Signaling 

against E-cadherin were purchased from Bioworld. Goat anti-rabbit IgG, goat anti-mouse IgG and rabbit 
anti-goat IgG were purchased from Santa Cruz Biotechnology. BCA reagents were from Pierce (Rockford, IL). 

Cell culture

Western blot analysis
Tissues or cells were homogenized in RIPA lysis buffer containing protease inhibitor cocktail (Roche). 

measured by BCA assay (Pierce) and size separated by sodium dodecyl sulfate–polyacrylamide gel 

Smad3 (Cell Signaling Technology), Smad2 (Invitrogen), E-cadherin (Bioworld). Goat anti-rabbit IgG, goat 
anti-mouse IgG and rabbit anti-goat IgG (Santa Cruz) were added and the blots were developed with ECL 
plus kit (Amersham Biosciences).

Statistical analyses
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were used as an in vivo

early progression of PKD.

proteins in embryonic kidney cysts and MDCK cells

, 

were up-regulated in Pkd1
 mice. Kidneys of 

Pkd1  mice and Pkd1+/+

Ksp-Cre mice were collected 
at different ages (days1, 3, 

were detected by Western 
blot analysis. Representati-
ve blotting (upper left) and 

-
vels (lower and upper right) 

.
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embryonic kidney cysts. Thus, cAMP-PKA signaling may be involved in promoting interstitial 

between phosphorylated and nonphosphorylated Smad2, Smad3, ERK1/2, and p38. In 

expression observed in MDCK cells.

Fig. 2. cAMP-PKA signaling 
up-regulated the expression 

-
gen type I. 8-Br-cAMP-treated 

day and the control group (A). 

and collagen type I were tested 
(B). Cells (C) were treated with 

-

for 1 h). Western blotting was 
performed to test the expres-

collagen type I. Representative 
-

on of protein levels (right) are 

-
ted group. 
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signaling pathway modulates the phosphorylation of Smad2, Smad3, ERK1/2 and p38 caused 

Fig. 3.

ERK (A) and p38 (A) phosphorylation levels were detected by Western blot analysis. The function of forsko-

-
pression of phosphorylated and nonphosphorylated Smad2, Smad3, ERK1/2, p38 proteins. Representative 
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Smad2, Smad3 and p38 pathways is mainly involved in the inhibitory effect of the cAMP-PKA 

activating Smad3, we then tested the effect of forskolin on the phosphorylation of Smad2 

Fig. 4. The effect of cAMP-PKA 
and ERK/p38 inhibitor on the 

-induced expression of 

MDCK cells were pre-treated 
with forskolin in the presence or 

-
tive kinase -inhibitors ERK1/2 

(10 ng/mL) for 24 h. The expres-
-

gen type I were detected by Wes-
tern blot analysis. Representative 

-
-

wer and upper right) are shown. 
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not activated by forskolin within 120 min. These activation of Smad2was reversed in the 

Fig. 5.

-
treatment for 30 min). The Smad2 phosphorylation level was detected. Representative blotting (left) and 
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pathway. Taken together, these results may indicate that cAMP-PKA signaling can promote 

pathways.

Fig. 6. -
duced EMT in MDCK 
cells. MDCK cells were 

-
ce, serum deprived 
for 24 h, and then 
treated with vehicle 

ml) for 24 or 48 h. A 
microscope was used 
to take pictures of 
morphological chan-
ges between control 

-treated 
MDCK cells at 24 h or 

and E-cadherin were 
detected by Western 
blot analysis (B). 

-

ml)-treated MDCK 
cells (C). Representa-
tive blotting (upper 

-
tion of protein levels 
(lower and upper 
right) are shown. 

-
rol. 

http://dx.doi.org/10.1159%2F000430160


Cell Physiol Biochem 2015;36:1911-1927
DOI: 10.1159/000430160
Published online: July 17, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1921

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

E-cadherin, a classic epithelial cell marker, is a membrane-bound protein involved in cell-cell 

The pathogenesis of ADPKD consists of two important stages [3]. In the initial stage, 

progressive stage, these cysts gradually increase in number and size over time, accompanied 

Pkd2 mutations [18]. Cyst-lining epithelial cells exhibit increased nuclear staining for 

downstream effectors are highly expressed in cystic epithelium. Liu et al. [21] demonstrate 
the deletion of the Pkd1 gene can increase the reactivity of phosphorylated smad2/3 and 

Fig. 7.
-

-

http://dx.doi.org/10.1159%2F000430160


Cell Physiol Biochem 2015;36:1911-1927
DOI: 10.1159/000430160
Published online: July 17, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1922

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

also utilized an embryonic kidney cyst model, which is widely used as at tissue model in 
PKD correlative investigations, because the activation of the cAMP-PKA pathway by 8-Br-
cAMP can obviously promote the formation and growth of cysts derived from embryonic 

all progressive CKD. It is a relatively uniform response involving glomerulosclerosis, 

tissue and paralyze normal kidney function. In ADPKD, reducted PC-1 or PC-2 expression is 
thought to cause incomplete cellular differentiation and the aberrant expression of proteins, 
including ECM molecules. ADPKD renal cysts originate from the epithelia of the nephrons 
and collecting ducts. 

therefore, MDCK cells are widely used as the cell model in PKD correlative investigations, 
including signaling pathways analysis. Thus, to clarify the role of cAMP-PKA, we also used 

can conclude that in normal MDCK cells and embryonic kidney cysts, cAMP-PKA signaling 

in early stages of ADPKD.
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suppressing this pathway, despite the fact that cAMP elevation stimulated ERK1/2 activation 

ERK1/2 pathway in ADPKD. Our results revealed that the ERK1/2 pathway also plays a 

result is consistent with a previous report in which cAMP-elevating agents inhibited the 

signaling pathway in alveolar epithelial cells

cAMP-PKA signaling pathway may play a role in inhibiting this process.

we do not know the exact mechanisms by which forskolin suppressed the synthesis of only 

negatively regulate the phosphorylation of Smad3. Other possible causes might involve 

Smad3 phosphorylation, but still cannot be inhibited by forskolin (data not shown).

Smad2/3 forms a heteromeric complex with Smad4 and translocates to the nucleus to induce 

it also can increase cancer cell motility in the progression of epithelial ovarian cancer [44]. In 
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intense debate, increasing evidence suggests that EMT is one of the mechanisms contributing 

for smooth muscle [25], suggesting that EMT is a pathogenetic factor in ADPKD. With regard 

ADPKD, and it is highly likely that the enlarged cyst stretched tubular cells that would secrete 

vascular 
 and other functions in most cells. We also found transforming growth factor 

beta regulator 1 (TBRG1), a growth inhibitory protein induced in cells undergoing arrest in 

Cre mice than in matched wild type mice on the 1st day after birth in our proteomics study 

In conclusion, cAMP-PKA played the role of a double-edged sword in ADPKD interstitial 

of new therapeutic strategies for retarding ADPKD. 
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Camp stimulates the in vitro proliferation of renal cyst epithelial cells by activating the extracellular signal-

2151.

http://dx.doi.org/10.1159%2F000430160


Cell Physiol Biochem 2015;36:1911-1927
DOI: 10.1159/000430160
Published online: July 17, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1926

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

845.

factor-beta (tgf-beta)-mediated connective tissue growth factor (ctgf) expression in hepatic stellate cells 

allows camp activation of the b-raf/erk pathway, switching cells to a camp-dependent growth-stimulated 

synthesis via inhibition of extracellular signal-regulated kinase 1/2 and smad signaling in cardiac 
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