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CHAPTER 1

SHEAR STRESS AND MECHANOTRANSDUCTION

Mechanotransduction is the cellular biochemical response to mechanical or physical forces, 
like pressure, fluid shear stress, drag force/torque, mechanical load and circumferential 
stretch1. Not only is this mechanism important for hearing, touch experience and balance 
in animals, but cellular mechanotransduction plays a crucial role in embryonic and tissue 
development, as well as cell viability, cellular function and maintenance of organs2-6. A 
wide variety of cells types are exposed to different mechanical forces, which are detected 
by specialized mechano-sensors, thereby regulating the cellular response. The most well-
known mechanical force is fluid shear stress on endothelial cells by blood flow7,8. The first 
publications of mechanical shear stress responses in endothelial cells were from the early 
1980s and fluid flow exposure studies in osteoblasts followed roughly 10 years later9,10. 
Research on fluid flow in regulating ion, nutrients and water reabsorption in kidney epithelial 
cells was initially started in the 1960s using microperfusion techniques on renal proximal 
tubules11-16. However, it took until the beginning of this century before mechanotransduction 
in renal epithelial cells was receiving more attention. These studies show intracellular Ca2+ 
increase and morphology changes in renal epithelial cells upon shear exposure17-19. 
Several organs are subject to variations in fluid flow rate in response to physiological stimuli, 
which could be detected by mechano-sensing proteins or complexes. In kidneys, renal 
epithelial cells are exposed to mechanical forces due to fluid flow within the lumen of the 
nephron tubules (Figure 1). Urinary volume, diet and diuretics will expose the renal epithelial 
cells to variations in hydrodynamic forces including fluid shear stress, circumferential 
stretch, and drag force20. Several papers describe a relatively steady flow velocity and shear 
stress in renal epithelial cells in a physiological range between 0.05 - 1 dyn/cm2, where 
proximal tubular epithelial cells (PTECs) experience the highest range of shear stress18,21-24. 
This is far lower than the shear stress experienced by endothelial cells caused by blood 
flow2. In addition, strong oscillatory flow conditions, which are seen in the vasculature, are 
not expected in nephrons, because the oscillations caused by the heartbeat are almost 
diminished in capillaries, like the glomerulus. Furthermore, renal auto-regulation and in 
particular tubuloglomerular feedback (TGF) are mechanisms to regulate renal blood flow 
and glomerular filtration rate (GFR) during changes in renal blood pressure, thereby keeping 
GFR stable and oscillations small25,26. Nevertheless, it is well known that high blood pressure 
or diabetes can cause renal hyperfiltration, resulting in a higher GFR, thereby increasing the 
shear stress in nephron segments. In addition, strong variations in hydrodynamic forces and 
shear stress are common in various kidney diseases due to tubular dilation, inflammation 
and obstruction, resulting in hyperfiltration in functional nephrons to compensate for lost 
glomeruli and tubules27. Depending on the cell type and the magnitude of the hydrodynamic 
forces, different responses will be activated and mutations in critical components may cause 
or accelerate kidney diseases28. 
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MECHANO-SENSING COMPLEXES IN THE KIDNEY

Fundamental in flow-sensing are a variety of proteins, called mechano-sensors, which are 
located throughout the cell membrane, primary cilium/ciliary base and the cytoskeleton. 
These include ion channels, G-protein coupled receptors (GPCRs), adherens junction 
proteins, focal adhesion proteins, components of the actin cytoskeleton, but also the 
glycocalyx and lipid rafts can act as mechano-sensing complexes to shear stress30-32. Activation 
of aforementioned sensors upon shear stress leads to alteration of cellular signaling. In the 
kidney, the primary cilium is the most extensively studied structure involved in flow-sensing, 
but it is likely that microvilli and the glycocalyx are involved as well21,33,34. These cellular 

Figure 1. Structure of the nephron. 

Blood enters the glomerulus from the afferent arteriole. A scanning electron microscope picture shows the glomer-

ular structure at the top left. In the glomerulus, water, salt, nutrients and waste is filtered from the blood and is 

collected in the Bowman’s capsule. From there the filtrate flows through the renal tubules, starting at the proximal 

tubule, where water, nutrient and salt molecules are reabsorbed and secreted to the efferent arterioles. Additional 

waste substances are excreted in the filtrate, including urea, creatinine, uric acid, potassium and hydrogen. The 

loop of Henle has the function to create a concentration gradient in the kidney medulla to reabsorb water from 

the filtrate and concentrate the filtrate. In the collecting duct the filtrate of several nephrons is collected. Image 

from Campbell et al.29
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structures are present in proximal tubular epithelial cells (Figure 2). In contrast, collecting 
duct cells are devoid of microvilli and dependent on the primary cilium, glycocalyx and other 
flow-sensing complexes in the cell membrane or cytoskeleton21,35.

Figure 2. Mechano-sensing structures of a proximal tubular epithelial cell (PTEC). 

There are 3 main structures involved in shear stress mediated mechanotransduction in PTECs: primary cilia, mi-

crovilli and the glycocalyx. Bending of cilia or microvilli by shear stress may activate mechano-sensing proteins, 

thereby modifying several cellular processes, including activation of Ca2+ and other ion transporters, cytoskeletal 

remodeling, endocytosis, and gene transcription. The glycocalyx may increase the frictional force of the fluid to am-

plify the bending of microvilli. Mechanical stretch can cause stimulation of stretch activated calcium channels and 

cytoskeletal reorganization, resulting in modulation of gene and protein expression. Image from Raghavan et al.34
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Primary cilia
The primary cilium is a hair-like structure that protrudes from the cell membrane of almost 
every cell in the body6. It is reabsorbed during cell division and re-assembled when the cell 
exits mitosis. Immotile primary cilia can act as chemical sensor or bend under fluid flow, 
which mediates a cellular response and are therefore called sensory cilia. In contrast, motile 
cilia contain motor proteins to generate cilia movement and thereby creating a fluid current, 
which is crucial during embryonic development for left-right asymmetry36. The central 
axoneme of primary cilia is assembled from 9 + 0 microtubule doublets by anterograde 
intraflagellar transport (Figure 3). Motile cilia have a 9 + 2 axoneme, with an extra central 
pair of microtubules37. Several proteins are involved in ciliary trafficking, including dynein, 
kinesin, Bardet-Biedl syndrome (BBS) proteins and intraflagellar transport (IFT) proteins. 
Mutations in any of the proteins can impair cilia formation and function. This can have 
profound effects on the development of body pattern and the physiology of multiple organ 
systems, which is the cause of a wide variety of human diseases, called ciliopathies5,38,39. 

The primary cilium plays an essential role as mechano-sensing complex upon fluid shear, 
which regulates cellular signaling and homeostasis. Fluid shear regulated signaling by 
cilia will be discussed in more detail in later paragraphs. In addition, primary cilia act as 
a signaling platform for growth factor signaling. Ligands in the lumen of nephron tubules 
can bind to their receptors, inducing cellular responses through downstream signaling 
pathways, for instance affecting the Wnt, hedgehog (Hh), epidermal growth factor receptor 
(EGFR) and transforming growth factor β (TGF-β) pathways37,38. Although not exclusively, 
receptors involved in these pathways have been identified in the cilium of several cell 
types, including renal epithelial cells, suggesting that different signaling cascades are being 
regulated by this organelle37,38,40-42. For example, TGF-β signaling is mediated via clathrin-
dependent endocytosis at the ciliary pocket42. The ciliary pocket is membrane domain found 
at the base of primary cilia that may act as platform involved in vesicle trafficking and signal 
transduction43. The aforementioned data indicate that primary cilia are essential signaling 
platforms that can sense and organize different environmental cues, and transmit the signals 
to the cell interior. Gene expression, protein activation and overall cellular physiology will be 
an integration of the different signals, triggered by fluid shear stress and by growth factor 
stimulation.

Microvilli
Proximal tubular epithelial cells have numerous (up to a few thousand) microvilli at the apical 
surface of the cell. Microvilli are actin filament-based protrusions of the cell membrane that 
increase the cell surface area and frictional force of fluid, thereby functioning in absorption, 
secretion, cell adhesion and mechanotransduction44. It has been suggested that brush 
border microvilli in PTECs are important in mechano-sensing, since drag forces on microvilli 
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Figure 3. Primary cilium structure and assembly. 

Illustration of the primary cilium structure, showing the basal body (BB), the transition zone, the ciliary pocket 

(CiPo) and the 9 + 0 microtubule (MT) doublets forming the axoneme. The axoneme is assembled by anterograde 

intraflagellar transport (IFT), executed by several IFT complexes, kinesin, and dynein. These protein complexes also 

play a role in transport of transmembrane receptor proteins, thereby facilitating growth factor signaling. Abbrevia-

tions: BB = basal body; BBS = the BBSome (complex of eight Bardet-Biedl syndrome proteins); CiPo = ciliary pocket; 

IFT = intraflagellar transport; MT = microtubules. Image from Pedersen et al.37 
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are much greater than on the apical membrane of PTECs21,45. Studies show that sodium 
transport and water reabsorption is increased upon shear stress mediated bending of 
microvilli in PTECs46,47. There is only one known inherited disorder affecting apical microvilli 
assembly, called microvillus inclusion disease (MVID). It is caused by mutations in the 
MYO5B gene, which is involved in membrane trafficking of apical and basolateral proteins 
causing impaired microvillus assembly48. Patients suffer from diarrhea and dehydration, 
likely caused by lack of water reabsorption in the intestine. 

Glycocalyx 
The glycocalyx is a layer of glycoproteins, glycolipids and proteoglycans at the surface of the 
cell and on the outside of microvilli in PTECs. It is involved in binding substances needed for 
uptake or as protection against harmful substances. In the kidney, the glycocalyx can act 
as barrier during glomerular filtration, preventing large proteins, like albumin, to pass the 
glomerular barrier49. In several vascular diseases, including atherosclerosis, the glycocalyx is 
degraded by digesting enzymes, as well as in patients with diabetes and kidney diseases49,50. 
The glycocalyx is known to play a fundamental role in mechanotransduction in endothelial 
cells due to its characteristic to increase the frictional force of fluid51,52. The glycocalyx is 
connected to the actin cytoskeleton inside the vascular endothelial cell. It bends upon blood 
flow exposure and transduces this force to the cytoskeleton to activate mechano-sensors and 
control endothelial cell function34. Shear induced nitric oxide (NO) production is dependent 
on heparin sulfate or hyaluronan groups in the endothelial glycocalyx53. However, it has 
barely been studied in renal epithelial cells as shear stress sensor. One study indicates that 
treatment of PTECs with the glycocalyx-digesting enzyme heparinase III did not modulate 
shear stress induced formation of adherens and tight-junction, while microvilli disruption 
did54. Nevertheless, it is likely that the glycocalyx can amplify the frictional force on the cell 
membrane of renal epithelial cells, as well as the bending moment of microvilli in PTECs, 
which may be important for other shear stress responses in the kidney.

SHEAR STRESS REGULATED SIGNALING IN THE KIDNEY

Renal epithelial cells are constantly exposed to fluid shear, which is needed to maintain 
cellular function and homeostasis. One of the main functions of renal epithelial cells is 
regulation of ion, nutrient and water reabsorption, which is regulated by fluid shear11-16,46,47. 

Although there are fluctuations in glomerular filtration rate and shear stress, proximal 
tubular epithelial cells are still capable to reabsorb 65-80% of water, ions and nutrients from 
the nephron lumen, which is needed to maintain the glomerulotubular balance55. The role of 
mechano-sensation in this process was demonstrated in a study showing increased Na+ and 
HCO3

- reabsorption by shear stress in proximal tubular epithelial cells56. In addition, several 
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other signaling pathways and processes are modulated by shear stress in renal epithelial 
cells, including mTOR, STAT6/p100, Wnt, MAPK and TGF-β signaling, as well as endocytosis, 
cytoskeletal reorganization and Ca2+ influx17,23,24,54,57-70. 

Calcium and cAMP signaling
One of the first responses of renal epithelial cells to the onset of fluid flow is increased 
intracellular Ca2+ levels, which modulates several signaling cascades, including cyclic 
AMP (cAMP) signaling17,66,71. In addition, literature suggests that the ciliary polycystin1-2 
complex, which is mutated in polycystic kidney disease (PKD), mediates fluid flow induced 
Ca2+ influx in kidney cells, followed by release of ryanodine receptors sensitive Ca2+ stores 
and subsequent cytosolic Ca2+ increase67. In models for PKD, inactivation of the polycystin 
complex causes lower intracellular Ca2+ levels, resulting in increased cAMP signaling, which 
induces MAPK/ERK mediated cell proliferation and trans-epithelial fluid secretion71-73. 
More recent studies showed that ciliary Ca2+ influx is regulated by homologous polycystin-
like complexes (Pkd1l2 and Pkd2l1), whereas the polycystin1-2 complex was not directly 
involved68,69. However, the same researchers showed that fluid flow induced Ca2+ influx 
originates from the cell body after 10-20 sec of flow stimulation, which initiates a Ca2+ wave 
in the cytoplasm and propagates later into the primary cilium70. They concluded that ciliary 
Ca2+ influx was not directly mediated by mechano-sensation of cilia. Another group showed 
that trans-epithelial Ca2+ transport is increased by fluid shear in ciliated distal convoluted 
and connecting tubule cells via the apical TRPV5 channel74. They suggest that is fluid shear 
induced Ca2+ transport is mediated via increased TRPV5 and NCX1 channel expression, 
which is decreased upon cilia removal. However, other mechano-sensing complexes may 
be involved that are independent of primary cilia, since Ca2+ transport was lower but still 
present after cilia ablation. Despite numerous hypotheses about fluid shear mediated Ca2+ 

signaling and the relevance for development and disease, the mechanism how fluid shear 
stress regulates Ca2+ signaling is not entirely clear and still under debate, whereas the direct 
involvement of cilia and the polycystins is being criticized33,68-70,75,76.

mTOR signaling
Renal epithelial cell-size is regulated by mTOR (Mechanistic Target Of Rapamycin) signaling, 
which is altered by primary cilia dependent shear stress sensing77,78. Several upstream signals 
and cellular stress factors can alter mTOR signaling, including growth factors, hypoxia, 
osmotic stress, energy and nutrient deprivation79. The mTOR complexes can modify several 
processes involved in transcription, translation, autophagy and cell volume control. mTOR 
signaling is also inhibited by fluid shear via LKB1-mediated AMPK activation59,60,77. These 
signal transducers can activate autophagy and thereby control the epithelial cell volume80. 
Defects in ciliogenesis decrease autophagy, showing the importance of cilia in the regulation 
of cell size78. Folliculin is suggested to be required for LKB1 mediated AMPK activation, 
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although it still remains unclear how fluid shear bending of the cilium activates Folliculin or 
downstream LKB1 and AMPK60.

TGF-β signaling
The Transforming Growth Factor-β (TGF-β) superfamily proteins are multifunctional 
cytokines, including TGF-β’s, activins and bone morphogenetic proteins (BMPs). TGF-β 
signaling modulates cell proliferation, differentiation, apoptosis, cell migration, cell 
adhesion and is believed to play a crucial role in fibrotic deposition81, which is a hallmark 
of several diseases, like polycystic kidney disease82. TGF-β, as well as Activin and Nodal, 
binds to a pair of serine/threonine kinase transmembrane receptors, that mediate the 
phosphorylation of SMAD2 and 3 (Figure 4). These activated SMAD proteins, p-SMAD2 and 
3, form a complex with SMAD4 and can enter the nucleus. Activity of SMAD transcription 
factors can be modulated by several co-factors, like yes-associated protein (YAP), to regulate 
the transcription of various genes, including plasminogen activator inhibitor type 1 (Pai1 
or Serpine1), fibronectin (Fn1), collagen type 1 alpha 1(Col1a1)83,84. Canonical (SMAD2/3) 
TGF-β signaling can interact with the non-canonical (MAPK/ERK) TGF-β pathways at different 
levels85. A direct link between TGF-β and MAPK/ERK signaling is the phosphorylation of ShcA 
by the activated TGF-β receptor complex86. ShcA competes with SMAD2/3 for binding to the 
TGF-β receptor, and stabilizes the TGF-β receptor complexes in caveolae, where it activates 
MAPK/ERK signaling87. Consequently, reduced ShcA expression results in increased levels of 
TGF-β receptor complexes in clathrin-coated pits, leading to enhanced SMAD2/3 activation. 
In addition, activated ERK1/2 can phosphorylate regulatory SMADs (R-SMAD) as well 
SMAD2/3 linker region, which modulate transcriptional activity of the SMAD complex88,89 
(Figure 4). 

TGF-β signaling is involved in epithelial-to-mesenchymal transition (EMT), which is important 
during development and tissue repair, but it contributes to fibrosis and metastasis of 
several cancers90. Because of the multiple interactions between TGF-β signaling, MAPK/ERK 
and other cascades, the integration of these pathways is complex and biological context 
dependent. 

In embryonic endothelial cells, shear stress mediated TGF-β/ALK5 signaling induced 
endothelial-to-mesenchymal transition, depending on the strength of shear and presence 
or absence of a cilia91,92. Similarly, in renal epithelial cells fluid shear stress dynamically 
regulated TGF-β gene expression and SMAD3 activation, depending on the magnitude of 
fluid shear, i.e. physiological versus pathological, and depending on ERK activation and 
NOTCH4 expression23,24,47. Moreover, several studies demonstrated that hypertension and 
pathological shear can induce TGF-β signaling and fibrosis, which is observed in a broad 
range of diseases, including renal diseases93-98. 



16

CHAPTER 1

Other shear regulated responses
Several studies report increased expression and reorganization of cytoskeletal components, 
cell adhesion and tight junction molecules under physiological shear stress, which is needed 
for differentiation and polarization of renal epithelial cells18,54,99,100. In contrast, another study 
showed loss of renal epithelial cell morphology during high levels of pathological shear stress 
(5 dyn/cm2)101. Endocytosis was increased by fluid shear in proximal tubular epithelial cells 
as well34,64,102. Flow-induced endocytosis is mediated via cilium dependent Ca2+ increase, 
and subsequent calmodulin mediated activation of Cdc4265. Endocytosis is important for 
protein uptake and receptor internalization of several signaling pathways, indicating the 
importance of shear regulated endocytosis. Another cilia-dependent signaling cascade 

Figure 4. Representation of the TGF-β signaling pathway. 

Activin or TGF-β ligands bind to their respective receptors, thereby recruiting and activating co-receptors, ALK4 

(ACVRI) and ALK5 (TGFBRI), which can phosphorylate SMAD2/3 transcription factors. Activated SMAD2/3 proteins 

form a complex with SMAD4, which can enter the nucleus and thereby inducing target gene expression. The ALK5 

receptor can also induce MEK1/2 and ERK1/2 phosphorylation via ShcA. Activated ERK1/2 can modulate tran-

scriptional activity of the SMAD complex by cytoplasmic or nuclear SMAD retention. Several other proteins or 

compounds can modulate or inhibit TGF-β signaling (red lines).
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affected by fluid flow is the canonical Wnt-signaling pathway, which is restrained by fluid-
flow induced ciliary signaling in favor of non-canonical Wnt signaling58. This suggests that 
fluid flow act as central switch of canonical to non-canonical Wnt signaling, which may be 
important for normal kidney development and homeostasis. Finally, STAT6/p100-regulated 
transcription is negatively regulated upon flow-induced bending of the cilium, independent 
from flow-induced Ca2+ influx61. The numerous cellular processes and signaling pathways 
that are modulated by shear stress in renal epithelial cells demonstrate the importance of 
shear stress sensing for cellular homeostasis.
 

RENAL DISEASES ASSOCIATED TO SHEAR STRESS

Defects in shear stress sensing and mechanotransduction have been associated with various 
diseases, including diseases affecting cilia formation and function, called ciliopathies5,38,39. 
In kidneys, several physiological stimuli will expose renal epithelial cells to fluctuations in 
hydrodynamic forces, including fluid shear stress20. Depending on the cell type and the 
magnitude of the hydrodynamic forces, different responses will be activated and mutations 
in critical components may modulate, accelerate or cause (kidney) diseases28. In addition, 
strong variations in shear and other hydrodynamic forces are common in various kidney 
diseases due to tubular dilation, obstruction and hyperfiltration, which occur in functional 
nephrons to compensate for lost glomeruli and tubules, with diabetic nephropathy and 
Polycystic Kidney Disease as the most common examples27. Renal shear stress is increased 
after unilateral nephrectomy as well103,104, which accelerates cyst formation in Ift88-/- and Pkd1-

/- mouse models105,106, indicating the role of shear in a ciliopathy and autosomal dominant 
polycystic kidney disease (ADPKD) model. Additionally, long-term high shear exposure may 
contribute to fibrotic deposition and tubulointerstitial lesions, which is commonly seen in 
renal epithelial cells upon pathological shear exposure, after renal mass reduction or during 
progression of renal diseases19,47,107,108. 

Ciliopathies
The ciliopathies are a wide range of genetic disorders caused by mutations in genes encoding 
ciliary proteins, which impair cilia formation or function5,38,39. Currently, there are 187 human 
genes associated to 35 ciliopathies, although the numbers are still rising because of the 
large quantity of genes involved in ciliary assembly and function109. Renal cyst formation is 
common clinical feature occurring in many ciliopathies. Autosomal dominant and autosomal 
recessive PKD are ciliopathies as well, since the affected proteins, polycystins (PKD1 and 
PKD2) and fibrocystin (PKHD1), localize in primary cilia110. Other ciliopathy phenotypes 
include polydactyly, hepatobiliary disease, mental retardation, retinal degeneration, skeletal 
abnormalities and situs inversus. 



18

CHAPTER 1

Nephronophthisis (NPHP) patients develop corticomedullary cysts and tubulointerstitial 
fibrosis, which resembles the ADPKD phenotype, but in NPHP patients the kidneys are not 
enlarged5. In many NPHP patients, renal cyst formation and loss of functional nephrons 
leads to end stage renal disease within the first three decades. NPHP is an autosomal 
recessive disorder caused by mutations in more than 20 genes, NPHP1-20 and NPHPL1111. 
Many of these gene mutations are classified as juvenile or adolescent NPHP, based on the 
age of onset, while NPHP2 (inversin), NPHP3, NPHP9 (NEK8) and NPHP18 (CEP83), can 
cause infantile NPHP. The NPHP proteins interact with several cell adhesion, cytoskeletal 
and ciliary proteins to regulate various cellular signaling. One of the interaction partners of 
nephrocystin-1 (NPHP1) is AHI1, which is mutated in Joubert syndrome patients. Mutations 
in nineteen other cilia related genes (BBS1-19) have been associated with Bardet-Biedl 
syndrome (BBS)112. The BBS proteins are located at the primary cilia, basal body and the 
BBSome, which is a complex of several BBS proteins. BBS proteins are involved in ciliary 
membrane assembly and intraflagellar transport (IFT), which is crucial for cilia formation113. 
Several other proteins involved in ciliary trafficking have been implicated in other ciliopathies 
as well, including IFT, kinesin and dynein proteins. For example, genetic mutations of IFT80 
and DYNC2H1 are the cause of Jeune syndrome (asphyxiating thoracic dysplasia)114. 

Oral-Facial-Digital Syndrome (OFD) is caused by mutations of the OFD1 gene, but several 
other causal genes are described as well115. The main clinical features of OFD are oral, facial 
and digital abnormalities, as its name already implies. In addition, polycystic kidneys are 
a common phenotype, as well as malformations of the central nervous system. Meckel 
syndrome (MKS) is a lethal autosomal recessive disorder leading to renal or respiratory 
failure. MKS1, 3-5 are identified as causative genes and are essential for centriole movement 
and ciliogenesis. Mutations in CC2D2A can also cause Meckel syndrome (MKS6 subtype) or 
Joubert syndrome, depending on type and location of the mutation or genetic modifiers109. 
This non-Mendelian type of inheritance is seen for various ciliopathy associated genes, 
likely caused by the multiple functions a gene/protein can have and the interactions with 
other proteins. The broad range of ciliopathy associated genes, as well as the disorder 
specific phenotypes and the overlapping clinical features between the ciliopathies, show 
the complexity and importance of the primary cilium function and its proposed role in 
mechanotransduction. 

Autosomal Dominant Polycystic Kidney Disease 
Autosomal dominant polycystic kidney disease (ADPKD) is a genetic disorder with a 
prevalence of 1:2,500 in European Union116. ADPKD is characterized by formation of many 
fluid-filled cysts and renal fibrosis, leading to deterioration or loss of renal function in 
adulthood117,118. Around 50% of the patients will develop end stage renal disease (ESRD) at 
the age around 55 years, requiring hemodialysis or renal replacement therapy119. In addition, 
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extra-renal manifestations are occurring as well, including cysts in the liver and pancreas, 
intracranial aneurisms, hypertension and cardiovascular abnormalities120.

Germline mutations in the Polycystic Kidney Disease-1 (PKD1) gene are the cause of ADPKD 
in around 85% of the patients, while 15% of the patients carry a mutation in the PKD2 
gene121,122. The PKD1 gene is located on chromosome 16 and has 46 exons, while there are 
several alternative splice variants described, including pathogenic splice variants123. PKD2 
is found on chromosome 4 and spans 15 exons. PKD1 and PKD2 genes encode polycystin-1 
(PC-1) and polycystin-2 (PC-2). Somatic mutations in the unaffected allele of PKD1 or 
PKD2 can initiate cyst formation, called “second hit”, but haploinsufficiency or stochastic 
fluctuations in gene expression can also lower PC-1 or PC-2 below critical levels124-128. Overall 
the probability of cyst formation is determined by functional polycystin protein levels and 
the biologic context129. For example, a number of studies indicate that renal injury can 
accelerate cyst progression and fibrosis130-133. In addition, the presence of existing cysts can 
trigger the formation of new cysts in the surrounding tissue106,129.

Polycystin-1 is a large 450 kDa receptor-like trans-membrane protein consisting of 4303 
amino acids, while polycystin-2 is much smaller with only 968 amino acids weighing 110 
kDa128,134. PC-1 consists of a small intracellular C-terminal tail, eleven trans-membrane 
domains and a large extracellular N-terminal domain. PC-2 has six trans-membrane domains 
and a C-terminal calcium binding motif135. The PC-1 and PC-2 proteins interact via the 
C-terminal tails and co-localize throughout the cell membrane of renal epithelial cells, at cell-
cell contacts, extracellular matrix (ECM) and primary cilia. PC-2 functions as a non-selective 
cation channel transporting Ca2+ in a complex with PC-167,136,137. At the plasma membrane 
and in cilia, polycystins interact with diverse (mechanosensory) ion channels, signal 
transducers as well as cell-cell and cell-extracellular matrix junctional proteins21,56,71,107,138,139. 
Therefore, the polycystins are thought to play a role in differentiation and maintenance 
of the cell structure, mechanical force transmission and mechanotransduction28,67,140. Lack 
of the polycystin complex in primary cilia impairs epithelial differentiation and may play a 
role in cyst formation141,142. Moreover, mutations or deletions of other ciliary proteins can 
cause renal cyst formation in mouse models and patients, indicating the role of cilia during 
cystogenesis39,143-146. However, the cellular mechanism of cyst formations, caused by loss of 
functional PC-1 or 2 protein levels and the involvement of cilia and shear stress is still not 
completely understood. 

What is known is that numerous signaling pathways are implicated in polycystic kidney 
disease, including mTOR, TGF-β, Wnt, Hippo, STAT, MAPK, PI3K-AKT, Hedgehog and 
cAMP signaling131,147-174. Remarkable is that several of these signaling pathways are being 
modulated by fluid shear as well, suggesting that implicated shear regulated signaling 
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may contribute to PKD. Increased mTOR signaling is suggested to be involved cell growth 
and proliferation, thereby accelerating cyst growth147,148. Activation of TGF-β signaling has 
been shown in several animal models for polycystic kidney disease and patient-derived 
tissues and is known to be involved in fibrosis, which is commonly seen in APDKD82,146,175. A 
recent study reports that Wnt/Ca2+ signaling is mediated by the polycystin complex, while 
canonical Wnt seems to be inhibited by polycystin-1176,177. Altered Wnt signaling is described 
in ADPKD models as well and is suggested to be involved in disoriented cell division, 
leading to cyst expansion131,160,178,179. Increased cAMP levels in ADPKD can activate MAPK/
ERK signaling leading to induced proliferation. Tolvaptan and Sorafenib inhibit cAMP and 
ERK dependent cyst progression in ADPKD models172,180. Although several treatments have 
been tested successfully in PKD mouse models, the efficacy in human patients is sometimes 
minimal or absent, which was published for several mTOR inhibitors152,181,182. Therefore, it 
has been suggested to combine therapies and target multiple signaling pathways affected 
in ADPKD174,183. For example, the natural herb curcumin can modulate multiple signaling 
cascades, including mTOR, Wnt and Stat3, and was shown to inhibit cyst formation in ADPKD 
mice162. Initial experiments using a combination of mTOR and/or cAMP inhibitors showed 
promising results to inhibit proliferation in ADPKD cells and mice, but additional research is 
needed to evaluate the efficacy in ADPKD patients184,185.

AIM AND OUTLINE OF THIS THESIS

The aim of this thesis is to study fluid shear stress regulated signaling in renal epithelial 
cells and the relevance for ADPKD. Since several signaling pathways are regulated by fluid 
shear and are implicated in APDKD as well, we expect that impaired shear stress signaling 
is contributing to the ADPKD phenotype. We will compare altered cellular signaling upon 
physiological and pathological relevant levels of shear stress. Furthermore, we will evaluate 
the role of cilia in the shear response, since the polycystins localize in this organelle and 
renal cyst formation is a common feature in several ciliopathies. In chapter 2-4 we analyze 
the cellular response of proximal tubular epithelial cells (PTECs) to fluid shear stress and 
the involvement of cilia and Pkd1 expression. In chapter 2 we focus on shear stress induced 
canonical TGF-β (SMAD2/3) signaling and the participation of MAPK/ERK signaling. We show 
that fluid shear induced activation of SMAD2/3 and epithelial-to-mesenchymal transition 
(EMT) processes are TGF-β/ALK5 dependent. The shear response in PTECs is modulated 
by Pkd1 gene disruption and MAPK/ERK signaling. However, cilia ablation does not reduce 
SMAD2/3 target gene expression, suggesting that other mechano-sensing structures are 
involved.
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In chapter 3 we investigate shear induced alterations of the transcriptome in proximal 
tubular epithelial cells, using RNA-sequencing. We describe several pathways that are 
altered by shear stress and we validate these changes by qPCR. Many of these pathways are 
modulated by TGF-β/ALK5 and MAPK/ERK signaling. The role of cilia during the shear stress 
response is evaluated as well. We show that cilia only have a minor contribution to shear 
stress regulated signaling in PTECs. Finally, pathological levels of shear stress are compared 
to physiological controls, showing elevated shear induced expression of several genes under 
pathological conditions. 

Shear stress dependent signaling in an in vitro ADPKD model was evaluated in chapter 4 
using RNA sequencing. The effect of fluid shear stress in PTECs without Pkd1 expression was 
compared to Pkd1wt controls. We show that Pkd1 is not directly involved in shear dependent 
activation of many signaling pathways. In addition, differential gene expression in Pkd1-/- 

PTECs during shear is compared with in vivo transcriptome analysis of pre-cystic kidneys in 
a Pkd1del mouse model, in which fluid flow is still present. Several signaling pathways that 
are known to be implicated in the renal cyst formation are altered in both the in vitro and in 
vivo models for Pkd1 gene disruption. So, the data suggests that these processes are already 
altered at pre-cystic stage and may contribute to in vivo cyst formation.

In chapter 5 we investigate the role of canonical TGF-β (SMAD2/3) signaling in cyst formation. 
Genetic disruption of TGF-β receptor type I (Alk5) in kidney epithelium doesn’t reduce cyst 
progression in a Pkd1del mouse model. Activin is another cytokine that can phosphorylate 
SMAD2/3 via the Activin receptors. Activin signaling was antagonized using a soluble Activin 
type IIB receptor (sActIIB-FC). Treatment with sActRIIB-Fc markedly reduced cyst progression 
in three different mouse models for ADPKD, suggesting that Activins drive the progression 
of PKD. Finally, the results of this thesis and future plans are summarized and discussed in 
chapter 6.
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ABSTRACT

Renal tubular epithelial cells are exposed to mechanical forces due to fluid flow shear stress 
within the lumen of the nephron. These cells respond by activation of mechano-sensors 
located at the plasma membrane or the primary cilium, having crucial roles in maintenance of 
cellular homeostasis and signaling. In this paper we applied fluid-shear stress to study TGF-β 
signaling in renal epithelial cells with and without expression of the Pkd1-gene, encoding 
a mechano-sensor mutated in polycystic kidney disease. TGF-β signaling modulates cell 
proliferation, differentiation, apoptosis and fibrotic deposition, cellular programs that are 
altered in renal cystic epithelia. SMAD2/3-mediated signaling was activated by fluid flow, 
both in wild-type and Pkd1-/- cells. This was characterized by phosphorylation and nuclear 
accumulation of p-SMAD2/3, as well as altered expression of downstream target genes 
and epithelial-to-mesenchymal transition markers. This response was still present after 
cilia ablation. An inhibitor of upstream type-I-receptors, ALK4/ALK5/ALK7, as well as TGF-
β-neutralizing antibodies effectively blocked SMAD2/3 activity. In contrast, an activin-ligand 
trap was ineffective, indicating that increased autocrine TGF-β signaling is involved. To study 
potential involvement of MAPK/ERK signaling, cells were treated with a MEK1/2 inhibitor. 
Surprisingly, fluid-flow induced expression of most SMAD2/3 targets was further enhanced 
upon MEK inhibition. We conclude that fluid-shear stress induces autocrine TGF-β/ALK5-
induced target gene expression in renal epithelial cells, which is partially restrained by 
MEK1/2-mediated signaling.

Keywords: Fluid-flow, mechanotransduction, cilia, SMAD2/3 signaling, ERK1/2, Pkd1-/-
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ABBREVIATIONS

ADPKD  Autosomal dominant polycystic kidney disease
ALK  Activin like kinase
AS  Ammonium sulfate
Cdh1  Cadherin-1
Col1a1   Collagen, type I, alpha 1
COX2   Cyclo-oxygenase-2
DPBS  Dulbecco’s phosphate-buffered saline
ELISA  Enzyme-linked immunosorbent assay
EMT  Epithelial-to-mesenchymal transition
ERK  Extracellular signal-regulated kinase
Fn1  Fibronectin 1 
Hprt  Hypoxanthine-guanine phosphoribosyltransferase
MAPK   Mitogen-activated protein kinase
MEK  MAPK/ERK kinase
qPCR   Quantitative polymerase chain reaction
PAGE  Polyacrylamide gel electrophoresis
Pai1   Plasminogen activator inhibitor 1 
PC  Polycystin
Pkd1  Polycystic kidney disease 1
PTEC  Proximal tubular epithelial cell 
Ptgs2   Prostaglandin G/H synthase 2 
RIPA  Radioimmunoprecipitation assay
sActRIIB-Fc Soluble Activin receptor-IIB fusion protein
SDS  Sodium dodecyl sulfate
SMAD  Mothers against decapentaplegic homolog
TBS  Tris-buffered saline
TGF-β  Transforming growth factor β
TGF-β Ab TGF-β neutralizing antibody
Vim  Vimentin
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INTRODUCTION

Cellular mechano-sensitivity plays fundamental roles in cell viability and function, tissue 
development and maintenance of organs1. For example, the kidney has the capacity to 
increase glomerular filtration rate in response to physiological stimuli. In addition, in renal 
diseases hyperfiltration usually occurs in the remaining functional nephrons to compensate 
for the lost glomeruli and nephrons2. Fundamental in the regulation of altered fluid shear 
stress are primary cilia and other mechano-sensors, and defects in cilia formation and function 
have profound effects on the development of body pattern and the physiology of multiple 
organ systems3. The signaling modules responsible for the flow-sensing response involve a 
number of proteins located in the cell membrane, cilium and/or at the ciliary base, including 
polycystin-1 (PC-1) and the ion channel polycystin-2 (PC-2), encoded by the genes mutated 
in patients with autosomal dominant polycystic kidney disease (ADPKD)4,5. At the plasma 
membrane and in cilia, polycystins interact with diverse (mechanosensory) ion channels, 
signal transducers as well as cell-cell and cell-extracellular matrix junctional proteins6-11. 
Therefore the polycystins are thought to play a role in differentiation and maintenance of 
the cell structure, mechanical force transmission and mechanotransduction1,12,13. Lack of the 
polycystin complex in cilia is one of the proposed mechanisms of renal cyst formation14,15. 
Moreover, mutations or deletions of other ciliary proteins can also cause renal cystic disease 
in mouse models and patients, indicating the role of cilia during cystogenesis16,17. In the 
absence of polycystins, renal epithelial cells lack the capability to respond to signals needed 
to maintain the epithelium differentiated, finally resulting in cyst formation15.

Primary cilia also play essential roles as signal transducers in growth factor signaling. 
Ligands in the tubular fluid-flow bind to their receptors, inducing cellular responses through 
downstream signaling pathways, for instance affecting the hedgehog (Hh), epidermal growth 
factor receptor (EGFR), Wnt and transforming growth factor β (TGF-β) pathways3,18. Although 
not exclusively, receptors involved in these pathways have been identified in the cilium of 
several cell types, including renal epithelial cells, suggesting that different signaling cascades 
are being regulated by this organelle3,18-20. The above mentioned data indicate that primary 
cilia are essential in organizing different signaling systems that sense environmental cues 
and transmit signals to the cell interior. Gene expression and the overall cellular behavior 
will be the effect of an integration of the different signaling pathways, triggered by flow and 
by growth factor or cytokine stimulation. 

A cytokine previously reported to be involved in fluid-flow and shear stress regulated 
signaling is TGF-β21,22. The TGF-β superfamily members are multifunctional cytokines and 
include among others TGF-β’s, activins and bone morphogenetic proteins (BMPs). TGF-β 
signaling modulates cell proliferation, differentiation, apoptosis, adhesion, cell migration 



35

2

FLUID SHEAR STRESS-INDUCED TGF-β/ALK5 SIGNALING 

and is believed to play a crucial role in fibrotic deposition23, which is seen in cyst formation24. 
TGF-β, as well as Activin and Nodal, binds to a pair of serine/threonine kinase transmembrane 
receptors that mediate the phosphorylation of receptor-regulated SMAD2 and 3. These 
phosphorylated SMAD proteins, p-SMAD2 and -3, form a complex with SMAD4 and can 
enter the nucleus where they act as transcription factors to regulate the transcription of 
various genes. 

In embryonic endothelial cells, shear stress mediated TGF-β/Activin receptor like kinase 5 
(ALK5) signaling induced endothelial-to-mesenchymal transition, depending on the strength 
of shear and presence or absence of a cilia21,25. A similar type of observation was made for 
renal epithelial cells, where fluid shear stress dynamically regulated TGF-β gene expression 
and SMAD3 activation, depending on the magnitude of fluid shear, i.e. physiological versus 
pathological, and depending on NOTCH4 expression22,26. Increased SMAD2/3 activation and 
increased TGF-β signaling has been shown in several animal models for renal cystic disease 
and patient-derived tissues24,27. 

Given the role for SMAD2/3 signaling in shear stress but also in cyst formation, we aim 
to characterize in this study the cellular response of renal epithelial cells to fluid shear 
stress by unraveling the signaling cascades, particularly focusing on SMAD2/3 signaling 
and the effect of MAPK/ERK signaling. Our data indicate that both SMAD2/3 and epithelial-
to-mesenchymal transition (EMT) processes are altered upon fluid-flow stimulation in 
proximal tubular epithelial cells (PTEC) with and without Pkd1-gene expression, as shown 
by phosphorylation of SMAD2/3 and nuclear translocation of p-SMAD2/3 and Snail. This 
leads to altered expression of target genes and EMT markers, shown in ciliated and non-
ciliated cells. These processes are regulated by an interplay between SMAD2/3 and ERK1/2 
signaling, and can be partially modulated by upstream ALK4/5/7 and MEK1/2 inhibitors and 
TGF-β neutralizing antibodies, while the soluble Activin receptor-IIB fusion protein (sActRIIB-
Fc) was ineffective. We conclude that the fluid shear stress response in PTECs is TGF-β/ALK5 
dependent and can be modulated by MAPK/ERK signaling.
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MATERIALS AND METHODS

Antibodies
SMAD2 (L16D3; #3103), and Snail (C15D3; #3879) antibodies were from Cell Signaling 
Technology. Acetylated α-tubulin (clone 6-11B-1; #T6793) antibody and Phalloidin-Atto 
594 (#51927) were from Sigma-Aldrich. Antibody against α-tubulin (DM1A; #CP06) was 
from Calbiochem, Merck Millipore. Antibodies against p-SMAD2 and p-SMAD3 have been 
described previously28,29. Goat anti-Rabbit IgG (H+L) Alexa Fluor 488 conjugate (#A-11008), 
Goat anti-Mouse IgG (H+L) Alexa Fluor 488 conjugate (#A-11029) and Goat anti-Mouse IgG 
(H+L) Alexa Fluor 594 conjugate (A-11032) were from Life Technologies. Goat-anti-Rabbit 
IRDye 800CW (#926-32211) and Goat-anti-Mouse IRDye 680 (#926-32220) were from LI-
COR Biosciences. 

Chemicals
ALK4/5/7 inhibitor LY-364947 (10 µM; Calbiochem; #616451) was from Merck Millipore 
and SB431542 (10 µM; #1614) was from Tocris Bioscience. TGF-β neutralizing antibody 
(clone 2G7) was a gift from Dr. E. de Heer (Pathology, LUMC, Leiden); sActRIIB-Fc was a gift 
from Prof. Olli Ritvos (Haartman Institute, Helsinki, Finland). MEK1/2 inhibitor Trametinib 
(GSK1120212; #S2673) was from Selleckchem. Recombinant human TGF-β1 (#100-21) and 
recombinant human TGF-β2 (#100-35B) were purchased from PeproTech. Recombinant 
human/mouse/rat activin A (#338-AC) and recombinant human activin B (#659-AB) were 
from R&D systems.

Cell culture
SV40 large T-antigen immortalized murine proximal tubular epithelial cells (PTEC) (Pkd1wt 

and Pkd1-/-) derived from a Pkd1lox,lox mouse, were generated and cultured as described 
previously30. Cells were maintained at 37°C and 5% CO2 in DMEM/F-12 with GlutaMAX 
(Gibco, Life Technologies; #31331-093) supplemented with 100 U/mL Penicillin-Streptomycin 
(Gibco, Life Technologies; #15140-122), 2% Ultroser G (Pall Corporation, Pall BioSepra, Cergy 
St Christophe, France; #15950-017), 1x Insulin-Transferrin-Selenium-Ethanolamine (Gibco, 
Life Technologies; #51500-056), 25 ng/L Prostaglandin E1 (Sigma-Aldrich; #P7527) and 30 
ng/L Hydrocortisone (Sigma-Aldrich; #H0135). Cell culture was monthly tested without 
mycoplasma contamination using MycoAlert Mycoplasma Detection Kit (Lonza; LT07-318). 
New ampules were started after 15 passages.
For growth factor stimulation or fluid-flow experiments, cells were cultured on collagen-I 
(Advanced BioMatrix; #5005) coated culture dishes or glass slides. Prior to treatment, cells 
were serum starved to exclude effects of serum-derived growth-factors and to synchronize 
cells and cilia formation. For growth factor stimulation, 100% confluent cells were serum 
starved overnight and incubated with the specified ligands in the absence of medium 
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supplements. Stimulation was done with 5 ng/ml TGF-β1 or TGF-β2 or 100 ng/ml activin 
A or activin B, unless differently specified. For fluid-flow stimulation, cells grown until 
high confluency underwent 24 hr serum starvation before the start of the treatment. Cilia 
formation was checked on a parallel slide by immunofluorescence using anti-acetylated 
α-tubulin antibodies (Sigma Aldrich; #T6793). ALK4/5/7 inhibitor (10 µM), MEK1/2 
inhibitor (10 µM) or DMSO control (0.1%) were added 1 hr before start of ligand or flow 
stimulation in the absence of medium supplements. To sequester TGF-β or activin ligands, 
TGF-β neutralizing antibodies (10 µg/ml) or sActRIIB-Fc (5 µg/ml) was added at the start of 
treatment, by replacing serum-free medium.

Fluid flow stimulation
Cells were exposed to laminar fluid-flow (0.25-2.0 dyn/cm2) in a cone-plate device or parallel-
plate flow chamber. The cone-plate device, adapted from Malek et al.31,32, was designed for 
3.5 cm cell culture dishes (Greiner Bio-One). Cells were grown on collagen-I coated dishes 
until confluence, followed by 24 hr serum starvation, before dishes were placed in the cone-
plate flow system and incubated at 37°C and 5% CO2. The confluent cell monolayer of 9.6 
cm2 was subjected to fluid shear stress using 2 ml serum-free DMEM/F-12 medium with 
viscosity (μ) of 0.0078 dyn s/cm233. Constant laminar (Re = 0.3) fluid-flow was induced using 
a cone angle (α) of 2° and a velocity (ω) of 80 rpm, generating a fluid shear stress (τ = μω/α) 
of 1.9 dyn/cm2. 

The parallel plate flow-chamber was previously described34,35. Briefly, cells were grown on 
collagen-I coated glass slides of 36 x 76 mm (Fisher Scientific #15178219) until confluence, 
followed by 24 hr serum starvation, before glass slides were place in a flow-chamber. A 
confluent cell monolayer of 14.2 cm2 (24 x 59 mm) was subjected to fluid shear stress using 
7.5 ml serum-free DMEM/F-12 medium. Fluid was pumped at a constant flow rate (Q) of 5.5 
ml/min through the chamber with 300 µm height (h), generating a constant laminar (Re = 
5.0) fluid shear stress (τ = 6μQ/h2b) of 2.0 dyn/cm2, unless differently specified. The parallel 
plate flow-chamber was placed in an incubator at 37°C and 5% CO2. 
Static control cells were incubated for the same time in equal amounts of serum-free 
DMEM/F12 medium at 37°C and 5% CO2. After 4 until 20 hr fluid-flow or control (static) 
stimulation, medium was collected and cells have been harvested for mRNA isolation and/
or protein isolation for gene expression analysis or western blot. Ammonium sulfate (AS) 
was used to remove primary cilia as previously described36. Cells were pre-treated with 50 
mM ammonium sulfate, followed by 6 hour fluid flow in serum-free medium or 16 hour fluid 
flow in medium containing 25 mM AS, to prevent cilia restoration. Control cells were treated 
similarly, but without AS.
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Reporter assay
PTECs were cultured in 3.5 cm culture dishes and transfected after 24 hr with 4 µg SMAD3-
SMAD4 transcriptional reporter (CAGA12-Luc)37 and 200 ng renilla luciferase reporter as a 
transfection control (pGL4.75[hRlucCMV]; Promega; #E6931) using 10 µl Lipofectamine 
2000 according to the manufacturer’s protocol (Life Technologies; #11668019). Cells were 
maintained under serum-free conditions from the moment of transfection and fluid-flow was 
started 24 hr after transfection. Cells were lysed after 20 hr of fluid-flow stimulation using a 
cone-plate device. Firefly and renilla luciferase activities were measured on a luminometer 
(Victor 3; PerkinElmer) using the Dual-Luciferase Reporter Assay System (#E1960) from 
Promega according to the manufacturer’s instructions. Firefly luminescence was corrected 
for renilla to get the relative activity of the reporter.

Gene expression analysis
Total RNA was isolated from cultured cells using TRI Reagent (Sigma-Aldrich; #T9424) 
according to manufacturer’s protocol. Gene expression analysis was performed by 
quantitative PCR (qPCR) as described previously38. Briefly, cDNA synthesis was done using 
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science; #04897030001) 
according to the manufacturer’s protocol. Quantitative PCR was done in triplicate on the 
LightCycler 480 II (Roche) using 2x FastStart SYBR-Green Master (Roche; #04913914001) 
according to the manufacturer’s protocol. Data was analyzed with LightCycler 480 Software, 
Version 1.5 (Roche). Gene expression was calculated using the 2-ΔΔCt method as described 
previously39 and normalized to the housekeeping gene Hprt, giving the relative gene 
expression. Mean gene expression and standard deviation of the different treatment groups 
were calculated. For primer sequences see Supplementary Material 1, Table S1.

ELISA
Total and endogenously active levels of TGF-β1, TGF-β2, and TGF-β3 in medium collected 
after fluid flow experiments were determined by ELISA as previously described40,41 using 
ELISA Duosets of TGF-β1 (DY1679), TGF-β2 (DY302), and TGF-β3 (DY243) from R&D systems. 

Western blot analysis
Cells were either scraped in DPBS and 1:1 diluted in 2x RIPA buffer or directly lysed in 1x 
RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Na-DOC, 1% NP-40) 
Throughout the lysis procedure, 50 mM NaF, 1 mM Na2VO4 and 1x complete protease 
inhibitor cocktail (Roche; #05892970001) were used to inhibit phosphatase and protease 
activity. Cell lysate was homogenized by three 5 sec pulses of sonification followed by 30 min 
gentle shaking at 4°C. Insoluble cell debris was removed by 15 min centrifugation at 14,000 
x g. Protein concentration was determined using Pierce BCA protein assay kit (ThermoFisher 
Scientific; #23227). 
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Western blot was performed on total protein cell extracts using p-SMAD2, SMAD2, p-SMAD3 
or tubulin antibodies. Cell lysates (10-20 µL) were separated on a 10% SDS-PAGE gel. Proteins 
were transferred to 0.2 µm nitrocellulose membranes (Bio-Rad; #1704158) using Trans-
Blot Turbo Transfer System (Bio-Rad; #1704155) at 1.3 A and 25 V for 10 min. Membranes 
were blocked for 1 h at room temperature in 25% SEA block blocking buffer (ThermoFisher 
Scientific; #37527) in TBS and incubated overnight at 4°C with antibodies against p-SMAD2 
(1:1,000), SMAD2 (1:1,000) or p-SMAD3 (1:1,000) in 5% bovine serum albumin (BSA) in 
Tris-buffered saline containing 0.1 % Tween-20 (TBST). Tubulin or GAPDH were used as 
loading controls, with 1 hr antibody incubation at room temperature. Goat-anti-Rabbit 
IRDye 800CW (1:10,000) was used as secondary antibody for the detection of p-SMAD2. 
Goat-anti-Mouse IRDye 680 (1:12,000) was used as secondary antibody for the detection 
of total SMAD2 and Tubulin. Horseradish peroxidase conjugated secondary antibody (GE 
Healthcare, Waukesha, WI, USA) was used for the detection of p-SMAD3 or GAPDH using 
chemoluminescence according to the manufacturer’s protocol (Pierce, Rockford, IL, USA) 
as described previously29. Detection and densitometric analysis were carried out using the 
Odyssey Infrared Imaging System (LI-COR-Biosciences). Protein levels were quantified using 
p-SMAD2 / SMAD2 integrated intensity ratios. Tubulin or GAPDH were used as a loading 
control.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde and permeabilized in 0.2% Triton-X100 in PBS 
for 15 min at room temperature. Cells were blocked in 5% non-fat dried milk in PBS for 1 
hour. Immunostaining for p-SMAD2 (1:1,000) and Snail (1:1,000) was performed overnight 
at 4°C in 2% BSA in PBS followed by 1 hour incubation with Goat anti-Rabbit IgG (H+L), 
Alexa Fluor 488 conjugate (1:2,000) as secondary antibody. The cilium was stained with the 
antibody specific for acetylated-α-tubulin (1:2,000) and Goat anti-Mouse IgG (H+L) Alexa 
Fluor 594 conjugate (1:3,000) or Alexa Fluor 488 conjugate (1:3,000) as secondary antibody. 
F-actin was visualized using Phalloidin-Atto 594 (1:1,500). Immunofluorescence slides were 
mounted with Vectashield containing DAPI after secondary antibody incubation and pictures 
were taken on the Leica DM5500 B microscope.

Statistical analysis
Results are expressed as mean ± SD. Differences between one treatment group and their 
controls were tested using two-tailed Student’s t-tests. One- or two-way analysis of variance 
(ANOVA) was used, when 3 or more groups were compared, followed by post-hoc Fisher’s 
LSD multiple comparison, if the overall ANOVA F-test was significant. P < 0.05 was considered 
to be significant.
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RESULTS

Fluid shear stress increases SMAD2/3 activity and alters expression of epithelial-to-
mesenchymal transition (EMT) markers
To study fluid-flow induced cellular alterations, ciliated proximal tubular epithelial cells 
(PTEC; Fig. 1a) were exposed to a fluid shear stress of ~1.9 dyn/cm2, using a cone-plate 
device. After 6 or 16 hr fluid-flow exposure, gene expression was analyzed using quantitative 
PCR (qPCR). We first confirmed increased mRNA levels of Ptgs2, the gene encoding cyclo-
oxygenase 2 (COX2), a known flow responsive gene (Fig. 1b)42. 
A crucial step in TGF-β signaling is the activation and translocation of phosphorylated SMAD2 
and 3 (p-SMAD2/3) to the nucleus to induce the expression of SMAD3 target genes, i.e., 
Pai1, Fn1 and Col1a1. Indeed, expression of these genes was significantly increased upon 
fluid-flow at both time points indicating activation of this pathway (Fig. 1b). Increased TGF-β 
signaling was confirmed using the SMAD3-SMAD4 transcriptional reporter CAGA12-Luc (Fig. 
1c)37. In addition, elevated levels of p-SMAD2 and p-SMAD3 were detected by western 
blot analysis (Fig. 1d). Furthermore, nuclear translocation of p-SMAD2 was observed by 
immunofluorescence microscopy (Fig. 1e). Similar responses were seen in Pkd1-/- PTECs, 
in which expression of the Pkd1-gene, encoding a potential flow sensor12, is disrupted 
(Supplementary Material 1, Fig. S1). While expression of the SMAD2/3 targets was clearly 
elevated upon fluid-flow, expression of the canonical and non-canonical Wnt targets (Ccnd1, 
Axin2, Birc5 (Survivin), Lin7a, Ppard, Glis2, Insc) and hedgehog targets (Gli1, Gli2, Gli3) was 
virtually not altered (Supplementary Material 1, Fig. S2).
Increased SMAD2/3 activity often is associated with dedifferentiation and EMT-like 
processes, regulated via the transcription factors Snail and/or Slug43. Indeed, we also 
observed differential expression of EMT marker genes Snai1, Snai2, Cdh1 and Vim, encoding 
the proteins Snail, Slug, E-cadherin and vimentin, respectively (Fig. 1f). mRNA levels of Snai1 
and Vim were increased while expression of the epithelial marker Cdh1 was decreased. 
Even more, nuclear accumulation of Snail was detected upon fluid-flow (Fig. 1g). Similar 
flow responses were seen in Pkd1-/- PTECs (Supplementary Material 1, Fig. S1). Interestingly, 
while Snail and Slug frequently show co-expression44, our data clearly show fluid-flow 
induced down-regulation of Snai2, the gene encoding the protein Slug. These data suggest 
that in this context Snail is responsible for the expression of mesenchymal markers and for 
repression of the epithelial E-cadherin gene. 

TGF-β / activin-induced dose- and time-dependent activation of SMAD2/3 signaling
Next, we wondered whether TGF-β or activin, the cytokines that can induce SMAD2/3 
phosphorylation, could generate the same gene expression pattern as fluid-flow. Indeed, 
the same expression profile was observed upon TGF-β1 stimulation, including upregulation 
of Snai1 and downregulation of Snai2 (Fig. 2a). A dose response curve and comparison of 
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Figure 1. Activation of SMAD2/3 signaling by fluid-flow in ciliated PTECs.

(A) Serum starvation induces cilia formation in proximal tubular epithelial cells (PTECs). Cilia are visualized using 

anti-acetylated α-tubulin antibodies (red) and nuclei are stained with DAPI (blue). (B) Relative expression of Ptgs2 

(COX2) and Pai1 (plasminogen activator inhibitor 1; Serpine1), Fn1 (EDA region; fibronectin) and Col1a1 (collagen, 

type I, alpha 1) is increased upon fluid-flow, as measured by quantitative PCR. Cone-plate induced fluid-flow at t 

= 6 or 16 hr; Hprt served as housekeeping gene to correct for cDNA input; data normalized to unstimulated PTECs 

at 6 hr; n = 5 per condition; * indicates P < 0.05 using two-way ANOVA. (C) SMAD3-SMAD4 (GACA12-Luciferase) 

transcriptional reporter activity was elevated, as measured upon 20 hr of fluid-flow stimulation. Data normalized 

to unstimulated PTECs (fold change); n = 4 per condition; * indicates P < 0.05 using a two-tailed Student’s t-test. (D) 

Western blot analysis of p-SMAD2 and p-SMAD3 shows increased phosphorylation upon 6 hr and 16 hr fluid-flow 

stimulation. GAPDH served as loading control. (E) Nuclear accumulation of p-SMAD2 (green; t = 6 hr, IF). Nuclei are 

visualized with DAPI (blue). (F) Relative expression of Snai1 (Snail) and Vim (vimentin) is increased, while relative 

expression of Snai2 (Slug) and Cdh1 (E-cadherin) is reduced in PTECs stimulated with fluid-flow, as measured by 

quantitative PCR. Cone-plate induced fluid-flow at t = 6 or 16 hr; Hprt served as housekeeping gene to correct for 

cDNA input; data normalized to unstimulated PTECs at 6 hr; n = 5 per condition; * indicates P < 0.05 using two-way 

ANOVA. (G) Nuclear accumulation of Snail (green; t = 6 hr, IF). Nuclei are visualized with DAPI (blue).
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the cytokines indicated that the cells were more sensitive to TGF-β1 or -β2 as to activin A 
or B (Fig. 2b, c).
A time course experiment showed that expression of the canonical SMAD2/3 target, Pai1, 
was already significantly induced after 30 min of TGF-β1 stimulation (Fig. 2d), while Col1a1 

Figure 2. Dose- and time-dependent activation of SMAD2/3 signaling by TGF-β and activin. 

(A) Increased expression of Pai1, Fn1, Col1a1, Ptgs2, Snai1 and Vim, and reduced expression of Snai2 and Cdh1, 

upon stimulation with 5 ng/ml TGF-β1 (n = 3, t = 4 hr). (B) A dose response experiment shows increased sensitivity 

of Pai1 mRNA expression for TGF-β1 (n = 4) compared to activin B (n = 2) stimulation (t = 4 hr). (C) Pai1 expression 

shows stronger induction upon TGF-β1 or TGF-β2, compared to activin A or activin B (n = 4 per condition, t = 4 hr). 

(D) Time response (0 - 240 min) of target genes upon 5 ng/ml TGF-β1 stimulation (n = 2). Expression was significantly 

different (P < 0.05; one-way ANOVA) with 5 ng/ml TGF-β1 stimulation compared to non-treated controls for Pai1, 

Ptgs2 and Snai1 at 30 min; for Col1a1 and Snai2 at 60 min; for Fn1 and Cdh1 at 180 min. (E) Representative western 

blot of p-SMAD2 and SMAD2 upon 5 ng/ml TGF-β1 stimulation (time response of 0 - 240 min). Tubulin served 

as loading control. For quantification, p-SMAD2 levels were corrected for total SMAD2 and tubulin levels (n = 4). 

Relative mRNA expression was measured by quantitative PCR, where Hprt served as housekeeping gene to correct 

for cDNA input (A-D). * indicates P < 0.05 compared to non-treated control using a two-tailed Student’s t-test. NS 

= not stimulated control.
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B
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followed at 60 min and Fn1 at 180 min. Surprisingly, Ptgs2 and Snai1 expression were also 
induced after 30 min (Fig. 2d) suggesting that these genes could be SMAD2/3 targets as 
well, because SMAD2 is phosphorylated within 30 min after TGF-β stimulation (Fig. 2e). The 
downregulated genes, Snai2 and Cdh1, showed a significant decrease in expression starting 
at 60 and 180 min, respectively. Our data indicate that, Pai1, Ptgs2, Snai1 and Col1a1 are 
early responsive genes upon TGF-β stimulation, while Fn1 is a late responsive gene.

Altered expression of TGF-β / Activin ligands and receptors upon fluid-flow
Activation of SMAD2/3 is largely regulated via TGF-β or activin receptor complexes, upon 
binding of their respective ligands23. Therefore, expression of the genes coding for ligands 
TGF-β1, -2 and -3 or coding for activin A and B (i.e. Inhba and Inhbb) was measured by qPCR. 
Our data show a significant flow-induced increase in expression of Tgfb1 and Tgfb3 as well 
as Inhba and Inhbb upon 16 hour fluid-flow stimulation, while this trend was already visible 
upon 6 hour fluid-flow (Fig. 3a). At both time-points Tgfb2 transcript levels were significantly 
decreased. Next we measured protein levels of TGF-β ligands in the medium collected after 
16 hr fluid shear (Fig. 3c). Total TGF-β1 and TGF-β2 levels were significantly decreased upon 
fluid-flow in the medium, while active TGF-β1 was lower, but not significantly changed by 
flow. TGF-β levels at 16 hr fluid shear stress were significantly higher compared to 6 hr (Fig. 
3c), suggesting there is production of latent TGF-β protein in time. Active and total TGF-β3 
as well as active TGF-β2 were below detection levels (data not shown). In cell lysates, 
total TGF-β levels were mainly below detection level, except TGF-β1 levels of a few of the 
measured fluid flow samples at 16 hour (data not shown).
We also analyzed expression of the different receptors. The type-I receptor ALK4 or ALK5 
is recruited and trans-phosphorylated by their specific type-II receptor upon binding of 
activin or TGF-β ligands, respectively. Expression of Alk5 (Tgfbr1) transcript was significantly 
increased upon fluid-flow, while Alk4 (Acvr1b) was decreased (Fig. 3b). Expression of the 
type-II receptors did not change and Alk7 (Acvr1c) was not expressed in PTECs (data not 
shown). Similar shear stress responses were seen in Pkd1-/- PTEC cells (Supplementary 
Material 1, Fig. S3). Overall, our data are inconclusive about the role of the ligands and 
receptors during fluid-flow induced SMAD2/3 activation. Nevertheless, increased SMAD2/3 
activation could be the result of receptor activation.

Shear stress induced SMAD2/3 target gene expression is flow-rate dependent, but partially 
cilia independent
We subsequently performed experiments using a parallel plate flow-chamber34,35 and 
confirmed the fluid-shear induced expression of SMAD2/3 target genes and EMT markers. 
With this device, fluid-shear stress induced SMAD2/3 target gene expression is lower 
compared to the cone-plate flow system and for several genes only the 16 hr responses are 
significant (Fig. 4a). Likely, this can be attributed to the larger volume of culture medium that 
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is circulated in the parallel plate flow system, thereby diluting the concentration of ligands 
produced by the cells. A flow-rate response curve showed a gradual increase of SMAD2/3 
target gene expression (Fig. 4b). Surprisingly, removal of cilia by ammonium sulfate (AS) 
further enhanced the fluid-flow induced expression of Pai1 and Ptgs2 (Fig. 4c-e), though Fn1 
induction was lower. Our data suggest that cilia don’t fully control the SMAD2/3 response 
in PTECs, indicating a complex fluid shear stress response, where yet unidentified mechano-
sensors might be involved. 

Shear stress induced SMAD2/3 activation can be largely blocked by ALK4/5/7 inhibitors 
To interfere with receptor activation, an ALK5 inhibitor (LY-364947) that abrogates ALK4, 
ALK5 and ALK7 kinase activity45-48, was added to the medium. Cells were pre-incubated with 
the inhibitor and stimulated by fluid-flow for 16 hours using the parallel plate flow-chamber. 
Expression of the SMAD2/3 target genes (Pai1, Fn1 and Col1a1), but also Ptgs2 was strongly 
reduced by the inhibitor in samples with and without flow, as shown for LY-364947 (Fig. 5a). 
However, expression was not entirely blocked and a very mild flow response can still be 
appreciated, which is only significant for Ptgs2. These effects were confirmed using another 
ALK4/5/7 inhibitor, SB431542, which resulted in a similar pattern (data not shown). TGF-β1 
induced expression of SMAD2/3 targets (Pai1, Fn1 and Ptgs2) was similarly blocked by the 
ALK4/5/7 inhibitor (Supplementary Material 1, Fig. S4a). 

A

B C

Figure 3. Fluid-flow altered expression of the TGF-β and activin ligands as well as their receptors Alk5 and Alk4. 

(A) Relative expression of Tgfb1, Tgfb2, Tgfb3, Inhba, Inhbb and (B) Tgfbr1 (Alk5) and Acvr1b (Alk4) mRNA in PTECs 

upon fluid-flow. Cone-plate induced fluid-flow at t = 6 or 16 hr; qPCR, Hprt served as housekeeping gene to correct 

for cDNA input; data normalized to unstimulated PTECs at 6 hr; n = 5 per condition; * indicates P < 0.05 using 

two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison. (C) Levels of TGF-β1 (total and active) 

and TGF-β2 (total) in the medium of PTECs collected after 6 or 16 hr fluid-flow. TGF-β3 and active TGF-β2 levels in 

medium and TGF-β1, 2 and 3 levels in cell lysates were below the detection limit. Cone-plate induced fluid shear 

stress; TGF-β levels measured by ELISA; n = 5 per condition; * indicates P < 0.05 using two-way ANOVA, followed by 

post-hoc Fisher’s LSD multiple comparison.
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Figure 4. Shear stress induced SMAD2/3 target gene expression in PTECs is flow-rate dependent, but partially cilia 

independent. (A-B) Relative expression (fold change) of Pai1, Fn1, Ptgs2 and Snai1 is gradually increased in time (A; 

t = 4, 6 or 16 hr; n = 5 per condition) and upon increasing flow-rates in PTECs (B; 0.25, 1.0 or 2.0 dyn/cm2; n = 3 per 

condition), as measured by quantitative PCR. Parallel plate flow-chamber induced fluid shear stress; Hprt served 

as housekeeping gene to correct for cDNA input; data were normalized to static controls (fold change). # significant 

difference compared to unstimulated control (dashed line) or * significant difference between treatment groups (P 

< 0.05 by two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison). (C) To remove cilia, cells were 

treated with 50 mM ammonium sulfate (AS) for 4 hr, followed by 16 hr post incubation. Cilia were visualized by IF 

using anti-acetylated α-tubulin antibodies (green), F-actin using phalloidin antibodies (red) and nuclei were stained 

with DAPI (blue). Control cells clearly showed cilia staining, while AS-treated cells only showed weak or stunted cilia 

staining (arrow head). (D-E) Relative expression of Pai1, Fn1 and Ptgs2 is increased upon 6 (D) or 16 (E) hour fluid 

shear stress in controls and cells treated with 50 mM ammonium sulfate (AS), as measured by quantitative PCR. 

Parallel plate flow-chamber induced fluid shear stress at 2.0 dyn/cm2 in PTECs; n = 5 per condition; Hprt served as 

housekeeping gene to correct for cDNA input; data were normalized to static controls (fold change). * indicates P 

< 0.05 by two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison. # indicates significantly altered 

expression by flow versus no flow (P < 0.05) using a two-tailed Student’s t-test.

C D
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Interestingly, the increased expression of Snai1 (encoding Snail) was also strongly reduced 
with the ALK4/5/7 inhibitor, while the expression of Snai2 (encoding Slug) was less reduced 
(Fig. 5a). Expression of the Snail target Cdh1 is increased with the ALK4/5/7 inhibitor, but 
not altered by fluid-flow, probably caused by the low induction of Snai1. These data suggest 
that, besides Pai1, Fn1, Col1a1 and Ptgs2, also expression of Snai1 is largely mediated via 
SMAD2/3 signaling. 

Shear stress induced SMAD2/3 activation is abrogated by TGF-β neutralizing antibodies, 
but not by an activin ligand trap
To discriminate between ALK5 and ALK4 activation and to prevent ligand binding, TGF-β 
neutralizing antibodies (TGF-β Ab) or soluble activin receptor-IIB fusion proteins (sActRIIB-
Fc), that functions as ligand trap for activin, have been added to the medium of fluid-flow 
stimulated cells and controls49-51. Fluid shear stress induced expression of SMAD3 target 
genes, Pai1 and Fn1, was significantly decreased with TGF-β Ab, but not with sActRIIB-Fc 
(Fig. 5b, c). In control samples, i.e., static cells stimulated with exogenous TGF-β or activin, 
the responses were blocked, proving the efficacy of the inhibitors (Fig. 5e, Supplementary 
Material 1, Fig. S4c, d). Also, the combination of TGF-β Ab and sActRIIB-Fc showed a similar 
decrease in fluid-shear induced expression of SMAD3 target genes as TGF-β neutralizing 
Ab alone (Fig. 5d). From this we conclude that shear-stress induced SMAD2/3 activity was 
strongly reduced by the ALK4/5/7 receptor kinase inhibitor and by TGF-β neutralizing Ab, 
but was not affected by the ligand trap sActRIIB-Fc, indicating a major role for TGF-β in the 
fluid shear stress response.

SMAD2/3 regulated gene expression is modulated by MEK1/2 
In addition to activation of SMAD2/3 signaling, TGF-β receptors can also activate MAPK/ERK 
signaling, which is able to modulate SMAD2/3 transcriptional activity52,53. To interfere with 
MAPK/ERK signaling, an inhibitor was used that abolished MEK1/2 kinase activity, thereby 
preventing ERK1/2 phosphorylation54. Indeed, a MEK1/2 inhibitor (2 or 10 µM Trametinib, 
GSK1120212) reduced TGF-β1 induced expression of the canonical SMAD3 targets genes 
(Pai1, Fn1 and Col1a1) as well as Ptgs2 (Fig. 6a, Supplementary Material 1, Fig. S4b). 
Furthermore, expression of Snai1 and Vim was reduced and, correspondingly, expression 
of the epithelial marker Cdh1 was less decreased (Fig. 6a). Surprisingly, fluid-flow induction 
of Pai1, Col1a1, Ptgs2, Snai1 and Vim was further enhanced with the MEK1/2 inhibitor, 
while the baseline and fluid-flow induced Fn1 expression was lower during MEK inhibition 
(Fig. 6b, Supplementary Material 1, Fig. S5a). This cannot be explained by a low TGF-β dose 
that is produced by PTECs during fluid flow, because SMAD2/3 target gene expression was 
also reduced by the MEK1/2 inhibitor during low dose (0.25-2 ng/ml) TGF-β1 stimulation 
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(Supplementary Material 1, Fig. S5b). This suggests a complex regulation of SMAD2/3 target 
genes during shear stress, which is differently modulated by MEK1/2 than in static cells 
upon exogenous TGF-β stimulation. 

A

ED

B C

Figure 5. ALK4/5/7 inhibitor and TGF-β neutralizing antibodies, but not sActRIIB-Fc, effectively block SMAD2/3 

signaling upon fluid-flow stimulation.

(A) ALK4/5/7 inhibitor (LY-364947; n = 3) significantly reduces baseline and fluid flow increased expression of Pai1, 

Fn1, Col1a1, Ptgs2, and Snai1 while the expression of Snai2 is less decreased. (B) TGF-β neutralizing antibodies 

(TGF-β Ab; n = 3) inhibited fluid-flow induced expression of SMAD2/3 target genes (Pai1 and Fn1), while (C) soluble 

activin type-IIB-receptor fusion protein (sActRIIB-Fc; n = 5) did not. (D) Combining TGF-β Ab with sActRIIB-Fc (n = 4) 

did not further increase the inhibitory effect. (E) TGF-β1 (n = 2) or activin B (n = 3) ligand induced Pai1 expression 

was effectively inhibited by TGF-β Ab or sActRIIB-Fc, respectively (t = 4 hr). Parallel plate flow-chamber induced 

fluid shear stress in PTECs at t = 16 hr (A-D); qPCR, Hprt served as housekeeping gene to correct for cDNA input; 

data normalized to unstimulated controls (fold change); n = 2-5 per condition as indicated. * indicates P < 0.05 by 

two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison. ALK inh = ALK4/5/7 inhibitor (LY-364947); 

Combi trap = combined ligand traps (TGF-β Ab and sActRIIB-Fc).
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Figure 6. MEK inhibition modulates fluid-shear induced and TGF-β-stimulated expression of SMAD2/3 target 

genes.

(A) MEK inhibition (Trametinib, GSK1120212) reduces TGF-β1 increased expression of Pai1, Fn1, Col1a1, Ptgs2, 

Snai1 and Vim, while expression of Cdh1 is less decreased. Snai2 expression was not significantly changed upon 

MEK inhibition. Relative mRNA expression measured at t = 4 hr; n = 3; Hprt served as housekeeping gene to correct 

for cDNA input; data normalized to unstimulated controls. Significant difference (P < 0.05) by one-way ANOVA:           
a compared to 0 ng/ml TGF-β1, b compared to 0 ng/ml TGF-β1 + 10 µM MEK-inh, c compared to 5 ng/ml TGF-β1,        
d compared to 5 ng/ml TGF-β1 + 2 µM MEK-inh or e compared to 5 ng/ml TGF-β1 + 10 µM MEK-inh.

(B) MEK inhibition (10 µM Trametinib) reduces fluid-flow increased expression of Fn1, while fluid-flow increased ex-

pression of Pai1, Col1a1, Ptgs2, Snai1 and Vim is further elevated. Parallel plate flow-chamber induced fluid shear 

stress in PTECs at t = 16 hr; qPCR, Hprt served as housekeeping gene to correct for cDNA input; data normalized to 

unstimulated controls (fold change); n = 3 per condition. * indicates P < 0.05 by two-way ANOVA, followed by post-

hoc Fisher’s LSD multiple comparison. # indicates significantly altered expression by flow vs no flow (P < 0.05) using 

a two-tailed Student’s t-test. MEK-inh = MEK1/2 inhibitor (2 or 10 µM Trametinib, GSK1120212).
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DISCUSSION

Fluid-flow stimulation has been used to study mechanical shear stress in endothelial cells 
and osteoblasts for many years55,56. In the last decade, this was extended to epithelial cells57. 
Even more, several inherited renal diseases are a consequence of dysfunctional primary 
cilia, with Polycystic Kidney Disease (PKD) as most prominent example15. In PKD, a gradual 
decline of functional nephrons results in compensatory hyperfiltration and increased shear-
stress in the remaining nephrons. In contrast, in a nephron that becomes cystic, tubular 
dilation will result in reduced fluid flow.
Our results show fluid-flow induced TGF-β/ALK5 mediated signaling, SMAD2/3 
phosphorylation and target gene expression in PTECs. This can be inhibited by an ALK4/5/7 
inhibitor, which indicates that, like in endothelial cells21, autocrine signaling is involved. Even 
more, TGF-β neutralizing antibodies block the flow response, similar to the inhibition of 
exogenously added active TGF-β1 under static conditions. In contrast, sActRIIB-Fc, a ligand 
trap that sequesters activin did not block the flow response, while the effect of exogenously 
added activin under static conditions was completely blocked. A previous study reported 
that fluid shear stress dynamically regulated TGF-β gene expression and SMAD3 activation, 
depending on the magnitude of fluid shear22,26. In the current study we confirmed in ciliated 
cells that the flow-induced response was depending on the magnitude of shear (0.25-2 dyn/
cm2). In addition, cells were grown on a collagen type-I extracellular matrix, which is known 
to influence the mechanical forces that are sensed by cells58. Upon deciliation of renal 
epithelial cells by ammonium sulfate36, however, the fluid-flow response remained (Fig. 4c-e). 
Moreover, expression of early responsive genes was enhanced upon deciliation, suggesting 
that to a certain extent primary cilia restrain TGF-β/ALK5 signaling. However, expression 
of the late-responsive gene Fn1 was less increased, indicating a complex regulation of the 
shear-induced SMAD2/3 response in PTECs. These data also suggest involvement of yet 
unidentified mechano-sensors located at other parts of the plasma membrane. 
The flow response could be inhibited by the ALK4/5/7 inhibitor and TGF-β neutralizing 
antibodies, and TGF-β1 and -3 mRNA levels were increased by fluid-flow. However, latent 
TGF-β protein levels were lower in culture medium of shear stress treated PTECs. It is 
conceivable that under flow conditions TGF-β processing and binding of the active ligand 
is enhanced, and therefore local effects are stronger. For example, growth factor shedding 
and autocrine signaling via the intercellular space upon mechanical stimulation of epithelial 
cells, had previously been shown for HB-EGF59. However, this explanation is less likely, since 
latent TGF-β is excreted fast after production60 and we showed accumulation in the medium 
(Fig. 3c, Supplementary Material 1, Fig. S3c). An alternative explanation could be associated 
to enhanced sensitivity for TGF-β, since we observed increased mRNA expression of the 
ALK5 receptor upon fluid-flow. In addition, increased flow-induced apical endocytosis might 
play a role, as recently published for PTECs61. 
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Also Pkd1-/- PTECs showed increased SMAD2/3 activation upon fluid-flow treatment, 
suggesting that polycystin-1, the protein encoded by Pkd1, is not directly involved in this 
response. Nevertheless, the response is slightly but significantly stronger in Pkd1-/- PTECs 
(Supplementary Material 1, Fig. S1k). Higher responsiveness in Pkd1 deficient vascular 
smooth muscle cells and murine embryonic fibroblast cells by TGF-β acting stimuli have 
been reported previously62. Alternatively, higher levels of TGF-β2, measured in the medium 
of Pkd1-/- PTECs during fluid-flow (Supplementary Material 1, Fig. S3), might be responsible 
for the enhanced response, which seems more likely given the fact that exogenous TGF-β1 
or activin B stimulation of static cells did not induce an enhanced response in Pkd1-/- PTECs 
(data not shown). In ADPKD kidneys, somatic inactivation of PKD1 or PKD2 is a critical step 
in cyst formation63,64. ADPKD is a progressive disease in which the number and size of cysts 
increase in time accompanied by increased fibrosis. Consequently, the landscape of cells 
with and without polycystin expression, and nephrons with increased, reduced or no-flow 
conditions alters in time as well. This is related to hyperfiltration, tubular dilation or tubular 
obstruction. Increased fluid shear stress and TGF-β signaling will occur in the nephrons 
compensating the functional loss. So, the elevated response of Pkd1-/- cells upon fluid-flow 
is most relevant in the early phase upon disruption of the gene and during hyperfiltration 
in the remaining nephrons. Of course, when nephrons are dilated and the fluid-flow itself is 
altered, the flow response will change again and probably diminish. 
In ADPKD nuclear accumulation of SMAD2/3 in cystic epithelial cells and in interstitial 
fibroblasts, as well as elevated expression of target genes, points to a role of SMAD2/3 
regulated signaling in epithelial dedifferentiation and fibrosis24,27,65. In cystic epithelial cells 
of end-stage PKD, TGF-β1 and SMAD2/3 signaling was upregulated and associated with 
renal EMT and renal fibrosis66. Paradoxically, genetic disruption of the ALK5 receptor in renal 
epithelial cells did not affect cyst formation/growth and only slightly reduced expression of 
SMAD2/3 target genes, while the activin ligand trap, sActRIIB-Fc, significantly slowed down 
PKD progression in mice65. This indicates that for cyst formation and PKD-progression, the 
tissue context and the different cell-types involved are critical. 
Increased SMAD2/3 activity is often associated with dedifferentiation and EMT-like 
processes, which is needed for epithelial cell plasticity and homeostasis during tissue 
development, maintenance and repair67. TGF-β can induce Snail expression, which is known 
to directly repress epithelial markers like E-cadherin68, and TGF-β can induce expression of 
markers of the mesenchymal phenotype, including vimentin69. Indeed, we observed fluid-
flow induced expression and nuclear accumulation of Snail, as well as increased vimentin 
and reduced E-cadherin expression. Interestingly, while Snail and the highly homologous 
protein Slug are frequently co-expressed44, Snai2, the gene encoding Slug, is clearly down-
regulated upon fluid-flow. Therefore, we conclude that in this context Snail, but not Slug, is 
responsible for the expression of mesenchymal markers and for repression of the epithelial 
E-cadherin gene. 
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In renal epithelial cells, TGF-β induced expression of canonical SMAD2/3 targets and EMT 
markers is the consequence of both SMAD2/3 and ERK1/2 activation, since upstream 
ALK4/5/7 and MEK1/2 inhibitors both reduce but not completely block the ligand-induced 
response (Fig. 6, Supplementary Material 1, Fig. S4). While the fluid-flow induced response 
was largely blocked by the ALK4/5/7 inhibitor, the MEK-inhibitor, however, further 
enhanced expression of Pai1, Col1a1, Ptgs2, Snai1 and Vim, though Fn1 expression was less 
increased (Fig. 5, 6). It is well known that a cross-talk between the canonical (SMAD2/3) 
and the non-canonical (MAPK/ERK) TGF-β pathways take place at different levels and via 
direct or indirect pathways70. These data support a previous study describing antagonistic 
interactions between TGF-β1-mediated expression of fibrogenesis genes and the cAMP/PKA 
pathway. On the one hand cAMP/PKA promoted TGF-β1 production and expression of target 
genes (including collagen-I and fibronectin) in MDCK cells and an embryonic kidney cyst 
model, being inhibited by an ALK5-inhibitor. On the other hand, upon addition of TGF-β1 
to the culture medium of MDCK cells, fibronectin expression is negatively regulated upon 
cAMP treatment, via ERK1/271. A direct link between TGF-β and MAPK/ERK signaling, is the 
phosphorylation of ShcA by the activated TGF-β receptor complex52. ShcA competes with 
SMAD2/3 for binding to the TGF-β receptor, and stabilizes the TGF-β receptor complexes in 
caveolae, where it activates MAPK/ERK signaling72. Consequently, reduced ShcA expression 
results in increased levels of TGF-β receptor complexes in clathrin-coated pits, leading to 
enhanced SMAD2/3 activation. Alternatively, activated ERK1/2, by TGF-β/ALK5 or by other 
growth factors, can mediate phosphorylation of the regulatory SMADs (R-SMAD) as well as 
phosphorylation of the SMAD2/3 linker region, which modulate transcriptional activity of 
the SMAD complex53,73. Because the multiple interactions between the MAPK/ERK and the 
TGF-β signaling cascades, the integration of these pathways is biological context dependent 
and complex, and therefore difficult to predict . 
Since Fn1 expression was significantly increased by TGF-β1 at a later time point than the 
other target genes (Fig. 2D), it is likely that besides SMAD2/3 other transcription factors 
are involved in its mRNA expression. The literature indeed shows that Fn1 expression was 
dependent on Snail or Slug expression and other transcription factors74,75. Furthermore, to 
induce Fn1 expression, it likely needs stabilized SMAD2/3 phosphorylation, which is achieved 
by ERK-mediated nuclear SMAD linker phosphorylation. This could be the explanation that 
TGF-β and fluid-flow induced Fn1 expression is largely blocked upon MEK inhibition as 
proposed in the model depicted in Fig. 7. 
The Ptgs2 gene, encoding the COX2 protein, is widely used as a control for fluid-flow. COX2 
derived prostaglandins have been shown to stimulate cell proliferation, fluid secretion, and 
cyst formation in vitro, probably via increasing the cAMP levels. Furthermore, COX2 derived 
products show increased expression in animal models for PKD, and COX2 inhibitors showed 
minimal beneficial effect on PKD progression in rodent models76,77. Our data show that Ptgs2 
expression is also TGF-β dependent and is regulated via shear stress in PTECs. 
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Figure 7. Schematic representation of the fluid shear stress response in PTECs.

Fluid shear stress activates a yet unidentified mechano-sensor (MS) at the cell membrane. This leads to increased 

Tgfb mRNA expression. Upon activation, TGF-β will bind to TGFBRII, which recruits and activates ALK5. This is fol-

lowed by SMAD2/3 phosphorylation, which recruits SMAD4 for nuclear entry, to enable target gene expression. 

Both the TGF-β blocking antibodies (TGF-β Ab) and ALK4/5/7 inhibitors can block the shear stress response, inhib-

iting SMAD2/3 target gene expression. 

Alternatively, ALK5 can activate MEK1/2, a kinase known to phosphorylate ERK1/272, which can be prevented by 

MEK inhibition. ERK1/2 can either enhance or repress SMAD2/3-mediated target gene expression, depending on 

the biological context and the cellular location where SMAD linker regions are phosphorylated by ERK1/253,73. Cy-

toplasmic phosphorylation of SMAD2/3 by ERK1/2 can inhibit nuclear translocation, thereby restraining SMAD2/3 

target gene expression. Upon MEK inhibition, more SMAD2/3 can translocate to the nucleus, thereby enhancing 

expression of early expressed SMAD2/3 target genes (Pai1, Col1a1, Ptgs2 and Snai1; see Fig. 2D). However, nuclear 

phosphorylation of SMAD2/3 linker regions increases the duration of their target gene expression, which is likely 

needed for fluid shear stress induced expression of late genes (Fn1), since its induction is inhibited by the MEK 

inhibitor.
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In conclusion, we found fluid-shear stress induced SMAD2/3 activation and target gene 
expression in ciliated and non-ciliated PTECs, suggesting that cilia are not critically inducing 
the shear stress-induced SMAD2/3 response of renal epithelial cells. Overall, our data 
indicate a complex response, in which yet unidentified mechano-sensors are involved. The 
response is dependent on autocrine TGF-β/ALK5 mediated signaling, but not on activin/
ALK4. Under fluid-shear stress conditions, the expression of most SMAD2/3 target genes is 
partially repressed by MAPK/ERK possibly via TGF-β/ALK5 mediated activation of MEK1/2 
(Fig. 7) or via activation of this pathway by other yet unidentified autocrine (growth) factors. 
In renal (cystic) disease, compensatory hyperfiltration and increased shear stress might 
contribute to induced SMAD2/3 activation, a well-known factor in the control of epithelial 
cell plasticity and fibrosis.
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Supplementary Figure S1. Activation of SMAD2/3 signaling by fluid-flow in ciliated Pkd1-/- PTECs.

(A) Pkd1 gene knockout was confirmed by PCR on DNA of Pkd1-/- PTECs, which only showed the deletion band, 

indicating deletion of exon 2-11 of the Pkd1 gene. Pkd1+/+ cells only showed the lox band, indicating that 

the floxed region was still present. As control the Pkd1del/lox mouse showed both bands. Primers used LoxF: 

ACCCTTCCCTGAGCCTCCAC; LoxR: CCACAGGGGAAGCCATCATA; DelF: CACTGTGGTGCGGGGTTATC.

(B-C) Pkd1 mRNA expression (exon 1-3) is absent in Pkd1-/- PTECs, while Pkd2 expression is not reduced in Pkd1-/- 

PTECs. Expression of Pkd1 or Pkd2 was virtually not altered by fluid shear stress, as measured by quantitative PCR. 

Cone-plate induced fluid-flow in Pkd1+/+ and Pkd1-/- PTECs at t = 6 (b) or 16 (c) hr; Hprt served as housekeeping gene 

to correct for cDNA input; data normalized to unstimulated PTECs; n=5 per condition; * indicates P < 0.05 using 

two-way ANOVA.

(D) Serum starvation induces cilia formation in Pkd1-/- PTECs. Cilia are visualized using anti-acetylated α-tubulin 

antibodies (red) and nuclei are stained with DAPI (blue). 

(E) Relative expression of Ptgs2 (COX2) and Pai1 (plasminogen activator inhibitor 1; Serpine1), Fn1(EDA region; 

fibronectin) and Col1a1 (collagen, type I, alpha 1) is increased upon fluid-flow, as measured by quantitative PCR. 

Cone-plate induced fluid-flow in Pkd1-/- PTECs at t = 6 or 16 hr; Hprt served as housekeeping gene to correct for 

cDNA input; data normalized to unstimulated PTECs at 6 hr presented in Fig. 1; n=5 per condition; * indicates P < 

0.05 using two-way ANOVA.

(F) SMAD3-SMAD4 (GACA12-Luciferase) transcriptional reporter activity was elevated, as measured upon 20 hr of 

fluid-flow stimulation. Data normalized to unstimulated PTECs; n=4 per condition; * indicates P < 0.05 using two-

way ANOVA. 

(G) Western blot analysis of p-SMAD2 and p-SMAD3 shows increased phosphorylation upon 6 hr and 16 hr fluid-

flow stimulation. GAPDH served as loading control.

(H) Nuclear accumulation of p-SMAD2 (green; t = 6 hr, IF). Nuclei are visualized with DAPI (blue).

(I) Relative expression of Snai1 (Snail) and Vim (vimentin) is increased, while relative expression of Snai2 (Slug) and 

Cdh1 (E-cadherin) is reduced in Pkd1-/- PTECs stimulated with fluid-flow, as measured by quantitative PCR. Cone-

plate induced fluid-flow in Pkd1-/- PTECs at t = 6 or 16 hr; Hprt served as housekeeping gene to correct for cDNA 

input; data normalized to unstimulated PTECs at 6 hr presented in Fig. 1; n=5 per condition; * indicates P < 0.05 

using two-way ANOVA.

(J) Nuclear accumulation of Snail (green; t = 6 hr, IF). Nuclei are visualized with DAPI (blue).

(K) Relative expression of Ptgs2, Pai1, Fn1 and Col1a1 shown as fold change induction by fluid shear stress (cone-

plate) compared to the no flow control (dashed line), as measured by quantitative PCR. Comparison between 

Pkd1+/+ and Pkd1-/- PTECs at t = 6 or 16 hr showed stronger induction of target genes by fluid shear stress in Pkd1-

/- PTECs; Hprt served as housekeeping gene to correct for cDNA input; data normalized to unstimulated PTECs 

(dashed line); n=5 per condition; * indicates P < 0.05 using two-tailed Student’s t-test.
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Supplementary Figure S2. Expression of Wnt and Hedgehog targets in PTECs upon fluid-flow stimulation.

Relative expression of Wnt target genes (Ccnd1, Axin2, Birc5, Lin7a, Ppard, Glis2, Insc) and hedgehog targets (Gli1, 

Gli2, Gli3) is virtually not altered by fluid shear stress. Cone-plate induced fluid-flow in Pkd1+/+ (A) and Pkd1-/- (B) 

PTECs at t = 6 or 16 h. Wnt target gene expression was measured by reverse transcriptase multiplex ligation-

dependent probe amplification (RT-MLPA) as described previously (Leonhard et al. (2008) BMC Biotechnol., 8: 

18). Briefly, cDNA was synthesized from total RNA and hybridized to probes (sequences available upon request) 

in a reaction containing MLPA probe mix and SALSA MLPA buffer (MRC-Holland) by incubation at 95°C for 1 min 

followed by 60°C for 4 h. Ligation of annealed oligonucleotides was performed at 54°C for 15 min followed by 

ligase inactivation at 98°C for 5 min. Products were amplified by PCR using SalsaTaq (MRC-Holland) and FAM or 

HEX-labeled primers. Amplified samples were mixed with Hi-Di formamide containing GeneScan-500 ROX size 

standard (Applied Biosystems), heated for 5 min at 95°C, and run on a 3730 DNA analyzer (Applied Biosystems). 

Data was analyzed using GeneScan 3.5 analysis software. Expression of housekeeping genes Ywhaz and Hprt served 

as reference for cDNA input. Peak ratios of target genes and housekeeping genes were calculated and results were 

normalized to unstimulated PTECs. n=3 per condition. Hedgehog targets were measured by quantitative PCR. Hprt 

served as housekeeping gene to correct for cDNA input; data normalized to unstimulated PTECs; n=5 per condition; 

* indicates P < 0.05 using one-way ANOVA.

A

B
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Supplementary Figure S3. Expression of ligands and receptors in Pkd1-/- PTECs upon fluid-flow stimulation.

(A) Relative expression of Tgfb1, Tgfb2, Tgfb3, Inhba, Inhbb and (B) Tgfbr1 (Alk5) and Acvr1b (Alk4) mRNA in Pkd1-

/- PTECs upon fluid-flow. Cone-plate induced fluid-flow at t = 6 or 16 hr; qPCR, Hprt served as housekeeping gene 

to correct for cDNA input; data normalized to unstimulated PTECs at 6 hr presented in Fig. 3; n=5 per condition; * 

indicates P < 0.05 using two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison.

(C) Levels of total and active TGF-β1 and TGF-β2 in the medium of Pkd1-/- PTECs collected after 6 or 16 hr fluid-

flow. TGF-β3 levels in medium and TGF-β1, 2 and 3 levels in cell lysates were below the detection limit. Cone-plate 

induced fluid shear stress; TGF-β levels measured by ELISA; n=5 per condition; * indicates P < 0.05 using two-way 

ANOVA, followed by post-hoc Fisher’s LSD multiple comparison.

A

B C
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Supplementary Figure S4. Expression of SMAD2/3 targets upon TGF-β1 or activin B stimulation when using 

inhibitors.

(A-C) TGF-β1 induced expression of SMAD2/3 targets Pai1, Fn1, Col1a1 and Ptgs2, was decreased with 10 µM 

ALK4/5/7 inhibitor (A; n=3), 10 µM MEK inhibitor (B; n=6) or 10 µg/ml TGF-β neutralizing Ab (C; n=3). 

(D) Activin B induced expression of SMAD2/3 targets Pai1, Fn1, Col1a1 and Ptgs2, was decreased with 5 µg/ml 

sActRIIB-Fc (n=3).

Relative mRNA expression measured by qPCR at t = 4 hr (A) or 16 hr (B-D). Hprt served as housekeeping gene to 

correct for cDNA input; data was normalized to unstimulated controls. * indicates P < 0.05 using two-way ANOVA, 

followed by post-hoc Fisher’s LSD multiple comparison. ALK inh = 10 µM ALK4/5/7 inhibitor (LY-364947); MEK inh 

= 10 µM MEK1/2 inhibitor (Trametinib, GSK1120212). TGF-β Ab = 10 µg/ml TGF-β neutralizing Ab (clone 2G7). 

sActRIIB = 5 µg/ml soluble activin receptor-IIB fusion protein.

A

B

C

D
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Supplementary Figure S5. MEK inhibition modulates fluid-flow or TGF-β1 induced expression of SMAD2/3 target 

genes.

(A) MEK inhibition (5 µM Trametinib; GSK1120212) reduces fluid-flow increased expression of Fn1, while fluid-flow 

increased expression of Pai1, Col1a1, Ptgs2 and Snai1 is further elevated. Parallel plate flow-chamber induced 

fluid-flow in PTECs at t = 16 hr; qPCR, Hprt served as housekeeping gene to correct for cDNA input; data normalized 

to unstimulated controls (fold change); n=3 per condition. * indicates P < 0.05 by two-way ANOVA, followed by 

post-hoc Fisher’s LSD multiple comparison.

(B) Pai1 and Fn1 expression was reduced by MEK inhibition (10 µM Trametinib; GSK1120212) upon low dose 

TGF-β1 (0.25-2 ng/ml) stimulation, as measured by quantitative PCR; Hprt served as housekeeping gene to correct 

for cDNA input; data normalized to unstimulated controls; n=2 per condition. * indicates significant difference 

compared to unstimulated control (0 ng/ml TGF-β1) or # significant difference upon MEK inhibition (P < 0.05 by 

two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison).

A

B
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SUPPLEMENTARY TABLES

Supplementary Table S1. Primer sequences used for qPCR.

Gene Accession # Forward primer Reverse primer

Pai1 NM_008871.2 GCCAACAAGAGCCAATCAC ACCCTTTCCCAGAGACCAG

Fn1 (EDA) NM_010233.2 AATCCAGTCCACAGCCATTCC CCTGTCTTCTCTTTCGGGTTCA

Col1a1 NM_007742.4 TGACTGGAAGAGCGGAGAGT AGACGGCTGAGTAGGGAACA

Ptgs2 NM_011198.4 ACTGGGCCATGGAGTGGA ACCTGAGTGTCTTTGACTGTGG

Snai1 NM_011427.3 CTTGTGTCTGCACGACCTG CAGTGGGAGCAGGAGAATG

Snai2 NM_011415.2 GAACTGGACACACACACAGTTATT TGCCGACGATGTCCATACAG

Cdh1 NM_009864.3 ATCCTCGCCCTGCTGATT ACCACCGTTCTCCTCCGTA

Vim NM_011701.4 CCAACCTTTTCTTCCCTGAA TGAGTGGGTGTCAACCAGAG

Tgfb1 NM_011577.2 ACTATTGCTTCAGCTCCACAGA AAGTTGGCATGGTAGCCCTT

Tgfb2 NM_009367.3 CAGGAGTGGCTTCACCACAA TCAATACCTGCAAATCTCGCCT

Tgfb3 NM_009368.3 AGGATCACCACAACCCACAC CCAGGTTGCGGAAGCAGTAA

Inhba NM_008380.1 GACCTCGGAGATCATCACCTT TGCCTTCCTTGGAAATCTCA

Inhbb NM_008381.3 CGAGATCATCAGCTTTGCAG CATAGGGGAGCAGTTTCAGG

Tgfbr1 NM_009370.3 ACATCAGGGTCTGGATCAGGTT CGACCTTTGCCAATGCTTTCTT

Avcr1b NM_007395.3 CGAAGATGCAATTCTGGAGGAG CCGTAGCTTCTGGTCACATACA

Gli1 NM_010296.2 CGACCTGCAAACCGTAATC AGAGATGGCCGTAGGAACC

Gli2 NM_001081125.1 TGTGCAGTGGAATGAGGTG TTGCTGTGAGGGAAAGGAG

Gli3 NM_008130.2 GCCATTCACAGTCCAGGTC TTCCCGCTTTGAGGTAGTG

Pkd1 NM_013630.2 GCCACCGCGCTAGACCTG TAGCAAACACGCCTTCTTCTAATG

Pkd2 NM_008861.3 GGGAAGCATCTCCAGTGGG GATGCTGCCAATGGAGTGC
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SUPPLEMENTARY MATERIALS CAN BE DOWNLOADED FROM

https://goo.gl/rjKWj5
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ABSTRACT

Renal epithelial cells are exposed to mechanical forces due to flow-induced shear stress 
within the nephrons. Shear stress is altered in renal diseases caused by tubular dilation, 
obstruction and hyperfiltration, which occur to compensate for lost nephrons. Fundamental 
in regulation of shear stress are primary cilia and other mechano-sensors, and defects in cilia 
formation and function have profound effects on development and physiology of kidneys 
and other organs. We applied RNA sequencing to get a comprehensive overview of fluid-
shear regulated genes and pathways in renal epithelial cells. Functional enrichment-analysis 
revealed TGF-β, MAPK and Wnt signaling as core signaling pathways up-regulated by shear. 
Inhibitors of TGF-β and MAPK/ERK signaling modulate a wide range of mechanosensitive 
genes, identifying these pathways as master regulators of shear-induced gene expression. 
However, the main down-regulated pathway, i.e. JAK/STAT, is independent of TGF-β and 
MAPK/ERK. Other up-regulated cytokine pathways include FGF, HB-EGF, PDGF and CXC. 
Cellular responses to shear are modified at several levels, indicated by altered expression of 
genes involved in cell-matrix, cytoskeleton and glycocalyx remodeling, as well as glycolysis 
and cholesterol metabolism. Cilia ablation abolished shear induced expression of a subset 
of genes, but genes involved in TGF-β, MAPK and Wnt signaling were hardly affected, 
suggesting that other mechano-sensors play a prominent role in the shear stress response 
of renal epithelial cells. Modulations in signaling due to variations in fluid shear stress are 
relevant for renal physiology and pathology, as suggested by elevated gene expression at 
pathological levels of shear stress compared to physiological shear.

Keywords: next generation sequencing, mechanotransduction, fluid flow, cilium, glycocalyx
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INTRODUCTION

Several organs are subject to variations in fluid flow rate in response to physiological 
stimuli, which could be detected by different cell types via mechano-sensing proteins or 
complexes. Cellular mechano-sensitivity and mechanotransduction are essential for normal 
cell function, tissue development and maintenance of organs1-4. In the kidneys, where 
urinary volume, diuretics, and diet will expose the renal epithelial cells to variations in 
hydrodynamic forces including fluid shear stress, circumferential stretch, and drag/torque 
on apical cilia and probably also on microvilli5. Depending on the cell type and the magnitude 
of the hydrodynamic forces, different responses will be activated and mutations in critical 
components may modulate or cause (kidney) diseases6. In addition, strong variations in 
hydrodynamic forces and shear stress are common in kidney diseases due to hyperfiltration, 
tubular dilation and obstruction, which occur in functional nephrons, to compensate for lost 
glomeruli and tubules, with diabetic nephropathy and Polycystic Kidney Disease as the most 
common examples7.

Fundamental in flow-sensing are a number of proteins located throughout the cell 
membrane, cilium/ciliary base, as well as the cytoskeleton. These include ion channels, 
G-protein coupled receptors (GPCRs), adherens junction proteins, focal adhesion proteins, 
components of the actin cytoskeleton, but also glycocalyx and lipid rafts can act as 
mechano-sensors to shear stress8-10. Activation of aforementioned sensors upon shear 
stress leads to alteration of cellular signaling. Bending of the primary cilium causes ciliary 
influx of Ca2+, followed by an increase in cytosolic Ca2+11-14. It is likely that the increase in 
intraciliary Ca2+ does not spread to the cytosol suggesting the requirement of additional 
steps for amplification of the Ca2+ signal, although details are not entirely clear and under 
debate14-16. Other cilia-dependent signaling cascades affected by fluid flow include the 
canonical Wnt-signaling pathway, which is restrained by fluid-flow induced ciliary signaling 
in favor of non-canonical Wnt signaling17. Furthermore, mTOR signaling and cell-size control, 
as well as STAT6/p100-regulated transcription are thought to be negatively regulated upon 
flow-induced bending of the cilium, independent from flow-induced Ca2+ influx18-21. Cilia-
independent shear-induced alterations in renal signaling include increased Na+ and HCO3

- 
reabsorption and autocrine TGF-β/ALK5 signaling22,23.

It is currently not known in detail how fluid shear stress affects cellular behavior and 
which signaling pathways are altered. Furthermore, gene expression and the overall 
cellular behavior will be the effect of an integration of the different signaling pathways, 
triggered by shear stress and by cytokine stimulation. In this study we set out to obtain a 
comprehensive overview of the transcriptome under static and shear stress conditions in 
renal epithelial cells to get more insight in the pathways and processes involved in the shear 
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response. Therefore, we applied RNA-sequencing as an unbiased means to interrogate 
renal epithelial cell type-specific transcriptome alterations upon fluid shear stress. Our 
data indicate that genes involved in TGF-β, MAPK and Wnt signaling are up-regulated by 
shear stress, while the JAK-STAT related genes seems to be down-regulated. Using ALK4/5/7 
and MEK1/2 inhibitors, we showed that the shear stress-induced signaling cascades are 
largely modulated by TGF-β/ALK5 and MAPK/ERK signaling. Cilia removal abrogated shear 
induced gene expression of a subset of genes, but genes involved in TGF-β, MAPK and Wnt 
signaling were hardly affected, suggesting that other mechano-sensors also play an evident 
role in the shear stress response of renal epithelial cells. Furthermore, altered expression 
of genes involved in cell-matrix, cytoskeleton and glycocalyx remodeling, as well as amino 
acid, carbohydrate and cholesterol metabolism, indicate that shear stress is regulating gene 
expression at several levels for cellular homeostasis. Finally, we showed that expression of 
several genes is elevated at pathological levels of shear stress compared to physiological 
controls, suggesting that variations in fluid shear stress might be relevant for the pathology 
in kidney diseases due to an imbalance in cellular signaling.
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MATERIALS AND METHODS

Chemicals
ALK4/5/7 inhibitor LY-364947 (Calbiochem; #616451) from Merck Millipore (Darmstadt, 
Germany), MEK1/2 inhibitor Trametinib (GSK1120212; #S2673) from Selleckchem (Bio-
Connect, Huissen, The Netherlands) and ammonium sulfate (#A-2939) from Sigma-Aldrich 
(Zwijndrecht, The Netherlands) were used as previously described23.

Cell culture
SV40 large T-antigen immortalized murine proximal tubular epithelial cells (PTEC), derived 
from a Pkd1lox,lox mouse, were generated and cultured as described previously23,24. Briefly, 
cells were maintained at 37°C and 5% CO2 in DMEM/F-12 with GlutaMAX (Gibco, Fisher 
Scientific, Landsmeer, The Netherlands; #31331-093) supplemented with 100 U/mL 
Penicillin-Streptomycin (Gibco, Fisher Scientific, Landsmeer, The Netherlands; #15140-
122), 2% Ultroser G (Pall Corporation, Pall BioSepra, Cergy St Christophe, France; #15950-
017), 1x Insulin-Transferrin-Selenium-Ethanolamine (Gibco, Fisher Scientific, Landsmeer, 
The Netherlands; #51500-056), 25 ng/L Prostaglandin E1 (Sigma-Aldrich, Zwijndrecht, 
The Netherlands; #P7527) and 30 ng/L Hydrocortisone (Sigma-Aldrich, Zwijndrecht, The 
Netherlands; #H0135). Cell culture was monthly tested without mycoplasma contamination 
using MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzerland; LT07-318). New 
ampules were started after 15 passages. 
For fluid-flow experiments, cells were cultured on collagen-I (Advanced BioMatrix, San 
Diego, CA, USA; #5005) coated culture dishes or glass slides. Cells grown until high confluency 
underwent 24 hr serum starvation before the start of the treatment to exclude effects of 
serum-derived growth-factors and to synchronize cells and cilia formation. 

Fluid shear stress stimulation
Cells were exposed to laminar fluid shear stress (0.25 - 2.0 dyn/cm2) in a cone-plate device or 
parallel-plate flow chamber as described previously23. The cone-plate device, adapted from 
Malek et al.25,26, was designed for 3.5 cm cell culture dishes (Greiner Bio-One, Alphen aan 
de Rijn, The Netherlands). Cells were grown on collagen-I coated dishes until confluence, 
followed by 24 hr serum starvation, before dishes were placed in the cone-plate flow system 
and incubated at 37°C and 5% CO2. The confluent cell monolayer of 9.6 cm2 was subjected 
to fluid shear stress using 2 ml serum-free DMEM/F-12 medium containing penicillin-
streptomycin, with viscosity (μ) of 0.0078 dyn s/cm227. Constant laminar (Re = 0.3) fluid-flow 
was induced using a cone angle (α) of 2° and a velocity (ω) of 80 rpm, generating a fluid 
shear stress (τ = μω/α) of 1.9 dyn/cm2. 

Alternatively, cells were exposed to shear stress using a parallel plate flow chamber, as 
previously described28,29. Briefly, cells were grown on collagen-I coated glass slides of 36 x 76 
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mm (Fisher Scientific, Landsmeer, The Netherlands; #15178219) until confluence, followed 
by 24 hr serum starvation, before glass slides were place in a flow-chamber. A confluent 
cell monolayer of 14.2 cm2 (24 x 59 mm) was subjected to fluid shear stress using 7.5 ml 
serum-free DMEM/F-12 medium containing penicillin-streptomycin. Fluid was pumped 
at a constant flow rate (Q) of 5.5 ml/min through the chamber with 300 µm height (h), 
generating a constant laminar (Re = 5.0) fluid shear stress (τ = 6μQ/h2b) of 2.0 dyn/cm2. The 
parallel plate flow-chamber was placed in an incubator at 37°C and 5% CO2. 
Static control cells were incubated for the same time in equal amounts of serum-free 
DMEM/F12 medium containing penicillin-streptomycin at 37°C and 5% CO2. After 4, 
6 or 16 hr fluid-flow or static (control) stimulation, cells have been harvested for mRNA 
isolation and gene expression analysis. In select experiments, cells were pre-exposed to 
low levels of shear stress (0.25 dyn/cm2), followed by 16 hr shear stress at the same levels 
(physiological control) or at pathological levels of shear (2.0 dyn/cm2). ALK4/5/7 inhibitor 
(10 µM), MEK1/2 inhibitor (10 µM) or DMSO control (0.1%) were added 1 hr before start 
of fluid-flow stimulation in the absence of medium supplements. Ammonium sulfate (AS) 
was used to remove primary cilia. Cells were pre-treated with 50 mM ammonium sulfate, 
followed by 16 hr fluid flow in medium containing 25 mM AS, to prevent cilia restoration. 
Control cells were treated similarly, but without AS. Cilia formation was checked on a parallel 
slide by immunofluorescence using anti-acetylated α-tubulin antibodies (Sigma-Aldrich, 
Zwijndrecht, The Netherlands; #T6793) as previously described23.

RNA sequencing
Total RNA was isolated from fluid shear stress treated PTECs or static controls (n = 4) using 
TRI Reagent (Sigma-Aldrich, Zwijndrecht, The Netherlands; #T9424) and purified using 
Nucleospin RNA Clean-up (Macherey-Nagel, Düren, Germany; #740948) according to 
manufacturer’s protocols. Next generation sequencing of mRNA was done by ServiceXS 
(GenomeScan, Leiden, The Netherlands) using the Illumina® HiSeq 2500 platform (San Diego, 
CA, USA). Illumina mRNA-Seq Sample Prep Kit was used to process the samples according to 
the manufacturer’s protocol. Briefly, mRNA was isolated from total RNA using the oligo-dT 
magnetic beads. After fragmentation of the mRNA, a cDNA synthesis was performed. This 
was used for ligation with the sequencing adapters and PCR amplification of the resulting 
product. The quality and yield after sample preparation was measured with a DNA 1000 Lab-
on-a-Chip. The size of the resulting products was consistent with expected size distribution 
(a broad peak between 300-500 bp). Clustering and cDNA sequencing using the Illumina 
cBot and HiSeq 2500 was performed according manufacturer’s protocols. A concentration 
of 5.8 pM of cDNA was used. All samples were run on Pair Ends mode and 125 bp long reads. 
HiSeq control software HCS v2.2.38 was used. Image analysis, base calling, and quality check 
was performed with the Illumina data analysis pipeline RTA v1.18.61 and/or OLB v1.9 and 
Bcl2fastq v1.8.4. At least 87.3% of bases had a Q-score ≥30. 
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Reads were aligned to mouse genome build GRCm38 - Ensembl30 using TopHat2 version 
2.0.1031. Gene expression was quantified using HTSeq-Count version 0.6.132, using default 
options (stranded = no, mode = union). Differential gene expression analysis was performed 
in R version 3.0.2 using DESeq (Version1.16.0). Differentially expressed genes were selected 
with an adjusted p-value (corrected for multiple hypotheses testing) of < 0.05. Count per 
million (CPM) values were calculated by dividing the read counts by total read counts of 
the sample, which is a measure for the abundance of the transcript. CPM > 2 was used to 
exclude low expressed genes. 

Quantitative PCR
Gene expression analysis by quantitative PCR (qPCR) was performed as described previously33. 
Briefly, cDNA synthesis of total RNA was done using Transcriptor First Strand cDNA Synthesis 
Kit (Roche, Almere, The Netherlands; #04897030001) according to the manufacturer’s 
protocol. Quantitative PCR was done in triplicate on the LightCycler 480 II (Roche, Almere, 
The Netherlands) using 2x FastStart SYBR-Green Master (Roche; #04913914001) according 
to the manufacturer’s protocol. Data was analyzed with LightCycler 480 Software, Version 
1.5 (Roche). Gene expression was calculated using the 2-ΔΔCt method34 and normalized to 
the housekeeping gene Hprt, giving the relative gene expression. For primer sequences see 
Supplementary Table S1. Mean gene expression and standard deviation (SD) of the different 
treatment groups were calculated. Differences between fluid shear stress treated cells and 
static controls were tested using one sample t-tests. One-way analysis of variance (ANOVA) 
was used when cells were exposed for a different time or to a different flow rate. Two-way 
analysis of variance (ANOVA) was used, when the shear stress response was compared to a 
second treatment. The ANOVA was followed by post-hoc Fisher’s LSD multiple comparison, 
if the overall ANOVA F-test was significant. P < 0.05 was considered to be statistically 
significant.

Pathway analysis
Functional enrichment analysis was performed against the Molecular Signature Database 
(MSigDB: http://software.broadinstitute.org/gsea/msigdb/annotate.jsp) v5.235 using 
standard hypergeometric distribution with correction for multiple hypotheses testing 
according to Benjamini and Hochberg. From this source we included pathway databases 
(KEGG, BIOCARTA and REACTOME). Up- and down-regulated genes by fluid shear stress 
were used as separate gene sets to discriminate between generally up- and down-regulated 
pathways. Terms with false discovery rate (FDR) < 0.01 were considered significantly 
enriched, giving 209 up-regulated and 55 down-regulated terms. Interaction networks of 
up- and down-regulated DEG and their connecting pathways/processes were plotted using 
Cytoscape, version 3.4.0.
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RESULTS

Fluid shear stress induced transcriptional changes in PTECs
To study genome wide fluid-flow induced cellular alterations, proximal tubular epithelial 
cells (PTEC) were exposed to fluid shear stress of 1.9 dyn/cm2 using a cone-plate device. 
Controls were similarly treated under static conditions. After 6 hr fluid shear stress or static 
exposure, total RNA was isolated and gene expression was analyzed using next generation 
sequencing (NGS) on the Illumina HiSeq 2500 platform. After quality checks the reads were 
aligned to mouse genome (GRCm38) and gene expression was quantified using HTSeq-
Count. Count per million (CPM) values were calculated as a measure for the abundance of 
the transcript (Supplementary Table S2).
A scatter plot was constructed comparing the log2 CPM values of flow vs static treated 
cultures, showing a substantial number of genes that are significantly (p < 0.05) up- or 
down-regulated (Fig. 1A, blue dots). Overall, RNA sequencing identified 2015 differentially 
expressed genes (DEG) upon shear stress exposure in PTECs (Table 1). Low expressed genes 
with an average counts per million (CMP) < 2 were excluded, resulting in a list of 1551 
DEG (Supplementary Table S3). A heat map of all 8 PTEC samples shows a clear distinction 
between fluid shear stress treated samples and static controls (Fig. 1B). Furthermore, our 
genome wide RNA sequencing analysis confirmed genes known to be altered by fluid shear 
stress in renal epithelial cells, including Ptgs2 (Cox2), Ccl2 (Mcp1), Edn1, Egr1, Snai1, Cdh1 
and Tgfb136-42. 

Pathway analysis of RNA sequencing data
We used functional enrichment analysis of the MSigDB35 as the tool to identify biological 
pathways or processes associated with fluid-shear stress in PTECs. The list of 1551 DEG 
(Supplementary Table S3) was split into up-regulated (813) and down-regulated (738) genes 
in order to get pathways that are generally up- or down-regulated. The 209 up-regulated 
and 55 down-regulated biological annotations in flow-stimulated cells are presented in 
Supplementary Tables S4 and S5, respectively. We subdivided the biological pathways in core 
signal transduction, as well as cell-cell/matrix interaction, metabolism, cytokine signaling, 

Table 1. Differentially expressed genes by fluid shear stress in PTECs using next generation sequencing. 

Number of differentially expressed genes (p < 0.05) of flow versus static treated PTECs. Low expressed genes were 

excluded with an enrichment filter of CPM > 2. DEG = differentially expressed gene; CPM = counts per million.

All DEG DEG with CPM > 2

Up 1023 813

Down 992 738

Total 2015 1551
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other cellular processes and diseases. These processes show many connections as indicated 
by interaction networks of genes with the annotated pathways (Supplementary Fig. S1). 
Cell-cell/matrix interactions are clearly affected by fluid-flow (Supplementary Table S4). This 
is revealed by increased gene expression of cytoskeletal components (Actb, Actg1, Actn1, 
Flna), cadherins (Cdh10, Cdh11), tight junction molecule (Cldn4), cell adhesion molecules 
(Cadm1, Cadm3, Epcam, Ncam1, Vcam1), extracellular matrix components (Col1a1, Col5a1, 
Fn1, Lamc1, Lamc2), and integrins (Itgav, Itga2, Itga5, Itgb1, Itgb3, Itgb4, Itgb5). Furthermore, 
we see a shear stress enhanced expression of genes involved in glycosaminoglycan and 
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Figure 1. Gene expression profiling 

shows a strong difference between 

fluid shear stress treated PTECs and 

static controls. 

(A) log2 comparison of the counts per 

million (CPM) values of flow versus 

no flow treated PTEC cultures. Differ-

entially expressed genes (DEG) are 

indicated by blue dots (p < 0.05). Not 

significant genes are indicated by grey 

dots. Labeled lines indicate a 2, 5 or 10 

fold up- or down-regulation. Black line 

(Average) represents equal expression 

for both conditions. Light-grey box 

indicates the area of low expressed 

genes (CPM < 2). (B) Heat map show-

ing the expression values of 1551 DEG 

(p < 0.05; CPM > 2) in 4 fluid shear 

stress treated samples (F = Flow) and 4 

static controls (NF = No flow). Expres-

sion values were normalized using the 

Voom function in limma R package. 

Hierarchical clustering was applied on 

the samples and values were scaled 

by row. 
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carbohydrate metabolism, including proteoglycans (Gpc1, Sdc1, Sdc2, Sdc3, Cd44), heparan 
sulfate, carbohydrate or uronyl sulfotransferases (Hs2st1, Hs3st3b1, Hs6st1, Chst7, Chst11, 
Ust). Genes involved in apoptosis and cell cycle activity are increased by shear stress, 
including pro-apoptotic (Trp53, Bid, Fas, Pmaip1) as well as pro-survival (Bcl2, E2f3, Ctnnb1, 
Myc) and cell cycle arrest (Gadd45, Sfn, Cdkn2b) genes, while key players in apoptosis (Bad, 
Bak, Bax, and caspases) and cell cycle (cyclins and CDKs) were not altered in gene expression 
(Supplementary Tables S2-S5). Pathways involved in cytokine signaling and other cellular 
processes and diseases are up-regulated as well and have broad overlap with the core signal 
transduction pathways. Of those, the most prominently up-regulated pathways by fluid flow 
include MAPK, TGF-β, Wnt, PDGF and p53 signaling (Table 2). 
We previously reported changes in TGF-β signaling, involving genes encoding proteins 
relaying the signal from cell membrane towards the nucleus, i.e. the ligands Tgfb1-3 and the 
receptor Alk5 (Tgfbr1), as well as down-stream targets, i.e. Pai1 (Serpine1), Fn1, Col1a1 and 
Snai123. Our gene expression profile now also shows increased expression of genes encoding 
proteins involved in TGF-β ligand activation (Furin, Thbs1) or ligand inhibition (Ltbp2), the 
transcription factor Smad3, but also the inhibitors Smad7, Smurf1, Skil, and Tgif1, all critical 
components of the pathway (Table 2). However, the most prominently activated signaling 
pathway is the mitogen-activated protein kinase (MAPK) pathway (Tables 2, S4). The MAPK 
pathway is a set of intracellular signal transduction cascades that regulate a wide variety 
of stimulated cellular processes, including proliferation, differentiation, apoptosis and 
stress responses. The canonical cascades identified in mammalians are extracellular signal-
regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), p38, and ERK5, responding 
to different mitogens or forms of stress. Consequently, the MAPK pathway comprises a large 
number of molecules. Increased expression by fluid shear was observed for several MAP 
kinases (i.e. Map2k1, Map2k3, Map4k4, Mapk6, Map3k20 = Zak) as well as dual-specific 
phosphatases (Dusp1, 4, 6, 7 and 9), which negatively regulate members of the MAP 
kinase superfamily. The classical MAP kinase (ERK1/2) pathway, activating proliferation and 
differentiation, shows increased expression of Ras (Rras), MEK1 (Map2k1) and c-Fos (Fos). 
Upstream mitogens, PDGF (Pdgfa, b and c), HB-EGF (Hbegf) and FGF (Fgf1,9) are increased by 
fluid shear as well. Also the stress-mitogen pathway is modified, including increased mRNA 
levels of TNFα and TNFα-receptors (Tnfaip2, Tnfaip3, C1qtnf3, Fas, Tnfrsf1b, Tnfrsf12a, 
Tnfrsf23, Relt). Furtheremore, CXC, CX3C and CC chemokines and receptors are increased by 
shear (Cxcl10, Cxcl14, Cxcl16, Cx3cl1, Ccl2, Cxcr4). Cooperation between MAPK pathway and 
NFAT proteins integrates two important signaling pathways that are altered by shear stress, 
the MAPK-pathway and calcium signaling. This involves elevated expression of Nfatc2 and 
Nfatc4, as well as expression of several calcium channels (Cacnb3, Cacna1g) and calcium/
calmodulin dependent proteins (Camk2n1, Ccbe1, Ncs1, Carhsp1). Other transcription 
factors that are reported to be regulated by MAPK/ERK are Ets1 and Ets243, which are both 
increased by fluid shear stress as well (Table 2).
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Wnt signaling is activated when secreted Wnt ligands bind to specific Frizzled (FzD) receptors 
on the surface of target cells to trigger the canonical (Wnt/β-catenin) or non-canonical 
(β-catenin-independent) pathways. Particularly, canonical Wnt signaling seems activated by 
fluid shear. Expression of both Wnt7a and Wnt7b is increased, as well as Porcupine (Porcn), 
required for Wnt secretion. Also expression of FzD receptors (Fzd7 and 8) is up-regulated 
(although the co-receptor Lrp6 is down-regulated) as well as the key players β-catenin 
(Ctnnb1) and Tcf7, which are regulating the expression of down-stream target genes 
(Wisp1, Fosl1, Myc). Overall, less core signaling pathways were identified that were down-
regulated by fluid shear stress. The most prominently down-regulated pathway is JAK/STAT 
or Interferon signaling (Table 3), with reduced expression of receptors (Ifngr1, Il6st, Il5ra 
and Lifr), signal transducers (Jak2, Stat1, Stat5a and Irf7,8,9) as well as target genes (Socs2 
and Gbp6,7). Other down-regulated pathways include Rho, PDGF, Hedgehog and Insulin 
signaling, as well as different metabolic pathways (Tables 3, S5). This also includes PI3K/AKT 
related signaling, which is not included as core signaling pathway from KEGG in the MSigDB.
Expression of a selected set of genes was validated by quantitative PCR using a parallel plate 
flow-chamber23 and confirmed fluid-shear induced expression of Ccbe1, Prune2, Wisp1, 
Fbln5, Plk2, Junb, Gsto1, Hbefg, Map3k20 (Zak), Wnt7b, Tes, Runx1, Ets1, Map4k4, Itgb1 
and Itgav, while Jak2 and Stat1 expression was decreased by fluid shear stress (Fig. 2). After 
16 hr gene expression was significantly increased for all tested genes (Supplementary Fig. 
S2). While several genes reached significance already at 6 hr, others did not. Furthermore, 
we investigated if the changes in gene expression by shear stress were reversible, by doing a 
static post incubation of 8 hr, after removal of shear. For several genes, shear stress induced 
gene expression returned to levels close to the static controls, while other genes showed 
similar or higher expression levels after post incubation without shear (Supplementary Fig. 
S3), indicating that in time genes can respond differently to variations in fluid shear stress.

Fluid shear stress response in PTECs is dominated by TGF-β/ALK5 and MAPK/ERK pathways
We previously showed shear stress induced TGF-β/ALK5 dependent SMAD2/3 signaling and 
target gene expression23. In addition to increased expression of canonical SMAD2/3 targets, 
we see shear stress induced expression of other genes known to be induced by TGF-β 
signaling, including Junb and Fbln5 (Fig. 2)44-46. Our results indicate that shear stress induced 
Junb and Fbln5 expression was ALK4/5/7 dependent (Fig. 3A). In addition, genes involved 
in other (core) signaling pathways, like MAPK (Map3k20 and Map4k4), Wnt (Wisp1), ETS 
(Ets1) and other pathways (Plk2, Prune2), were strongly repressed by the ALK4/5/7 inhibitor 
(Fig. 3A), suggesting that TGF-β/ALK5 signaling is interacting with more pathways than the 
canonical TGF-β pathway alone. In contrast, fluid shear stress induced down-regulation of 
Stat1 and Jak2 was not altered upon ALK4/5/7 inhibition, although Jak2 basal levels were 
already higher with the ALK4/5/7 inhibitor (Fig. 3A).
Since SMAD2/3 mediated gene transcription can be either restrained or induced by ERK1/2 
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signaling, as shown before23,47,48, we also investigated the involvement of MAPK/ERK signaling 
in the shear stress response. Our data indicate that only Plk2 and Fbln5 induction by fluid-
shear is lowered using MEK1/2 inhibitors (Fig. 3B), although the flow response is still present. 
In contrast, Junb, Map3k20 (Zak), Ets1 and Prune2 expression was further elevated using 

Table 3. Core signaling pathways affected by fluid shear stress - down-regulated genes.

Pathway analysis (KEGG, Reactome and Biocarta) done on 738 significantly down-regulated genes upon fluid 

shear stress in PTECs using MSigDB. The most significantly altered core signaling pathways are shown and ordered 

together, followed by the lowest false discovery rate (FDR). K = number of genes in pathway database; k = number 

of genes in overlap. For the complete list of the pathway analysis of down-regulated genes upon fluid shear stress 

see Supplementary Table S5. 

Pathway Pathways description Database k/K FDR Genes

JAK-STAT

Cytokine Signaling in Immune 
system REACTOME 25 / 270 2.3E-10

STAT1; IRF7; IRF9; H2-M3; IRF8; ISG15; 
USP18; IFIT1; MX2; IFI27; IFI35; IFIT3; 
XAF1; JAK2; IFNGR1; GBP7; DDX58; 
TRIM25; UBA7; PIK3R1; STAT5A; 
MAP2K6; IL6ST; SOCS2; BLNK; PTEN; 
CDH1; RASGRP2; PPP2R5A; IFIH1; 
DHX58; RAP1GAP2; RAP1GAP; DUSP3; 
ICOSL; KLHL13; FBXO44

Interferon Signaling REACTOME 19 / 159 9.9E-10

Interferon alpha/beta 
signaling REACTOME 13 / 64 2.2E-09

Immune System REACTOME 37 / 933 4.5E-06

Interferon gamma signaling REACTOME 8 / 63 2.9E-04

Jak-STAT signaling pathway KEGG 10 / 155 2.7E-03 STAT1; IRF9; JAK2; IFNGR1; PIK3R1; 
STAT5A; IL6ST; SOCS2; PIK3R5; LIFR

Rho Signaling by Rho GTPases REACTOME 9 / 113 1.6E-03
NGEF; ARHGEF9; FAM13A; CHN2; 
RHOF; ARHGAP24; ARHGAP19; ARH-
GAP18; ARHGAP29

PDGF Signaling by PDGF REACTOME 9 / 122 2.5E-03 STAT1; PIK3R1; STAT5A; PTEN; GRB7; 
PRKAR2B; PRKCE; COL4A5; ADCY9

Hedgehog Hedgehog signaling pathway KEGG 6 / 56 3.9E-03 LRP2; WNT16; WNT6; PTCH1; BMP7; 
GAS1

Insulin Insulin signaling pathway KEGG 9 / 137 4.2E-03
PIK3R1; SOCS2; PIK3R5; PPARGC1A; 
LIPE; PRKAR2B; MKNK2; SORBS1; 
PPP1R3C

Figure 2. qPCR validation of RNA sequencing results

Gene expression (log2 fold change) of selected target 

genes is altered upon 16 hr fluid shear stress, as mea-

sured by quantitative PCR. Parallel plate flow-chamber 

induced fluid shear stress at 2.0 dyn/cm2 in PTECs; n = 

13 per condition; Hprt served as housekeeping gene to 

correct for cDNA input; data were normalized to static 

controls (log2 fold change = 0). * indicates significantly 

altered expression by flow versus no flow (P < 0.05) 

using a one sample t-test.
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MEK inhibitors, which was also seen for many canonical SMAD2/3 targets23, while the shear 
stress response of Wisp1 and Map4k4 was not significantly changed upon MEK inhibition 
(Fig. 3B). Fluid shear stress induced down-regulation of Jak2 and Stat1 is still present upon 
MEK inhibition (Fig. 3B), although basal levels were slightly higher with MEK1/2 inhibitors. In 
conclusion, our data suggest complex regulation of the fluid shear stress response in PTECs, 
which is largely modulated by TGF-β/ALK5 and MAPK/ERK pathways.

A

B

Figure 3. Shear stress response in PTECs is modulated by ALK4/5/7 and MEK1/2 inhibitors.

Relative expression of selected genes upon 16 hr fluid shear stress exposure, as measured by quantitative PCR. 

(A) ALK4/5/7 inhibitor (10 µM LY-364947) significantly reduces shear stress increased expression of Junb, Wisp1, 

Map3k20, Map4k4, Ets1, Plk2, Prune2 and Fbln5, while shear stress induced down-regulation of Jak2 and Stat1 was 

not altered. (B) MEK1/2 inhibition (10 µM Trametinib) significantly reduces shear stress increased expression of 

Plk2 and Fbln5, while fluid-flow increased expression of Junb, Map3k20, Ets1 and Prune2 is further elevated. Wisp1 

and Map4k4 expression was not altered upon MEK inhibition. Jak2 and Stat1 expression was still down-regulated 

by shear stress upon MEK inhibition, although basal levels were slightly higher. (A, B) Parallel plate flow-chamber 

induced fluid shear stress at 2.0 dyn/cm2 in PTECs; t = 16 hr; qPCR, Hprt served as housekeeping gene to correct for 

cDNA input; data normalized to unstimulated controls (fold change); n = 3-5 per condition. * indicates P < 0.05 by 

two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison. ALK-inh = ALK4/5/7 inhibitor (LY-364947). 

MEK-inh = MEK1/2 inhibitor (Trametinib, GSK1120212).
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Primary cilia only play a role in a part of the shear stress response in PTECs
Since defects in cilia formation and function have profound effects on the development 
and physiology of kidneys and other organs1,2, we investigated the shear stress response 
in PTECs after cilia removal by ammonium sulfate. Expression of Plk2, Prune2 and Ets1 
were clearly cilia dependent, since the shear stress induced response was completely lost 
after cilia ablation (Fig. 4). In contrast, genes involved in TGF-β, Wnt, MAPK and JAK/STAT 
signaling, i.e. Junb, Fbln5, Wisp1, Map3k20, Map4k4 as well as Stat1, were only slightly or 
not affected in the shear stress response upon cilia removal (Fig. 4). Although shear induced 
down-regulation of Jak2 was abrogated, Jak2 expression in static cells was already reduced 
upon ammonium sulfate treatment (Fig. 4). Our data suggests that shear stress regulated 
gene expression in PTECs is only partially cilia dependent and other mechano-sensors are 
involved as well. 

Shear stress induced gene expression in PTECs is flow rate dependent
Thus far we applied fluid shear stress of 2.0 dyn/cm2, which is known to be an increased 
physio-pathological shear stress4,41,42,49. To compare the gene expression to physiological 
levels of shear, we exposed the cells to a shear stress range of 0.25 - 2.0 dyn/cm2. Expression 
of Wisp1, Map3k20, Map4k4 and Ets1 was clearly flow rate dependent and this trend was also 
visible for Junb, Plk2, Prune2 and Fbln5 (Fig. 5A). To mimic the induction of hyperfiltration, 
PTECs were pre-exposed to physiological levels of shear (0.25 dyn/cm2) for 4 hr, followed 

Figure 4. Shear stress altered gene expression in PTECs is partially cilia dependent.

Relative expression of selected genes upon 16 hr fluid shear stress exposure in controls and cells treated with 50 

mM ammonium sulfate (AS), as measured by quantitative PCR. Shear stress induced expression of Ets1, Plk2 and 

Prune2 was abrogated after cilia ablation. Junb, Wisp1, Map3k20, Map4k4, Fbln5 and Stat1 expression was only 

slightly or not affected in the shear stress response upon cilia removal. Shear induced down-regulation of Jak2 was 

abrogated, since Jak2 expression in static cells was already reduced upon ammonium sulfate treatment. Parallel 

plate flow-chamber induced fluid shear stress at 2.0 dyn/cm2 in PTECs; Hprt served as housekeeping gene to correct 

for cDNA input; data were normalized to static controls (fold change); n = 5 per condition. * indicates P < 0.05 by 

two-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison.
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by 16 hr shear stress at the same physiological level or at pathological levels of shear (2.0 
dyn/cm2). Expression of Wisp1, Map3k20, Map4k4, Ets1 and Fbln5 was significantly higher 
at pathological levels of shear compared to physiological levels, while this trend was also 
visible for Junb and Plk2 (Fig. 5B). For the downregulated genes, Stat1 and Jak2, there was 
no difference in expression between physiological and pathological shear. So, our data 
indicate that higher levels of shear and a switch from physiological to pathological shear, 
result in increased gene expression, at least for most the genes analyzed in this experiment.

A

B

Figure 5. Shear stress altered gene expression in PTECs is flow rate dependent.

Relative expression of selected genes upon different levels of fluid shear stress exposure (0.25 - 2.0 dyn/cm2) for 16 

hr, as measured by quantitative PCR. (A) After starvation under static conditions, cells were directly exposed to the 

indicated level of fluid shear stress. (B) Cells were first pre-exposed for 4 hr to low levels of shear stress (0.25 dyn/

cm2), followed by 16 hr shear stress exposure at indicated levels. Expression of all genes was significantly increased 

by shear stress compared to static controls (dashed line in A) and was flow rate dependent for most genes. (A, B) 

Parallel plate flow-chamber induced fluid shear stress of 0.25 - 2.0 dyn/cm2 in PTECs; t = 16 hr (A) or t = 4 + 16 hr 

(B); qPCR, Hprt served as housekeeping gene to correct for cDNA input; data normalized to unstimulated controls 

(fold change); n = 3 per condition. # significant difference compared to unstimulated control (dashed line in A) or 

* significant difference between treatment groups (P < 0.05 by one-way ANOVA, followed by post-hoc Fisher’s LSD 

multiple comparison). 
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DISCUSSION

In this study we used RNA sequencing to get a comprehensive overview of the transcriptome 
alterations upon fluid shear stress in proximal tubular epithelial cells. Physiological shear 
stress in renal epithelial cells is ranging from 0.05 - 1.0 dyn/cm2, where proximal tubular 
cells experience the highest range of shear stress4,41,42,49. We applied a fluid shear stress of 
2.0 dyn/cm2, which is known to be an increased physio-pathological shear stress, mimicking 
hyperfiltration after renal mass reduction or during progression of renal disease. Our genome 
wide RNA sequencing data confirmed previously reported fluid flow-induced changes in 
gene expression of Cox2 (Ptgs2), Ccl2 (Mcp1), Edn1, Egr1, Snai1 and Cdh1 in renal epithelial 
cells36-40. Furthermore, our data reveal >1500 other genes to be altered by fluid shear stress 
in PTECs. We validated a subset of genes by qPCR and showed that the shear stress response 
was time dependent within the first 16 hr. In addition, after removal of the shear, the shear-
induced gene expression was reversible for some of the genes, while other genes showed 
similar or higher differential gene expression upon static post incubation. Differences in 
signaling and cytokine production upon shear may explain the different responses as well 
as differences in transcriptional activation and stability of transcripts. For example, Fn1 is a 
very long transcript, which requires more time for transcription and degradation, while Pai1 
(Serpine1) has an faster turn-over23,50. 

Pathway analysis indicated increased expression of cell-cell/cell-matrix interaction genes, 
including cytoskeletal components, cell adhesion and tight junction molecules, extracellular 
matrix components and integrins. This suggests strengthening of epithelial cells and their 
surroundings to resist (increased) physiological shear stress49,51,52. Another study showed loss 
of epithelial cell morphology during high pathological shear stress of 5 dyn/cm240. Long-term 
high shear exposure therefore might also lead to fibrotic deposition and tubulointerstitial 
lesions, which is commonly seen after renal mass reduction or during progression of renal 
diseases49,53-56. Pro-apoptotic as well as pro-survival and cell cycle arrest genes were induced 
by shear stress, while key players in apoptosis (Bad, Bak, Bax, and caspases) and cell cycle 
(cyclins and CDKs) were not altered in gene expression. This suggests that apoptosis and cell 
cycle related gene expression are not dramatically altered during shear exposure.

Core signaling pathways altered by shear stress comprise MAPK and TGF-β signaling. 
Even more, TGF-β/ALK5-induced target gene expression in renal epithelial cells is partially 
restrained by MEK1/2-mediated signaling23. Using ALK4/5/7 inhibitors, we showed that 
many genes, but not all genes, are dependent on shear induced TGF-β/ALK5 signaling, 
including genes involved in other core signaling pathways like MAPK and Wnt signaling. 
The role of TGF-β as a master regulator of the shear response is related to the TGF-β/ALK5 
interaction since we previously showed that also TGF-β neutralizing antibodies inhibit the 
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response23. It is conceivable that under flow conditions TGF-β processing and binding of 
the active ligand is enhanced. Interestingly, a recent publication showed that TGF-β can 
be released from its latency-associated peptide (LAP) by shear stress, probably by forces 
exerted on αv-β6-integrins via the actin cytoskeleton57,58. We also noticed an increase in 
gene expression of several integrins during shear stress, including integrin αv (Itgav). In 
addition, there are several connections between TGF-β and MAPK signaling47,48,59,60, thereby 
modulating the response to shear. Our data show that the shear stress response of a subset 
of genes is attenuated upon MEK1/2 inhibition, while other genes showed an enhanced 
response. Since there are multiple interactions between TGF-β and MAPK/ERK signaling 
pathways, the integration of these pathways is complex and biological context dependent, 
and therefore difficult to predict23. 

In addition to TGF-β signaling, increased expression of other cytokines observed in our study 
suggests attraction and activation of macrophages and inflammatory cells upon shear in 
vivo. This is a common phenomenon during development of kidney diseases, where shear 
stress is fluctuating due to changes in glomerular filtration rate, tubular hyperfiltration and 
obstruction61. Altered expression of other growth factors or cytokine signaling pathways 
include FGF, HB-EGF, PDGF, CXC and other cytokines. FGF, HB-EGF and PDGF can bind to 
tyrosine kinase receptors that upon activation stimulate the Ras/Raf/ERK (MAPK) pathway 
and/or the PI3K/AKT pathway (up-regulated upon shear stress) and/or STAT-signaling 
(down-regulated upon shear stress)62,63. At several levels these pathways can be amplified 
or negatively modulated, and they can interact with each other as well. Multiple ligand 
isoforms can bind to the receptors with different affinities. Upon fluid flow, transcript levels 
of several ligands is increased (Fgf1, Fgf9, Hbegf, Pdgfa, Pdgfb, Pdgfc), but not the receptors. 
Whether increased signaling is related to endocrine/paracrine loops, as seen for TGF-β, 
needs more extensive investigation. 

Interestingly, we also observed altered expression of proteoglycans, like syndecans and 
glypican, as well as modifying enzymes involved in glycosaminoglycan, heparan-sulphate 
or chondroitin-sulphate metabolism, which are all involved in glycocalyx remodeling64. Cell-
surface-associated heparan sulfate proteoglycans have been shown to be essential for FGF 
signal transduction and, more general, the glycocalyx is able to significantly modify the 
cellular response to growth factors including PDGF and FGF. It has been shown that the 
glycocalyx plays an important role in mechanotransduction of shear stress in endothelial 
cells. It is required for the cytoskeleton to respond to shear stress and acts as a signaling 
platform integrating shear stress, growth factor, chemokine and cytokine signaling65-68. So, 
our data indicate that fluid shear stress induce genes involved in glycocalyx remodeling in 
PTECs, although it has to be further investigated whether the glycocalyx is equally involved 
in mechano-sensing upon shear stress in renal epithelial cells.
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The shear stress response in PTECs can be regulated by a variety of mechano-sensors 
at different sub-cellular locations8-10. We investigated the role of primary cilia, since 
defects in cilia formation and function are associated with developmental disorders and 
(kidney) diseases1,2. Our results indicate that fluid shear stress induced Plk2, Prune2 and 
Ets1 expression is cilia dependent, since ‘removal’ of the cilium by ammonium sulphate 
completely abolished the shear stress response. Genes involved in TGF-β, MAPK and Wnt 
signaling were not or only slightly reduced upon ammonium sulphate treatment, suggesting 
that mechano-sensors at other cellular locations are also contributing to the shear stress 
response in PTECs. 

The main shear stress down-regulated pathway is JAK/STAT signaling. However, this is 
largely related to reduced expression of components of the interferon signaling pathway 
since only a few STAT1 target genes are differentially expressed (Irf7, Irf9, Ifi35, Ifi27, 
Trim25)69. Interferon itself is not expressed in our in vitro system (Supplementary Table 
S2), but reduced expression of components of the signaling pathway support a study in 
endothelial cells, describing attenuation of IFNγ-induced responses by laminar flow, via the 
suppression of STAT1 activation70. We show that reduced Stat1 expression by shear stress 
was ALK4/5/7, MEK1/2 as well as cilium independent, although there was slightly higher 
expression when using the MEK1/2 inhibitors in static cells. A similar pattern was observed 
for Jak2 expression, with the notification that ammonium sulphate treatment already 
reduced expression of Jak2 as much as shear stress. For another Stat-family member, STAT6, 
reduced expression of target genes has been reported. During fluid flow both STAT6 and the 
transcriptional co-activator p100 locate in the primary cilia, while at static conditions these 
proteins translocate to the nucleus18. 

Other down-regulated genes by shear stress include genes involved in amino acid, 
carbohydrate, fatty acid, ketone body and cholesterol metabolism (Supplementary Fig. S1B, 
Table S5). Also in endothelial cells shear stress exposure decreased expression of genes 
involved in glycolysis71,72, lipid metabolism73-75 and cholesterol biosynthesis76,77. This was 
dependent on AMPK, which is an important kinase in energy metabolism73,78 and plays a 
central role in fluid flow induced primary cilium bending and down-regulation of mTORC1 
activity in renal epithelial cells20,21. Overall, the data show that increased shear stress reduces 
metabolic activity in renal epithelial cells.

This in vitro study gives a comprehensive overview of fluid shear stress altered gene 
expression in renal epithelial cells, but is not fully representative for the in vivo situation, 
since several other cells types and cytokines in the nephrons are involved. Nevertheless, our 
results give an overview of genes and pathways that are modulated by shear stress in renal 
epithelial cells, which could help us to understand relevant biological processes involved in 
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mechano-sensing. Several of the shear regulated processes are altered in kidney diseases as 
well, including TGF-β, Wnt and JAK-STAT signaling79. We hypothesize that large variations in 
shear stress, occurring in kidney diseases, might contribute to the disease phenotype. This 
hypothesis is supported by our data showing that the expression of several genes involved 
in TGF-β, MAPK and Wnt signaling is further elevated upon switching from physiological to 
pathological levels of shear.

In conclusion, this study provides a comprehensive profile of genes altered upon shear 
stress in PTECs. Both cell cycle activity and apoptosis are not dramatically altered and 
molecular alterations are more related to cell remodeling, involving cell-cell and cell-matrix 
interactions, cytoskeleton and glycocalyx remodeling, as well as glycolysis and cholesterol 
metabolism. MAPK/ERK and TGF-β signaling are master regulators of shear-induced gene 
expression, since inhibitors modulate other signaling pathways as well. Nevertheless, 
altered JAK/STAT signaling, the main core signaling pathways down-regulated upon shear 
stress, is independent of MAPK/ERK and TGF-β. Our results indicate that different mechano-
sensors are involved in shear stress sensing in PTECs, because cilia ablation did only affect 
expression of a subset of shear modulated genes. Imbalance in cellular signaling due to 
variations in fluid shear stress are probably relevant for renal physiology and pathology as 
suggested by elevated expression of genes at pathological levels of shear stress compared to 
physiological controls. At this moment only a limited number of genes have been annotated 
to pathways and transcriptional target genes are hardly included, thereby limiting the 
interpretation of data to what is currently known. In the future the use of gene-specific 
targeting, high-throughput RNA-sequencing and connectivity maps will probably reveal 
additional information on shear induced signaling and how shear stress regulated processes 
influence epithelial cell integrity and cellular plasticity in renal disease.
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Supplementary Figure S1. Interaction network of genes regulated by fluid shear stress. 

Interaction networks of up-regulated (A) and down-regulated (B) genes by shear stress were made using Cytoscape 

version 3.4.0. Interactions between genes (blue nodes) and their annotated pathways or processes (orange nodes) 

are shown. For annotated terms the common subgroup names were used, as given in Supplementary Tables S4 (top 

100 up-regulated terms) and S5 (top 50 down-regulated terms), thereby including terms involved in core signaling 

pathways, cell-cell or cell matrix interactions, metabolism, cytokine signaling or other general cellular processes 

that are not disease or specific cell type related. Most pathway databases didn’t include the transcriptional target 

genes of the pathways, but only the signal transducers, thereby limiting the interpretation of the pathway analysis.

Supplementary Figure S2. Shear stress induced expression in PTECs in time. 

Relative expression of selected genes upon fluid shear stress exposure for 4, 6 or 16 hr, as measured by quantitative 

PCR. Expression of all genes was significantly altered by 16 hr shear stress compared to static controls (dashed line). 

Parallel plate flow-chamber induced fluid shear stress of 2.0 dyn/cm2 in PTECs; t = 4, 6 or 16 hr; qPCR, Hprt served 

as housekeeping gene to correct for cDNA input; data normalized to unstimulated controls (fold change); n = 4-6 

per condition. # significant difference compared to unstimulated control (dashed line) or * significant difference 

between treatment groups (P < 0.05 by one-way ANOVA, followed by post-hoc Fisher’s LSD multiple comparison).
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Supplementary Figure S3. Shear stress induced expression in PTECs is partially reversible after removal of shear. 

Relative expression of selected genes upon fluid shear stress exposure for 16 hr followed by static recovery (post 

incubation) for 8 hr, as measured by quantitative PCR. Expression of some genes (Map3k20, Map4k4,  Pai1) 

was reversible after recovery, while other genes (Plk2, Prune2, Jak2, Fn1) show similar or stronger differential 

expression after recovery. Parallel plate flow-chamber induced fluid shear stress of 2.0 dyn/cm2 in PTECs; t = 16 + 

8 hr; qPCR, Hprt served as housekeeping gene to correct for cDNA input; data normalized to unstimulated controls 

(fold change); n = 3 per condition. * significant difference between treatment groups (P < 0.05 by two-way ANOVA, 

followed by post-hoc Fisher’s LSD multiple comparison).
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SUPPLEMENTARY TABLES
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ABSTRACT

Mutations in the PKD1 or PKD2 genes are the cause of autosomal dominant polycystic kidney 
disease (ADPKD). The encoded proteins localize within the cell membrane and primary cilia 
and are proposed to be involved in mechanotransduction. Therefore, we evaluate shear 
stress dependent signaling in renal epithelial cells and the relevance for ADPKD. Using RNA 
sequencing and pathway analysis, we compared gene expression of in vitro shear stress 
treated Pkd1-/- renal epithelial cells and in vivo pre-cystic Pkd1del models. We show that shear 
stress alters the same signaling pathways in Pkd1-/- renal epithelial cells and Pkd1wt controls. 
However, expression of a number of genes was slightly more induced by shear stress in 
Pkd1-/- cells, suggesting that Pkd1 has the function to restrain shear regulated signaling 
instead of being a mechano-sensing activator. We also compared altered gene expression 
in Pkd1-/- cells during shear with in vivo transcriptome data of kidneys from Pkd1del mice at 
three early pre-cystic time-points. This revealed overlap of a limited number of differentially 
expressed genes. However, the overlap between cells and mice is much higher when looking 
at pathways and molecular processes, largely due to altered expression of paralogous genes. 
Several of the altered pathways in the in vitro and in vivo Pkd1del models are known to be 
implicated in ADPKD pathways, including PI3K-AKT, MAPK, Hippo, calcium, Wnt, and TGF-β 
signaling. We hypothesize that increased activation of selected genes in renal epithelial cells 
early upon Pkd1 gene disruption may disturb the balance in signaling and may contribute 
to cyst formation. 

Key words: Next generation sequencing, mechanotransduction, shear stress, polycystic 
kidney disease, renal epithelial cell
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is characterized by formation of 
many fluid-filled cysts and renal fibrosis, leading to deterioration or loss of renal function in 
adulthood1,2. ADPKD is caused by germline mutations in the PKD1 or PKD2 genes, encoding 
polycystin-1 (PC-1) and polycystin-2 (PC-2), respectively3-5. Somatic mutations in the 
unaffected allele of PKD1 or PKD2 can initiate cyst formation, the so called “second hit”, but 
stochastic fluctuations in gene expression can also lower PC-1 or PC-2 below critical levels6,7. 

The PC-1 and PC-2 proteins co-localize throughout the cell membrane of renal epithelial cells, 
at the cell-cell contacts, extracellular matrix (ECM) and primary cilia, where PC-2 functions 
as a non-selective cation channel8-10. Primary cilia are central in organizing signaling systems 
that sense environmental cues, triggered by fluid flow and growth factor stimulation. Lack 
of the PC1-PC2 complex in cilia is proposed to play a role in cyst formation11,12. Moreover, 
mutations or deletions of other ciliary proteins can cause renal cysts in mouse models and 
patients, indicating the role of cilia during cystogenesis13,14. Several signaling pathways are 
modulated by cilium dependent and independent shear stress responses of renal epithelial 
cells, including Wnt, mTOR, STAT6/p100, TGF-β/ALK5 and MAPK signaling, as well as Ca2+ 
influx and Na+ and HCO3

- reabsorption9,15-25. In addition, receptors of various signaling 
pathways have been identified in the primary cilium, including TGF-β, epidermal growth 
factor receptor (EGFR), Wnt and hedgehog signaling, suggesting that different signaling 
cascades are being regulated by this organelle19,26-28. Cellular physiology and gene expression 
are determined by integration and interaction of the different signaling pathways, triggered 
by fluid shear stress and by growth factor or cytokine stimulation. 

Luminal fluid shear and growth factors related signaling are essential for normal cell 
function, cell viability, tissue development and maintenance of organs29-32. In the kidneys, 
urinary volume, diuretics, and diet will expose the renal epithelial cells to variations in 
hydrodynamic forces including fluid shear stress, circumferential stretch, and drag/torque 
on apical cilia and probably also on microvilli33. For example, the kidney has the capacity to 
increase glomerular filtration rate in response to physiological stimuli. In addition, strong 
variations in hydrodynamic forces and shear stress are common in kidney diseases due 
to tubular dilation, obstruction and hyperfiltration, which occur in functional nephrons to 
compensate for lost glomeruli and tubules34. Renal shear stress is increased after unilateral 
nephrectomy35,36, which accelerates cyst formation in Ift88-/- and Pkd1-/- mouse models37,38. 
Therefore, we hypothesize that shear stress induced alterations in cellular signaling may 
contribute to (early) cystogenesis.
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To study shear stress dependent signaling in ADPKD, we examined the effect of fluid flow 
in proximal tubular epithelial cells (PTECs) without Pkd1 expression and compared this 
with Pkd1wt controls using RNA sequencing. In addition, we compared differential gene 
expression in Pkd1-/- PTECs during shear with in vivo transcriptome analysis of pre-cystic 
kidneys in Pkd1del mice, in which fluid flow is still present. Functional enrichment analysis 
revealed that several in vitro disturbed signaling pathways in Pkd1-/- PTECs were also altered 
in pre-cystic kidneys of Pkd1del mice. 
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MATERIAL AND METHODS

Cell culture
SV40 large T-antigen immortalized murine proximal tubular epithelial cells (PTEC; Pkd1-/- 
and Pkd1wt), derived from a Pkd1lox,lox mouse, were generated and cultured as described 
previously19,39. Briefly, cells were maintained at 37°C and 5% CO2 in DMEM/F-12 with 
GlutaMAX (Thermo Fisher Scientific; #31331-093) supplemented with 100 U/mL Penicillin-
Streptomycin (Thermo Fisher Scientific; #15140-122), 2% Ultroser G (Pall Corporation; 
#15950-017), 1x Insulin-Transferrin-Selenium-Ethanolamine (Thermo Fisher Scientific; 
#51500-056), 25 ng/L Prostaglandin E1 (Sigma-Aldrich; #P7527) and 30 ng/L Hydrocortisone 
(Sigma-Aldrich; #H0135). Cell culture was monthly tested without mycoplasma contamination 
using MycoAlert Mycoplasma Detection Kit (Lonza; LT07-318). New ampules were started 
after 15 passages.

Fluid shear stress stimulation and RNA sequencing
PTECs were exposed to laminar fluid shear stress (1.9 dyn/cm2) in a cone-plate device as 
described previously19. Briefly, the cone-plate device, adapted from Malek et al.40, was 
designed for 3.5 cm cell culture dishes (Greiner Bio-One). Cells were grown on collagen-I 
(Advanced BioMatrix; #5005) coated dishes until confluence, followed by 24 hr serum 
starvation, before the start of the treatment to exclude effects of serum-derived growth-
factors and to synchronize cells and cilia formation. Culture dishes were placed in the cone-
plate flow system and incubated at 37°C and 5% CO2. The confluent cell monolayer of 9.6 
cm2 was subjected to constant laminar (Re = 0.3) fluid shear stress, using 2 ml serum-free 
DMEM/F-12 medium containing penicillin-streptomycin, with viscosity (μ) of 0.0078 dyn 
s/cm2 41, a cone with an angle (α) of 2° and a velocity (ω) of 80 rpm, generating a fluid 
shear stress (τ = μω/α) of 1.9 dyn/cm2. Static control cells were incubated for the same time 
in equal amounts of serum-free DMEM/F12 medium containing penicillin-streptomycin at 
37°C and 5% CO2. Cilia formation was checked on a parallel slide by immunofluorescence 
using anti-acetylated α-tubulin antibodies (Sigma Aldrich; #T6793) as previously described19. 
RNA sequencing was performed on isolated mRNA from fluid shear stress treated PTECs 
or static controls (n = 4 per condition) as previously described20. Briefly, next generation 
sequencing (NGS) was performed by ServiceXS (GenomeScan) using the Illumina© HiSeq 2500 
platform. Illumina mRNA-Seq Sample Prep Kit was used to process the samples according 
to the manufacturer’s protocol. Clustering and cDNA sequencing using the Illumina cBot 
and HiSeq 2500 was performed according manufacturer’s protocols. A concentration of 5.8 
pM of cDNA was used. All samples were run on Paired End mode and 125 bp long reads. 
HiSeq control software HCS v2.2.38 was used. Image analysis, base calling, and quality check 
was performed with the Illumina data analysis pipeline RTA v1.18.61 and/or OLB v1.9 and 
Bcl2fastq v1.8.4. At least 87.3% of bases had a Q-score ≥30. Reads were aligned to mouse 
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genome build GRCm38 - Ensembl using TopHat2 version 2.0.1042. Gene expression was 
quantified using HTSeq-Count version 0.6.143, using default options (stranded = no, mode = 
union). Differential gene expression analysis was performed in R version 3.0.2 using DESeq 
(Version1.16.0). Differentially expressed genes were selected with an adjusted p-value 
(corrected for multiple hypotheses testing using Benjamini and Hochberg’s False Discovery 
Rate method) of < 0.05. Counts per million (CPM) values were calculated by dividing the 
read counts of a gene by total read counts of all genes in a sample, which is a measure 
for the abundance of the transcript. Only genes with average CPM > 2 were considered. 
Raw RNA sequencing data was deposited online at http://www.ebi.ac.uk/arrayexpress/ 
(authors: S.J. Kunnen, D.J.M. Peters; year: 2018; ArrayExpress: E-MTAB-6640; ArrayExpress: 
E-MTAB-6641).

Experimental animals and RNA sequencing
Tamoxifen inducible kidney-specific Pkd1-deletion mouse model (tam-KspCad-
CreERT2;Pkd1lox2-11;lox2-11, referred to as iKsp-Pkd1del) and tamoxifen treatments were 
previously described44-46. Briefly, iKsp-Pkd1del male mice were fed with tamoxifen (5 mg/day, 
3 consecutive days) at adult age, i.e. between 13 to 14 weeks of age. Mice euthanized at 
determined time points (2, 3, and 6 weeks after tamoxifen treatment) had no visible signs 
of cystic disease (4 mice per time point). Adult male mice that did not receive tamoxifen 
treatment were used as Pkd1wt controls (5 mice). RNA sequencing was performed on 
isolated mRNA from kidneys of iKsp-Pkd1del and Pkd1wt mice as previously described46. 
The local animal experimental committee of the Leiden University Medical Center and the 
Commission Biotechnology in Animals of the Dutch Ministry of Agriculture approved the 
experiments performed. Animal experiments have been carried out in accordance with the 
EU Directive 2010/63/EU for animal experiments.

Pathway analysis
Functional enrichment analysis was performed with the online tool GeneTrail2 v1.5 (https://
genetrail2.bioinf.uni-sb.de/) using standard settings of the over-representation analysis 
enrichment algorithm with correction for multiple hypotheses testing (FDR adjustment) 
according to Benjamini and Yekutieli47. From this source we included pathway databases 
(KEGG, BIOCARTA, REACTOME and WIKI). Up- and down-regulated genes by fluid shear stress 
were used as separate gene sets to discriminate between generally up- and down-regulated 
pathways. Terms with false discovery rate (FDR) < 0.01 were considered significantly 
enriched. Venn diagrams were made using Venny 2.1 (Oliveros, J.C. (2007-2015) Venny. An 
interactive tool for comparing lists with Venn’s diagrams. http://bioinfogp.cnb.csic.es/tools/
venny/index.html). 
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RESULTS

Fluid shear stress induced transcriptional changes in Pkd1-/- PTECs
To study shear stress altered gene expression, Pkd1-/- proximal tubular epithelial cells (PTEC) 
were exposed to fluid shear of 1.9 dyn/cm2. Static controls were incubated without fluid 
flow treatment in equal amounts of medium. After 6 hr fluid-flow or static exposure, total 
RNA was isolated and gene expression was analyzed using next generation sequencing (NGS) 
on the Illumina HiSeq 2500 platform. From the RNA sequencing data, the count per million 
(CPM) values were calculated by dividing the read counts of a gene by total read counts of 
all genes in a sample, which is a measure for the abundance of the transcript (Suppl. Table 
S1). Low expressed genes with an average CPM < 2 were excluded. In our previous study we 
presented the RNA sequencing results of shear stress treated Pkd1wt PTECs20, which we used 
as shear stress control in this study (Figure 1A).
After normalization, a total of 1749 genes were differentially expressed (p < 0.05; CPM > 
2) upon shear stress stimulation in Pkd1-/- PTECs (Table 1; Suppl. Table S2A). A heat map of 
Pkd1-/- PTEC samples shows a clear distinction between fluid shear stress treated samples 
and static controls (Figure 1B). RNA sequencing results were compared to Pkd1wt PTECs, 
again showing that shear stress samples clustered separately from the static controls, while 
the genotype has less influence on the hierarchical clustering (Figure 1C). The comparison 
of Pkd1-/- and Pkd1wt PTEC shows an overlap of 1220 differentially expressed genes (DEG) 
by shear stress (Table 1; Suppl. Table S2A-B). Furthermore, Pkd1-/- have 529 unique DEG 
compared to Pkd1wt, while 339 genes were exclusively altered in Pkd1wt cells in response to 
fluid shear stress (Figure 1D-F; Table 1). 

Table 1. Differentially expressed genes by shear stress 

in and Pkd1-/- and Pkd1wt PTECs. 

Number of differentially expressed genes (p < 0.05; 

CPM > 2) of shear stress (flow) versus static (no flow) 

treated cultures in Pkd1-/- and Pkd1wt PTECs. Low ex-

pressed genes were excluded with an enrichment filter 

of CPM (counts per million) < 2. Pkd1-/- only or Pkd1wt 

only means genes differentially expressed upon shear, 

uniquely in Pkd1-/- or Pkd1wt PTECs, respectively.

Table 2. Differentially expressed genes in Pkd1-/- vs    

Pkd1wt PTECs. 

Number of differentially expressed genes (p < 0.05; CPM 

> 2) of Pkd1-/- vs Pkd1wt PTECs during static (no flow) 

or fluid shear stress (flow) conditions. Low expressed 

genes were excluded with an enrichment filter of CPM 

< 2. No flow only or flow only means genes uniquely 

differentially expressed in Pkd1-/- vs Pkd1wt PTECs under 

static (no flow) or shear exposure (flow), respectively. 

Cell line Up Down Total

Pkd1-/- 943 806 1749

Pkd1wt 811 748 1559

Overlap 673 547 1220

Pkd1-/- only 270 259 529

Pkd1wt only 138 201 339

Treatment Up Down Total

No flow 828 816 1644

Flow 943 832 1775

Overlap 656 624 1280

No flow only 172 192 364

Flow only 287 208 495



105

4

COMPARATIVE TRANSCRIPTOMICS OF SHEAR STRESS TREATED PKD1-/- CELLS AND PRE-CYSTIC KIDNEYS 

Pkd1 induced transcriptional changes in PTECs
To further investigate differences between the Pkd1-/- and Pkd1wt cells, we compared the 
gene expression profiles (Figure 1A). In static culture conditions there were 1644 genes 
differentially expressed between the Pkd1-/- and Pkd1wt cells, while there were 1775 DEG 
during fluid flow (Table 2, Suppl. Table S2C-D). In total, 1280 genes were differentially 
expressed due to the Pkd1 phenotype in both static and flow conditions, while smaller 
subsets of genes were uniquely differentially expressed in either of the two conditions 

A          B C

Pkd1-/- Pkd1-/-

Shear

Pkd1wt Pkd1wt

Shear

D         E      Fall genes up-regulated genes down-regulated genes

Figure 1. Gene expression profiling in Pkd1-/- and Pkd1wt PTECs shows a strong difference between fluid shear 

stress treated PTECs and static controls. 

(A) Groups used for the in vitro RNA-sequencing study and the comparisons that were made between shear stress 

treated Pkd1-/- or Pkd1wt PTECs and static controls. (B) Heat map representing the differentially expressed genes (p 

< 0.05; CPM > 2) identified in 4 shear stress treated Pkd1-/- (KO) samples (F = Flow) and 4 static controls (NF = No 

Flow). (C) Heat map of differentially expressed genes (p < 0.05; CPM > 2) identified in Pkd1-/- (KO) and Pkd1wt (WT) 

fluid shear stress treated samples and static controls. Unsupervised hierarchical clustering clearly distinguished flu-

id shear from static controls and grouped Pkd1wt and Pkd1-/- within these clusters. (B, C) Expression values were nor-

malized using the Voom function in limma R package. Hierarchical clustering was applied and values were scaled by 

row. (D-F) Venn diagrams of differentially expressed genes upon shear stress treatment or Pkd1 gene disruption in 

PTECs. The overlap between shear stress treatment or Pkd1 gene disruption is shown for all (D) up- (E) or down-reg-

ulated (F) genes. (%) means the percentage of genes of all (D) up-regulated (E) or down-regulated (F) genes.
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(Figure 1D-F). The lists of differentially expressed genes in PTEC cells were further analyzed 
using functional enrichment analysis.

Pathway analysis of altered gene expression upon fluid shear in Pkd1-/- and Pkd1wt PTECs 
We used GeneTrail2 v1.547 as tool for functional enrichment analysis to identify biological 
pathways or processes associated with fluid-shear stress or the Pkd1 phenotype in PTECs 
(in vitro). The 4 lists of DEG (Suppl. Table S2A-D) were split into up- and down-regulated 
genes in order to get pathways that are generally up- or down-regulated. The up- or down-
regulated biological annotations by fluid shear in Pkd1-/- and Pkd1wt PTECs are presented in 
Supplementary Tables S3 and S4, respectively. We subdivided the biological annotations 
in core signal transduction, as well as cytokine/endocrine signaling, metabolism, cell-cell/
matrix interaction, other cellular processes and diseases. Additionally, we used subgroup 
terms for the biological annotations similar to the subgroups used in the KEGG database. 
Several pathways or biological processes contain both up- or down-regulated genes, 
although in most cases there were more up-regulated genes in the enriched biological 
annotations. Pathway analysis of unique shear regulated genes in Pkd1-/- (270 up; 259 down) 
or Pkd1wt (138 up; 201 down) PTECs are presented in Supplementary Table S5. 

Core signaling pathways altered upon shear stress
The most prominently altered signaling pathways by fluid shear in Pkd1-/- PTEC are the 
mitogen-activated protein kinase (MAPK) and PI3K-AKT pathway (Table 3, Suppl. Table S3), 
which is similar to the shear response in Pkd1wt PTEC (Suppl. Table S4). Both pathways have 
clearly more up-regulated than down-regulated genes, while one of the main inhibitors of 
the PI3K-AKT signaling, i.e. Pten, is down-regulated. MAPK and PI3K-AKT signaling show 
various interactions with other pathways that are altered by shear stress as well, both in 
Pkd1-/- and Pkd1wt PTECs, including TGF-β, Wnt, p53 and JAK-STAT19,20. Of those pathways, 
TGF-β, Wnt, and p53 had clearly more up-regulated genes, suggesting that these pathways 
are up-regulated. In contrast, only JAK-STAT signaling contains more genes that were down-
regulated, including receptors (Ifngr1, Il6st, Lifr) and signal transducers (Stat1, Stat5a, Irf9). 
Furthermore, our results indicate that Hippo, Rap1, Ras, TNF, FoxO, calcium, HIF-1, VEGF, 
mTOR and ErbB signaling are altered as well by fluid shear, both in Pkd1-/- and Pkd1wt PTEC 
(Tables 3, S3-4). Furthermore, there are no pathways altered exclusively in Pkd1-/- or Pkd1wt 
cells, but pathways are more or less active (Suppl. Table S5). Altered Hippo signaling is 
probably attributed to interaction of YAP/TAZ with the TGF-β and Wnt signaling pathways, 
resulting in increased expression of Smad2/3 targets (Serpine1, Ctgf, Smad7) and TCF/LEF 
targets (Myc, Cd44 and Wisp1), while transcriptional regulators Taz (Wwtr1), Tead4, Tcf7l1 
and Axin2 are increased upon shear in Pkd1-/- PTECs only (Suppl. Table S5). Rap1 and Ras are 
core signal transducers of MAPK and PI3K-AKT signaling and show up-regulation of signaling 
related genes (Rap1b, Rapgef5, Rras), while several inhibitors of Rap1 and Ras (Rap1gap, 
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Rasa1, Rasal2, Rasa4, Syngap1, Sipa1l2) and cytokines (Angpt, Csf, Fgf, Igf, Pgf, Vegf) were 
altered as well, contributing to the up-regulation of Rap1/Ras effectors (Ets1, Ets2, Rassf1, 
Rassf5, Rin1). In addition, activity of FoxO transcription factors can be modulated by MAPK, 
PI3K-AKT, JAK-STAT and insulin signaling, thereby modulating gene transcription upon 
interaction with Smad3/4 transcription factors. This FoxO-Smad interaction is revealed by 
shear induced up-regulation of genes involved in cell cycle (Ccng2, Cdkn2b, Cdkn1a, Plk2, 
Plk3) and DNA repair (Gadd45a, Gadd45b, Gadd45g), while other cell cycle genes were 
down-regulated (Cdkn2d, Rbl2), as well as autophagy genes (Bnip3, Gabarapl1). Altered 
TNF, FGF, PDGF, VEGF and ErbB signaling upon shear stress is attributed to altered gene 
expression of ligands (Csf1, Csf3, Fgf1, Fgf9, Hbegf, Igf1, Pdgfa, Pdgfb, Pdgfc, Vegfa, Vegfb) 
and receptors (Egfr, Fgfr1, Fgfr2, Tnfrsf1b, Tnfrsf12a, Tnfrsf19, Tnfrsf21, Tnfrsf23, Relt), 
while downstream components of MAPK and PI3K-AKT signaling are modulated as well.

Other biological processes altered upon shear stress
Expression of genes involved in various other cytokine and endocrine signaling pathways 
were also altered by shear in both Pkd1-/- and Pkd1wt PTEC, including interleukin, insulin, B 
cell receptor, thyroid, estrogen, T cell receptor and chemokine signaling pathways. Altered 
expression include genes from aforementioned core signaling, as well as additional genes, 
including chemokines with C-C or C-X-C motifs (Ccl2, Cx3cl1, Cxcl10, Cxcr4, Ccl27a, Cxcl15). 
Regulation of cell-cell and extracellular matrix (ECM) interactions were altered by fluid shear 
in Pkd1-/- and Pkd1wt PTEC, whereas much more genes involved in these interactions are up-
regulated, including several actins, actinin, cadherins, β-catenin, cell adhesion molecules, 
collagens, fibronectin, integrins and laminins. The glycosaminoglycan biosynthesis pathway 
is induced by shear, which is involved in glycocalyx remodeling. Although several genes 
were differentially expressed in both Pkd1-/- and Pkd1wt PTEC, a number of genes (Hs2st1, 
Hs3st3b1, Sdc1 and Sdc2) were only induced by shear in Pkd1wt, suggesting that this pathway 
is more controlled in Pkd1wt cells (Suppl. Table S5). Genes involved in endocytosis were also 
increased by fluid shear in PTECs, which was reported in previous studies as well48-50. Genes 
involved in purine metabolism were altered by shear stress as well, which showed an equal 
number of up- and down-regulated genes. These include genes involved in cAMP processing 
(Adcy1, Adcy7, Adcy9, Pde4d, Pde7a), adenine nucleotide homeostasis (Ak1, Ak2, Ak4, Ak5), 
and RNA transcription (Polr1b, Polr3d, Polr3e). Genes involved in energy, carbohydrate, 
amino acid and cholesterol metabolism were mainly down-regulated by shear stress in Pkd1-

/- and Pkd1wt PTECs, while several other genes involved in energy metabolism and lysosomal 
degradation were exclusively down-regulated in Pkd1-/- cells (Suppl. Table S5). Other cellular 
processes altered by shear stress include the protein-protein interactions, Rho GTPase cycle 
and collagen metabolism. Only a small number of genes involved in apoptosis and cell cycle 
were altered by shear, indicating that these processes are not dramatically altered during 
shear exposure. 
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Cilia related gene expression upon shear stress
To investigate whether shear is affecting 
structural components of the cilium, we 
compared differential gene expression upon fluid 
flow with the SysCilia Goldstandard database 
for cilia related genes (http://www.syscilia.org/
goldstandard.shtml). Only a minority of cilia 
genes was differentially expressed by shear 
and these genes were not involved in a specific 
cilia-assembly mechanism (Suppl. Table S6). 
Therefore, we conclude that shear stress does 
not result in major structural alterations in the 
experimental time-frame of 6 hours.

From the pathway analysis we conclude that 
shear stress exposure in Pkd1-/- and Pkd1wt 
PTEC modified expression of genes involved 
in the same signaling pathways and biological 
processes, suggesting that Pkd1 is not directly 
involved in shear dependent activation of these 
pathways. These altered processes include 
several core signaling pathways, cytokine/
endocrine pathways, cell-cell and ECM 
interactions, endocytosis, and various metabolic 
pathways. However, there were several genes 
involved in Hippo, Wnt and calcium signaling 
exclusively altered by shear in Pkd1-/- PTECs, while 
some important genes in the glycosaminoglycan 
biosynthesis were uniquely increased by shear 
in Pkd1wt PTECs (Suppl. Table S5). Nevertheless, 
these pathways or molecular mechanisms are 
not uniquely altered in Pkd1-/- or Pkd1wt cells, but 
our data show that the pathways are more or less 
active.
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Differential activation of signaling in Pkd1-/- compared to Pkd1wt PTECs
We compared the canonical signaling pathways that were altered by shear stress in Pkd1-/- vs 
Pkd1wt PTECs. Scatter plots were constructed comparing the log2 fold change (log2 FC) values 
of differentially expressed genes by fluid shear in Pkd1-/- vs Pkd1wt PTEC cultures normalized 
to their respective static controls (Suppl. Figure S1). These plots show a substantial number 
of genes that have a higher log2 FC for Pkd1-/- cells for up-regulated (KEGG) pathways 
(MAPK, PI3K-AKT, Hippo, Rap1, Wnt, TNF, Ras and TGF-β), while this phenomenon was 
less evident for down-regulated pathways. These genes are more elevated in Pkd1-/- PTECs 
upon shear stress exposure compared to Pkd1wt controls (Figure 2), which we previously 
showed for TGF-β target genes19. Nevertheless, some of the pathways contain genes that 
are not differentially expressed between Pkd1-/- cells and Pkd1wt controls. Differential gene 
expression between Pkd1-/- vs Pkd1wt PTECs, presented in Suppl. Table S2C-D, was further 
assessed using functional enrichment analysis (Suppl. Tables S7-8). 

Core signaling pathways altered upon in vitro Pkd1 gene disruption
Evaluating the absolute expression levels in Pkd1-/- compared to Pkd1wt PTECs, revealed 
higher expression of genes involved in PI3K-AKT, Rap1, Hippo, MAPK, Ras, HIF-1, Wnt 
and TGF-β signaling pathways in shear-induced Pkd1-/- cells (Table 4, Suppl. Tables S7-8). 
Furthermore, FoxO, TNF, p53, calcium, hedgehog and JAK-STAT signaling were altered in 
Pkd1-/- PTECs as well. Most of the signaling pathways with altered expression in Pkd1-/- PTECs 
contain more up-regulated genes. 

Other biological processes altered upon in vitro Pkd1 gene disruption
Other cytokine/endocrine signaling pathways are altered in Pkd1-/- PTEC as well, including 
GnRH, interleukin, insulin, thyroid and cytokine signaling. Biological processes that are 
increased in Pkd1-/- PTEC compared to Pkd1wt PTEC include cholesterol biosynthesis, 
prostaglandin synthesis, carbohydrate and purine metabolism, while glycosaminoglycan 
metabolism is down-regulated. Several genes involved in cell-cell, extracellular matrix 
and semaphorin interactions were altered in Pkd1-/- cells, although there were both up- 
and down-regulated genes involved in these interactions. Interestingly, genes involved 
in endocytosis and circadian regulation were induced in Pkd1-/- cells compared to Pkd1wt. 
Several cell cycle and apoptosis regulating genes were altered as well. 

From the in vitro functional enrichment analysis, we conclude that several core signaling 
pathways and cellular processes were altered by both shear stress and Pkd1 gene disruption, 
including PI3K-AKT, MAPK, Ras, Rap1, Hippo, Wnt and TGF-β signaling, as well as endocytosis 
and purine, cholesterol, carbohydrate and glycosaminoglycan metabolism. In addition, 
shear induced expression of several genes was stronger in Pkd1-/- PTECs.
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4

COMPARATIVE TRANSCRIPTOMICS OF SHEAR STRESS TREATED PKD1-/- CELLS AND PRE-CYSTIC KIDNEYS 

Comparison of Pkd1 gene disruption in vitro and in vivo
Expression profiles of in vitro Pkd1-/- PTECs were compared with the RNA-sequencing data of 
the in vivo iKsp-Pkd1del conditional knock-out (cKO) mice (Suppl. Table S9). In the iKsp-Pkd1del 
(adult) mouse model Pkd1 gene disruption is specifically induced in renal epithelial cells, 
with the largest proportion in proximal tubular epithelial cells. In the early phase upon in 
vivo Pkd1 disruption, there is still fluid flow, but no Pkd1 expression in 40-50% of cells 36,38. 
For this reason the in vitro Pkd1 phenotype during fluid shear exposure will be compared 
to the gene expression profile of early phase adult iKsp-Pkd1del mice at 2, 3 or 6 weeks after 
gene disruption. At these pre-cystic time-points the kidneys did not show any sign of cyst 
formation and had 2KW/BW ratios comparable to Pkd1wt mice (Figure 3), while this iKsp-
Pkd1del model reaches end stage renal disease (ESRD) at 20 weeks after Pkd1 gene disruption 
(Suppl. Figure S2). The number of differentially expressed genes in iKsp-Pkd1del mice (2, 3 or 
6 weeks) versus wild-type controls was higher compared to flow-stimulated Pkd1-/- versus 
Pkd1wt PTEC cells (Figure 4A, Suppl. Table S2D, S9A-C). There was an overlap of 131 genes 
up-regulated and 48 genes down-regulated upon Pkd1 disruption in Pkd1-/- PTEC cells and all 
three iKsp-Pkd1del mice groups (Figure 4B-C, Suppl. Table S10). The comparison between in 
vitro and in vivo Pkd1del models was further assessed using functional enrichment analysis.

Figure 2. Comparison of shear stress response in Pkd1-/- and Pkd1wt PTECs.

Comparison of log2 fold changes (log2 FC) in Pkd1-/- PTECs and Pkd1wt con-

trols for differentially up-regulated (A) or down-regulated (B) genes upon 

shear stress treatment, normalized to their respective static controls. Sever-

al shear up-regulated genes show stronger shear induction in Pkd1-/- PTECs 

compared to Pkd1wt controls. For shear down-regulated genes there were 

less genes differentially expressed between Pkd1-/- and Pkd1wt PTECs. Only 

the genes are shown that were annotated to canonical signaling pathways 

(KEGG) using functional enrichment, as presented in Supplementary Tables S3-4 and Figure S1. All genes presented 

have a significantly different shear stress response between Pkd1-/- vs Pkd1wt PTECs (p < 0.05 by a two-sample t-test 

with Welch’s correction).

A

B
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Core signaling pathways altered upon Pkd1 gene 
disruption
Altered gene expression caused by Pkd1 gene 
disruption in both flow-stimulated Pkd1-/- PTEC 
cells and Pkd1del mice was attributed to changes 
in several core signaling pathways, including 
PI3K-AKT, Rap1, Hippo, MAPK, Ras, FoxO, HIF-1, 
p53, calcium, Wnt, Hedgehog, JAK-STAT, TGF-β 
and TNF signaling (Figure 5, Suppl. Figure S3-S5, 
Suppl. Table S11). Most of the pathways had more 
up-regulated than down-regulated genes (Figure 
5), indicating that these signaling cascades are 
induced in Pkd1-/- PTEC cells and Pkd1del mice 
compared to Pkd1wt controls. A subset of genes 
in these pathways is identical but also paralogous 
genes were changed upon Pkd1 disruption in 
cells and mice (Suppl. Figure S3, Suppl. Table 
S11). For example, Itgb6 in the PI3K/AKT pathway 
is up-regulated in Pkd1-/- PTEC cells and Pkd1del 
mice, while several other integrin’s were also 
up-regulated upon Pkd1 gene disruption in the 
different models. Altered expression of identical 
genes in cells and mice is also observed for various 
signal transducers (Adcy1, Ccng1, Egfr, Il6st, 
Itpkb), transcription factor (Creb3l2), inhibitors 
(Bcl2l1, Cdkn1a, Lats1, Nfkbia, Pten, Sipa1l) and 
other genes (Atp2a2, Camk2d, Pard6b, Plau), as 
well as several paralogous genes, like collagens 
(Col), laminins (Lam), phospholipases (Pla), 
protein kinases (Mapk, Prk, Jak, Pik3, Rapgef), 
phosphatases (Dusp, Ppp), growth factors 
(Bmp, Ctgf, Pdgf, Tgfb), receptors (Fgfr, Pdgfr) 
and transcriptions factors (Creb, Foxo, Smad, 
Tead). These genes are active in several of the 
aforementioned pathways, suggesting that these 
genes might contribute to the Pkd1 phenotype, 
since they are altered in both in vitro and in vivo 
Pkd1del models. In contrast, altered expression 
of genes involved in Wnt signaling did not show 
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a clear overlap between the in vitro and 
in vivo RNA sequencing data (Suppl. Table 
S11), but the overall effect in the two 
models indicates decreased non-canonical 
Wnt signaling. In Pkd1-/- PTEC cells, there 
is altered expression of several canonical 
Wnt ligands (Wnt proteins), receptors (Fz’s), 
transcription factors (up: Lef1, Tcf7l2; down: 
Tcf7l1, Tcf7) and modulators (up: Sfrp2; 
down: Frat2, Porcn, Sfrp1), while non-
canonical Wnt proteins (Vangl1, 2, Prickle1) 
and Ca2+ dependent NFAT (Nfatc1,4) 
transcription factors were decreased, which 
might suggest decreased non-canonical 
Wnt. In Pkd1del mice there is decreased 
expression of several β-catenin inhibitors 
(Chd8, Rb, Skp1a, Sox17), while expression 
of β-catenin (Ctnnb1) itself is increased, 
as well as receptors (Fz’s and Lrp5,6) and 
target genes (Axin1, Ccnd1, Ccnd2, Ppard), 

0 10002 000 3000 4000 50006 000

Pkd1-/- PTECs

cKO mice 2WK

cKO mice 3WK

cKO mice 6WK

Number of genes

Up

Down

A     B         Cup-regulated genes down-regulated genes

Figure 4. Comparison of DEG upon Pkd1 gene disrup-

tion in Pkd1-/- cells and iKsp-Pkd1del mice.

(A) Number of differentially up- or down-regulated 

genes in Pkd1-/- PTECs or iKsp-Pkd1del (cKO) mice at 2, 3 

or 6 weeks (WK) after gene disruption. (B, C) Venn dia-

gram of up-regulated (B) and down-regulated (C) genes 

showing the number of genes in overlap between Pkd1-

/- PTEC cells and iKsp-Pkd1del mice. (%) means the per-

centage of genes of all up-regulated or down-regulated 

genes.

A

B

Figure 3. Kidney morphology and kidney weight (KW/

BW) of Pkd1wt and pre-cystic iKsp-Pkd1del mice. 

(A) Representative images of periodic-acid Schiff (PAS) 

staining on formalin fixed, paraffin embedded kidney 

sections of Pkd1wt (top left) and iKsp-Pkd1del mice at 2 

(top right), 3 (bottom left) or 6 (bottom right) weeks 

after gene disruption. No visual difference in kidney 

morphology between Pkd1wt and pre-cystic iKsp-Pkd1del 

mice; scale bar = 100 μm. (B) Similar kidney weight to 

body weight ratio’s (2KW/BW %) in Pkd1wt and iKsp-Pkd-

1del mice at 2, 3 or 6 weeks after gene disruption.
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suggesting increased canonical Wnt signaling. Down-regulation of Dvl1 and Wnt proteins 
that activate non-canonical Wnt (Wnt5b, Wnt7b, Wnt11) may also suggest reduced non-
canonical Wnt-signaling.

Other biological processes altered upon Pkd1 gene disruption
Other altered signaling pathways with mainly up-regulated genes in Pkd1-/- cells and 
mice include cytokine/endocrine signaling (GPCR, GnRH, interleukin, insulin, thyroid and 
estrogen signaling) as depicted in Suppl.Figure S4-5 and Table S11. Genes involved in protein 
and ECM interactions, endocytosis, focal adhesion, cell adhesion, actin cytoskeleton, 
endoplasmic reticulum protein processing, adipogenesis, purine metabolism and circadian 
regulation were altered as well in both Pkd1-/- cells and Pkd1del mice compared to Pkd1wt 
controls. Cholesterol biosynthesis was up-regulated in vitro, but not in vivo, while lysosome 
related gene expression was only up-regulated in vivo. Genes involved in mRNA processing, 
protein translation, ribosomal proteins and electron transport were only down-regulated in 
iKsp-Pkd1del mice (Suppl. Figure S5). This was attributed to down-regulation of various ATP 
synthases and transporters, NADH ubiquinone oxidoreductases, cytochrome C oxidases and 
reductases, eukaryotic translation initiation factor, RNA polymerases, general transcription 
factors, splicing factors and ribosomal proteins. From the comparison between the in vitro 
and in vivo RNA sequencing data and pathway analysis we conclude that various identical 
and paralogous genes were altered upon Pkd1 gene disruption in both model systems. These 
genes are already altered in the pre-cystic phase and are involved in several core signaling 
pathways, which suggest that these processes may contribute to in vivo cyst formation. 
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Figure 5. Core signaling pathways altered upon Pkd1 gene disruption in Pkd1-/- cells and iKsp-Pkd1del mice.

Number of differentially expressed genes per condition, which were annotated to up-regulated (A) or down-regu-

lated (B) core signaling pathways (KEGG) for Pkd1-/- PTECs or iKsp-Pkd1del (cKO) mice at 2, 3 or 6 weeks (WK) after 

gene disruption. Pathways are ordered by lowest false discovery rate (FDR) of up-regulated pathways in Pkd1-/- 

PTECs. # = Not significantly enriched pathways in Pkd1-/- PTECs from functional enrichment analysis (FDR >= 0.01).
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DISCUSSION

In this study we present an overview of transcriptome alterations upon fluid shear stress 
exposure and Pkd1 gene disruption in proximal tubular epithelial cells. We compared gene 
expression profiles of shear stress treated Pkd1-/- PTECs with Pkd1wt controls and showed 
that 1219 genes were altered by fluid shear in both cell lines. Functional enrichment analysis 
revealed that shear regulated genes in Pkd1-/- and Pkd1wt PTECs are involved in the same 
signaling pathways. Shear stress activated pathways include MAPK, PI3K-AKT, TGF-β, Wnt, 
p53, Hippo, FoxO, calcium and mTOR signaling, while only JAK-STAT signaling is down-
regulated upon shear. Several of these pathways have been published previously9,15-21,32. 
Increased intracellular Ca2+ is one of the first responses of epithelial cells to the onset of 
shear, thereby modulating several signaling cascades, but it is currently under debate if the 
Ca2+ influx is cilium dependent9,21,23-25,51. In addition, the cilium is only involved in part of 
the shear stress response of PTECs, suggesting that other mechano-sensing complexes are 
involved as well19,20. 

Previously, we showed that inhibitors of TGF-β and MAPK/ERK signaling modulate a wide 
range of mechanosensitive genes, identifying these pathways as master regulators of shear-
induced gene expression19,20. This is attributed to the many interactions of TGF-β and MAPK 
signaling with other pathways. One of these pathways is Hippo signaling, which controls 
organ size in animals and is modulated upon fluid shear. Interaction of the core components 
YAP and TAZ (also called Wwtr1) with TGF-β and Wnt signaling pathways has been described 
previously, thereby regulating Smad2/3 and TCF/LEF target gene expression, respectively52-55. 
In addition, activity of FoxO transcription factors can be modulated by MAPK, PI3K-AKT, 
JAK-STAT and insulin signaling, thereby modulating gene transcription upon interaction with 
Smad3/4 transcription factors56.

Other shear regulated pathways include TNF, FGF, PDGF, VEGF and ErbB signaling, for which 
functional enrichment is largely attributed to altered gene expression of ligands, receptors 
and downstream components of MAPK and PI3K-AKT signaling. Important signal transducers 
of MAPK and PI3K-AKT signaling are Ras and Rap1, which shows again the interaction 
between cellular signaling pathways. Shear induced activation of several other cytokine or 
endocrine signaling pathways and shear altered expression of genes involved in cell-cell 
contacts, ECM, glycocalyx remodeling and endocytosis has been discussed in Kunnen et 
al.20. Remarkably, several genes involved in energy metabolism and autophagy (the process 
of lysosomal degradation) were exclusively down-regulated by shear stress in Pkd1-/- PTECs. 
These processes are also implicated in ADPKD, but how it affects cyst progression is currently 
unclear57,58. These findings suggest a complex interaction of processes and pathways to 
regulate the shear stress response in PTECs and to maintain cellular physiology. 
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Shear stress induced expression of a number of genes involved in MAPK, PI3K-AKT, Hippo, 
Rap1, Wnt, TNF, Ras and TGF-β was slightly more activated in Pkd1-/- PTECs compared to 
Pkd1wt controls (Figures 2 and S1), which we previously showed for TGF-β/ALK5 target 
genes19. Similarly, genes with differential expression in Pkd1-/- PTECs compared to Pkd1wt 
cells, were indeed involved in PI3K-AKT, Rap1, Hippo, MAPK, Ras, Wnt and TGF-β signaling, 
which indicates that shear induced gene expression is further elevated due to Pkd1 gene 
disruption. In addition, functional enrichment analysis of shear regulated genes that were 
exclusively induced in Pkd1-/- PTECs confirms that a subset of these genes is involved in Hippo, 
Wnt, MAPK and calcium signaling (Suppl. Table S5). These include several transcriptional 
regulators of the Hippo and Wnt signaling pathways. Overall, these data suggest that Pkd1 
has the function to restrain shear regulated signaling instead of being a mechano-sensing 
activator. Accordingly, Ma et al. previously proposed a role for Pkd1 in restraining an unknown 
cilia-dependent signaling pathway involved in cyst formation59. Further research is required 
to investigate if and how Pkd1 is inhibiting shear induced signaling. In addition, pathological 
shear stress can also elevate gene expression of aforementioned pathways compared to 
physiological levels of shear20. Moreover, strong variations in fluid shear stress are common 
in kidney diseases, including ADPKD, due to tubular dilation obstruction and hyperfiltration, 
which occur in functional nephrons, to compensate for lost glomeruli and tubules34. 
Increased or pathological shear stress after unilateral nephrectomy35,36, can accelerate cyst 
formation in a Pkd1-/- mouse model38. This leads to the hypothesis that pathological shear 
stress and Pkd1 gene disruption can both cause imbalanced cellular signaling, which may 
contribute to renal cyst formation and fibrosis.

To study shear stress dependent signaling in ADPKD, we compared changes in gene 
expression in Pkd1-/- PTECs during shear with in vivo transcriptome analysis of pre-cystic 
kidneys in mice. In the iKsp-Pkd1del mouse model Pkd1 gene disruption is specifically induced 
in around 40-50% of the renal epithelial cells, with the largest proportion in proximal tubular 
epithelial cells36,38. In the early phase upon in vivo Pkd1 disruption, there is still fluid flow 
without signs of cyst formation. In contrast, in the late/end phase of PKD, there are many 
cysts and fibrotic tissue, causing disturbance or loss of fluid flow in numerous nephrons. 
At this stage, the remaining nephrons experience increased fluid shear to compensate for 
the cystic or fibrotic tissue. Therefore, altered signaling of biological pathways or processes 
in late phase PKD can be caused by several factors, like loss of fluid shear, increased shear, 
increased pressure, changes in tissue composition, fibrosis or inflammation 60. For this 
reason, the in vitro Pkd1 phenotype during fluid shear exposure in PTECs was compared 
with the gene expression profiles of pre-cystic adult iKsp-Pkd1del mice at 2, 3 or 6 weeks after 
Pkd1 gene disruption46.
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In the comparison between the in vitro and in vivo transcriptome analysis we identified 
131 genes up-regulated and 48 genes down-regulated in Pkd1-/- PTECs and iKsp-Pkd1del 
mice at all three time points (Suppl. Table S10). Therefore, we can conclude that these 
genes are already altered in the earliest phase upon Pkd1 gene disruption. Looking at the 
pathways and molecular processes, we noticed extensive overlap between cells and mice, 
although this can largely be attributed to the expression of paralogous genes, rather than 
to the identical genes. Examples include collagens, integrins, kinases, phosphatases, growth 
factors, receptors, signal transducers, inhibitors and transcription factors. These genes are 
involved in several core signaling pathways (Suppl. Table S11) of which several are known to 
be implicated in ADPKD (i.e. PI3K-AKT, MAPK, Hippo, JAK-STAT and TGF-β signaling)39,45,55,61-74, 
suggesting that these pathways are already modified at pre-cystic stage. 

Interpretation of the Wnt signaling is complex since canonical (Wnt/β-catenin) or non-
canonical (β-catenin-independent) Wnt signaling share components, but also may have 
reciprocal effects. In addition, non-canonical Wnt signaling can be subdivided into the Wnt/
planar cell polarity (PCP) and Wnt/Ca2+ pathways. Genes involved in Wnt signaling do not 
show much overlap between in vitro and in vivo transcriptome data, however, the overall 
picture suggests decreased non-canonical Wnt signaling in Pkd1-/- cells and mice. Increased 
canonical Wnt might be involved in cyst formation, although aberrant PCP signaling at early 
stage has been suggested as well67,75. Recent data suggest that the polycystin-complex itself 
mediates Wnt-induced Ca2+ signaling, although independent of Fz-receptors76,77.

Interestingly, several genes involved in endocytosis showed altered expression in Pkd1del 
mice and PTEC cells, while this process was also increased by in vitro fluid shear exposure48-50. 
The involvement of endocytosis in several growth factor signaling cascades like TGF-β and 
MAPK28,78, makes this finding more interesting, suggesting that altered endocytosis, upon 
shear stress or Pkd1 gene disruption, might contribute to imbalanced signaling. 

Besides the clear overlap in altered cellular signaling between Pkd1-/- cells and Pkd1del 
mice, there were some differences. Genes involved in oxidative phosphorylation, mRNA 
processing, protein translation and ribosomal proteins were explicitly down-regulated in 
iKsp-Pkd1del mice, while lysosome related gene expression was up-regulated. This might be 
caused by the different cell types that are present in the kidney, as well as variations in shear 
stress, and will depend on the overall biological context. 

It has been hypothesized that critical Polycystin-1 levels are needed to restrain cellular and 
cilia related signaling59,79. Increased activation of selected genes in renal epithelial cells 
upon Pkd1 gene disruption, as shown in this paper, may disturb the balance in signaling 
and might contribute to cyst formation. Of course, the signaling cascades that trigger cyst 
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formation will depend on several factors, in addition to local and functional PKD protein 
levels, like renal injury, shear stress, inflammation, the metabolic status and more general, 
the biological context60. For example, a number of studies indicate that renal injury can 
accelerate cyst progression and fibrosis67,80,81. Numerous pre-clinical studies effectively 
inhibited implicated signaling pathways and reduced cyst formation and fibrosis. However, 
various clinical studies were unsuccessful to delay cyst growth in patients, while only 
Tolvaptan, a vasopressin receptor antagonist, has been approved as drug for ADPKD patients 
in a number of countries82-86. Therefore, effective therapies should target multiple signaling 
pathways, to re-establishing the balance in cellular signaling in renal epithelial cells and to 
maintain cellular homeostasis within physiological boundaries60,87,88.

CONCLUSIONS
In conclusion, shear stress alters the same signaling pathways in Pkd1-/- PTECs and in Pkd1wt 
controls in vitro. However, the expression of a substantial number of genes was slightly 
more elevated by shear in Pkd1-/- compared to Pkd1wt cells, which are involved in Hippo, 
Wnt, MAPK, TGF-β and calcium signaling. Based on these results we hypothesize that 
Pkd1 restrains shear stress induced signaling, rather than being directly involved in shear 
dependent activation of these pathways. 

A comparison of shear-induced changes in Pkd1-/- PTECs with in vivo transcriptome data of 
kidneys at three early pre-cystic time-points, revealed overlap in pathways and molecular 
processes, involving identical genes (approx. 180) as well as paralogous genes. These 
pathways include PI3K-AKT, MAPK, JAK-STAT, Hippo, p53, calcium, Wnt and TGF-β signaling, 
which are known to be implicated in the renal cyst formation as well. So, our results suggest 
that these processes are already altered at pre-cystic stage and may contribute to in vivo 
cyst formation caused by imbalanced signaling upon Pkd1 gene disruption.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. Comparison of shear stress response in Pkd1-/- vs Pkd1wt PTECs.

Comparison of log2 fold changes (log2 FC) in Pkd1-/- PTECs (KO; y-axis) vs Pkd1wt controls (WT; x-axis) for differentially 

up-regulated (A) or down-regulated (B) genes upon shear stress treatment. Several shear up-regulated genes, 

involved in MAPK, PI3K-AKT, Hippo, Rap1, Wnt, TNF, Ras, TGF-β and calcium signaling pathways, show stronger 

shear induction in Pkd1-/- PTECs compared to Pkd1wt controls. For shear down-regulated genes there was less 

difference between Pkd1-/- and Pkd1wt PTECs, although several genes involved in HIF-1 and mTOR signaling seems 

to be stronger down-regulated in Pkd1-/- PTECs. Black lines represent equal differential expression upon shear stress 

in Pkd1-/- and Pkd1wt PTECs.

A

B
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Supplementary Figure S2. Kidney morphology of Pkd1wt and iKsp-Pkd1del mice. 

Representative images of periodic-acid Schiff (PAS) staining on formalin fixed, paraffin embedded kidney sections 

of Pkd1wt (left) and iKsp-Pkd1del (right) mice at 6 (top), 11 (middle) or 20 (bottom) weeks after Pkd1 gene disruption 

at the age of 13 to 14 weeks. Cyst formation is clearly visible when iKsp-Pkd1del mice reaches kidney failure at 20 

weeks; scale bar = 1 mm.

Pkd1wt Pkd1del

6 weeks

11 weeks

20 weeks
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Supplementary Figure S3. Comparison of differentially expressed genes in core signaling pathways upon Pkd1 

gene disruption in cells and mice. 

Venn diagrams of up-regulated (A) and down-regulated (B) genes in core signaling pathways (KEGG) showing the 

number of genes in overlap between Pdk1-/- PTEC cells and iKsp-Pkd1del (cKO) mice at 2, 3 or 6 weeks (WK) upon 

Pkd1 gene disruption. (%) means the percentage of genes of all up-regulated or down-regulated genes.
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Supplementary Figure S4. Comparison of altered pathways and processes upon Pkd1 gene disruption in cells and 

mice - significant in Pkd1-/- cells.

Number of differentially expressed genes, which were annotated to up-regulated (A) or down-regulated (B) 

signaling pathways and cellular processes (KEGG) for Pdk1-/- PTECs or iKsp-Pkd1del (cKO) mice at 2, 3 or 6 weeks 

(WK) upon Pkd1 gene disruption. Significantly (FDR < 0.01) enriched pathways and processes in Pkd1-/- PTECs are 

shown and compared to iKsp-Pkd1del (cKO) mice. Pathways are ordered by lowest false discovery rate (FDR) in Pdk1-

/- PTECs. Only annotations from the KEGG database were included, without disease related pathways. 
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Supplementary Figure S5. Comparison of altered pathways and processes upon Pkd1 gene disruption in cells and 

mice - significant in Pkd1del mice.

Number of differentially expressed genes, which were annotated to up-regulated (A) or down-regulated (B) 

signaling pathways and cellular processes (KEGG) for Pdk1-/- PTECs or iKsp-Pkd1del (cKO) mice at 2, 3 or 6 weeks (WK) 

upon Pkd1 gene disruption. Significantly (FDR < 0.01) enriched pathways and processes in iKsp-Pkd1del (cKO) mice 

are shown and compared to Pkd1-/- PTECs. Pathways are ordered by lowest false discovery rate (FDR) in any of the 

four groups shown. Only annotations from the KEGG database were included, without disease related pathways. 

# = Not significantly enriched pathways in Pdk1-/- PTECs from functional enrichment analysis (FDR >= 0.01).
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ABSTRACT

Autosomal Dominant Polycystic Kidney Disease (ADPKD), characterized by the formation 
of numerous kidney cysts, is caused by PKD1 or PKD2 mutations and affects 0.1% of the 
population. Although recent clinical studies indicate that reduction of cAMP levels slows 
progression of PKD, they have not yet led to an established safe and effective therapy for 
patients, indicating the need to find new therapeutic targets. The role of transforming growth 
factor β (TGFβ) in PKD is not clearly understood but nuclear accumulation of pSMAD2/3 
in cyst-lining cells suggests the involvement of TGFβ signaling in PKD. In this study we 
ablated the TGFβ type I receptor (also termed activing receptor-like kinase 5 (ALK5)) in renal 
epithelial cells of PKD mice, which had little to no effect on the expression of SMAD2/3 target 
genes, or on the progression of PKD. These data suggest that alternative TGFβ superfamily 
ligands may account for SMAD2/3 activation in cystic epithelial cells. Activins are members 
of the TGFβ superfamily and drive SMAD2/3 phosphorylation via Activin receptors and 
have not yet been studied before in the context of PKD. Already in mice with early PKD, we 
found increased expression of Activin ligands. In addition, treatment with a soluble Activin 
receptor IIB fusion protein (sActRIIB-Fc), which acts as a soluble trap to sequester Activin 
ligands, effectively inhibited cyst formation in three distinct mouse models of PKD. These 
data point to Activin signaling as a key player in PKD, and as a promising target for therapy. 
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INTRODUCTION

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a frequent disorder affecting 1 in 
1000 individuals and involves the polycystic kidney disease 1 (PKD1) gene, which is mutated 
in 85% of the cases, and the PKD2 gene, which is mutated in 15% of the cases1-3. Besides 
extra-renal manifestations such as liver cysts, pancreas cysts, hypertension, cardiovalvular 
abnormalities and cerebral aneurisms, the kidney is the most severely affected organ4. 
Patients develop thousands of renal cysts causing anatomically distorted, enlarged and 
fibrotic kidneys, which ultimately leads to renal failure around the age of 60 years5,6. When 
the levels of functional Polycystin 1 (PC1) or Polycystin 2 (PC2), the gene-products of PKD1 and 
PKD2, deviate too much from the normal levels the likelihood of cyst formation increases7-12. 
In addition, the context of the renal tissue is crucial in determining whether or not cyst 
formation occurs and at what growth rate this process takes place. Under normal conditions 
the adult kidney is relatively resistant to cyst formation but during renal development, renal 
injury or during continuous stress on renal tissue imposed by existing cysts, cells are prone 
to take part in cyst formation once they have lost Polycystin function13-18.

Multiple signaling pathways, such as mTOR, cAMP, Ca2+, Wnt, STAT3 and Src/Ras/Raf/MEK/
ERK, among others, seem to be involved in driving cyst formation19. In addition, we showed 
in a previous study that transforming growth factor-β (TGFβ) signaling may also play a role 
in PKD20. Following binding of the TGFβ ligands (TGFβ1, 2 or 3) to the TGFβ type II receptor II 
(TGFBR2), TGFβ type I receptor (also termed Activin Receptor-like Kinase 5: ALK5) is recruited 
and phosphorylated, which then phosphorylates SMAD2 and SMAD3. These phosphorylated 
SMAD2 and SMAD3 (pSMAD2/3) proteins form a complex with SMAD4 and this complex can 
enter the nucleus to initiate the transcription of various genes21. In pathological conditions 
TGFβ signaling is known to drive fibrosis in various end-stage renal diseases22-25. In cancer, 
TGFβ can either inhibit tumor formation or promote metastasis depending on the specific 
conditions in the tumor microenvironment. We previously found increased levels of nuclear 
pSMAD2 also in cystic epithelial cells, suggesting a possible role for TGFβ in these cells20. 
Although TGFβ inhibited cyst formation in 3D-cyst cultures of ADPKD cells26, the pleiotropic 
actions of TGFβ renders it difficult to predict the exact role of TGFβ in the context of the 
polycystic kidney.

To better understand the role of TGFβ signaling in cyst formation, and to assess whether 
TGFβ signaling can be used as a therapeutic target to inhibit disease progression, we 
crossbred kidney-specific tamoxifen-inducible Pkd1 deletion mice (iKsp-Pkd1del) with mice in 
which exon 3 of the Alk5 gene is flanked by Lox-P sites13,27. This allowed us to simultaneously 
knock-out Pkd1 and Alk5 specifically in the renal epithelium and to study the role of TGFβ 
signaling in cyst formation. However, we show here that the additional inactivation of 
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Alk5 did not affect the progression of PKD and only mildly affected SMAD2/3 dependent 
signaling, suggesting that alternative pathways are accountable for these changes. We 
previously showed increased expression levels of Inhibin βA28. The different subtypes of 
Inhibin β chains are able to form hetero- or homodimers with other Inhibin β chains to form 
different Activins, or they can dimerize with Inhibin α to form Inhibins, which antagonize the 
activity of Activins29. Activins are members of the TGFβ superfamily that bind to Activin type 
II receptors, which results in recruitment of Activin type I receptor (ACVR1B, or ALK4) and 
subsequent phosphorylation of SMAD2/329. The soluble Activin receptor IIB fusion protein 
(sActRIIB-Fc) has been used to enhance muscle growth by antagonizing Myostatin, which is a 
member of the TGFβ superfamily that signals through the ActRIIB receptor and is a negative 
regulator for muscle growth30. Like Myostatin, also Activin A and Activin B signal through 
Activin II receptors and can be sequestered by sActRIIB-Fc. We show here that treatment 
with sActRIIB-Fc markedly slows progression of PKD in three different mouse models for 
PKD. Taken together, our results suggest that the role of TGFβ in renal epithelial cells is 
limited in the context of PKD. Furthermore, Activins drive the progression of PKD and are 
highly promising targets for therapeutic intervention.
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CONCISE METHODS

Mice and treatments
iKspCre-Pkd1lox mice (Pkd1-cKO) have a homozygously bred kidney specific tamoxifen 
inducible Cre36. and two LoxP sites that flank exons 2-11 of the Pkd1 gene13. For some 
experiments, these mice were crossed with mice having exon 3 of the Alk5 gene flanked 
by LoxP sites27. to obtain the indicated genotypes. These mice were all on full C57BL6/J 
genetic background. Oral tamoxifen administration to facilitate gene disruption was done as 
described previously36. The mice received either 200 mg/kg tamoxifen at P40-P42, 150 mg/
kg at P18-P20 or 6 mg/kg tamoxifen at P10-12. Tamoxifen administration at these dosages 
and ages are well tolerated based on careful assessment of behavior, but the P10-12 mice 
have reduced bodyweights due to the Tamoxifen treatments. Hypomorphic Pkd1nl,nl mice 
have a PGK promoter-driven neomycin-resistance gene that is flanked by LoxP sites in intron 
1 of the Pkd1 gene. This neomycin resistance gene causes alternative splicing of the Pkd1 
gene, resulting in reduced expression of Pkd1-WT transcripts, which leads to rapid cyst 
formation starting around P710,32. Male Pkd1nl,wt mice on 129Ola/Hsd genetic background 
were crossed with female Pkd1nl,wt mice on C57BL6/J genetic background to generate Pkd1nl,nl 

F1-hybrids having a fixed genetic background of exactly 50% C57BL6/J and 50% 129Ola/
Hsd. These F1-hybrids were used in the experiments. Since PKD in male P18-Pkd1-cKO mice 
progresses faster compared to PKD in female P18-Pkd1-cKO mice, we only used male mice 
for the survival experiment to reduce the number of mice needed for the experiment. For 
the rapid PKD models, male and female mice have a comparable progression rate and both 
sexes were used. 
The recombinant human sActRIIB-Fc protein is a fusion of a human Fc and the ActRIIB 
receptor and was produced in house in CHO-S cell suspension cultures using chemically 
defined serum free medium and the protein was purified by affinity chromatography as 
described in detail in Hulmi et.al. 201349. Mice were treated twice a week with intraperitoneal 
(IP) injections with sActRIIB-Fc either with 1, 3, or 10 mg/kg in PBS. As a control group, mice 
received IP injections twice a week with PBS.
Blood sampling and blood urea measurements were performed using Reflotron technology 
(Kerkhof Medical Service) as described previously16.
Local animal experimental committee of the Leiden University Medical Center and the 
Commission Biotechnology in Animals of the Dutch Ministry of Agriculture approved the 
experiments performed.

Gene expression analysis
Kidneys from sacrificed mice were removed, snap-frozen in liquid nitrogen and stored at 
-80°C until further processing. Kidneys were homogenized using Magnalyser technology 
(Roche Applied Science) and total RNA was isolated from kidney samples using Tri-Reagent 
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(Sigma-Aldrich). Gene expression was either measured by Reverse-Transcription-Multiplex-
Dependent-Probe-Amplification (RT-MLPA), or by quantitative-PCR (qPCR) as described 
previously16. RT-MLPA: Briefly, 60-120 ng of RNA was used to synthesize cDNA with strand-
specific oligonucleotides in a single reaction with Reverse Transcriptase (Promega). Forward 
probes (oligonucleotides with a universal sequence at the 5’end) and reverse probes 
(oligonucleotides with a universal sequence at the 3’end) were hybridized directly adjacent 
to each other onto the cDNA followed by a ligation step and PCR, using a single primer set 
(forward primer labeled with a 6-Carboxyfluorescein (FAM) or Hexachloro-fluorescein (HEX) 
fluorescent label) designed to simultaneously amplify all ligated probes (MLPA reagents 
were from MRC-Holland). The PCR fragments were run on a 3730 DNA analyzer (Applied 
Biosystems) and peak-heights were analyzed using Peak Scanner 2.0 software (Applied 
Biosystems). Ywhaz and Hprt served as reference genes and relative peak-ratios were 
calculated to determine relative gene expression. Probe sequences of the specific genes are 
available on request. qPCR: cDNA synthesis was done with Transcriptor First Strand cDNA 
Synthesis Kit (Roche Applied Science) according to the manufacturer’s protocol. Quantitative 
PCR was done on the LightCycler 480 II (Roche Applied Science) using 2x FastStart SYBR-
Green Master (Roche Applied Science) according to the manufacturer’s protocol. Primer 
sequences are available upon request. Data was analysed with Lightcycler 480 Software, 
Version 1.5 (Roche Applied Science). Gene expression was calculated using LinRegPCR 
method as described previously50. and normalized to Hprt expression, giving the relative 
gene expression. Mean gene expression and standard deviation of the treatment groups 
were calculated. 

Histochemistry and cystic, fibrotic, proliferation and apoptotic indices
Kidneys were fixed in buffered 4% formaldehyde solution and embedded in paraffin. Kidney 
sections (4µm) were stained with standard hematoxylin and eosin (H&E). Total scans from 
H&E stained kidney sections were used to determine the cystic indices. The cystic index was 
determined using Image J software (public domain software; National Institutes of Health) 
and defined as the percentage of cystic area relative to total tissue. The fibrotic index was 
measured by staining sections with SiriusRed: After deparaffinization, sections were stained 
with 0.2% Phosphomolybdic acid (1 min.), 0.1% SiriusRed in Picric Acid (90 min.), and then 
with saturated Picric Acid, followed by standard ethanol/xylol washes and mounting. All 
sections were stained simultaneously to avoid inter-experimental variation, and all scanned 
images were processed exactly the same using Photoshop software. Specifically designed 
color palettes were used to first remove signal within cysts (leaving only the pixels from 
all tissue), and then that of the tissue except for the red SiriusRed signal (leaving only the 
SiriusRed signal). Large arteries were removed from the analysis. The ratio (SiriusRed_pixels 
vs Complete_tissue_pixels) of the number of pixels were calculated as a percentage and 
was defined as the fibrotic index. The proliferation index was determined on the basis of 
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immunohistochemical staining with Ki67 (NCL Ki67p; Nova Castra) as described previously31. 
The apoptotic index was determined in a similar fashion like the proliferation index, only 
then using Rabbit anti cleaved caspase 3 (9661; Cell Signaling). To determine from which 
segment of the nephron cysts originate in the kidneys of the P18-Pkd1-cKO mice, we 
performed marker staining with rabbit anti-megalin (1:500; Pathology LUMC, Leiden) 
to detect proximal tubular cysts, goat anti-Tamm Horsfall protein (uromodulin, 1:500; 
Organon Teknika-Cappel), to detect distal tubular cysts, or rabbit antiaquaporin-2 (1:4,000; 
Calbiochem) to detect collecting duct cysts, as described previously31.

Cell culture and Western blotting
For in-vitro analysis, primary cells were generated from the cortexes of kidneys of tamoxifen 
treated iKspCre;Pkd1lox,lox and iKspCre;Pkd1lox,lox;Alk5lox,lox mice. In addition, mouse Pkd1-

/- and Pkd1+/+ proximal tubular epithelial cells were cultured and processed as described 
previously31. Western blotting was performed on crude protein extracts using standard 
procedures and as described previously using an anti-phospho-SMAD2 antibody51, an anti-
αTubulin antibody (CP06, Calbiochem), and a total-SMAD2 antibody (3103 Cell Signaling 
Technologies)20. For optimal performance using westernblot analysis of tissue extracts, TGX 
gradient gels were used from BioRad. Densitometric analysis was carried out using Odyssey 
technology (Licor-biosciences).

Statistical Analysis
Differences between survival curves were tested with the generalized Wilcoxon test. All 
other group comparisons were tested using two-tailed t tests.
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RESULTS

TGFBRI (ALK5) ablation in conditional Pkd1 deletion mice.
To better understand the role of TGFβ signaling specifically in the renal epithelium during 
cystogenesis, we crossbred kidney-specific-tamoxifen-inducible-Cre-Pkd1lox mice (iKspCre-
Pkd1lox,lox) with mice in which exon 3 of the Alk5 gene is flanked by LoxP sites13,27. As such, we 
generated iKspCre-Pkd1lox,lox and iKspCre-Pkd1lox,lox;Alk5lox,wt and iKspCre-Pkd1lox,lox;Alk5lox,lox 
mice. Eleven weeks following tamoxifen administration at Post-Natal day (P) 40, 41 and 
42 (i.e. these mice have mild tubular dilations), Alk5 expression was reduced in iKspCre-
Pkd1lox,lox;Alk5lox,wt mice and was reduced more in iKspCre-Pkd1lox,lox;Alk5lox,lox mice, indicating 
homozygous inactivation of Alk5 (Figure 1A). Next, we followed mice until the onset of end-
stage PKD (defined as Blood Urea (BU) concentration > 20 mmol/l). Both iKspCre-Pkd1lox,lox 
(from now on referred to as Pkd1-cKO) and iKspCre-Pkd1lox,lox;Alk5lox,lox mice (from now on 
referred to as Pkd1;Alk5-cKO) had a similar progression rate of PKD and although there was 
a trend that the Pkd1;Alk5-cKO mice had slightly higher 2KW/BW%, this was not significant. 
Also renal histology was not different, indicating that renal epithelial Alk5 expression does 
not play a significant role in the progression of PKD (Figure 1B-D). 
We next measured the expression of SMAD2/3-dependent target genes by Reverse-
transcriptase-ligation-dependent-probe-amplification (RT-MLPA), which were massively 
upregulated in cystic kidneys of Pkd1-cKO mice compared to control mice (Figure 1E). 
Surprisingly, however, Pkd1;Alk5-cKO mice showed a similar upregulation, being only 
slightly less compared to Pkd1-cKO mice (Figure 1E). These results indicate that the role of 
renal epithelial Alk5 expression on cystogenesis or SMAD2/3-dependent signaling is limited, 
and suggests the involvement of other pathways to account for these changes during cyst 
formation.

Activin expression is increased in PKD and kidney cells respond to Activin.
We previously found increased Inhibin βA expression in PKD samples, which is a member 
of the TGFβ super family28. Upon dimerization, Inhibin β chains can form different Activin 
subtypes, which can drive SMAD2/3 phosphorylation through the ALK4 and ACTRII 
receptors29. Here, we analyzed both Inhibin βA and Inhibin βB expression and found that 
the expression of both ligands were elevated at end-stage PKD (defined as BU > 20 mmol/L, 
which occurs approximately 16 weeks after Tamoxifen)31. but also at early-stage PKD (11 
weeks after Tamoxifen administration, at which the mice have mild tubular dilations)31, 
suggesting a possible role for Activin signaling already at the early stages of cyst formation 
(Figure 2A and 2B). 
Cultured primary cells isolated from total kidneys from tamoxifen treated Pkd1-cKO or 
Pkd1;Alk5-cKO mice, and cultured Pkd1+/+ or Pkd1-/- immortalized proximal tubular epithelial 
cells were all capable to respond to ActivinA and TGFβ by inducing SMAD2 phosphorylation 
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Figure 1. Conditional ablation of 

Alk5 in the renal epithelium does 

not affect PKD. 

(A) Renal expression of Alk5 in 

mice of different genotypes (iK-

spCre;Pkd1lox,lox;Alk5wt,wt, iKsp-

Cre;Pkd1lox,lox;Alk5lox,wt and iKsp-

Cre;Pkd1lox,lox;Alk5lox,lox) treated 

with Tamoxifen at P40, 41, 42 

and euthanized 11 weeks after 

Tamoxifen. Adult iKspCre;Pkd1lox-

,lox;Alk5wt,wt mice without Tamoxi-

fen treatments served as a control 

(No Tam Control). Expression was 

measured by Reverse Transcrip-

tase Multiplex Ligation-depen-

dent Probe Amplification (RT-ML-

PA). Hprt and ywhaz served as 

housekeeping genes to correct for 

cDNA input (n = 5 mice per group). 

Error bars indicate interquartile 

range (B) Renal survival analysis 

(a Blood Urea level (BU) of 20 

mmol/L served as a cutoff point) 

of Pkd1-cKO (n = 6 mice) and Pk-

d1;Alk5-cKO (n = 8 mice) mice that 

were treated with Tamoxifen at 

P40, 41, 42. (C) The ratio of the 

kidney weight to body weight ex-

pressed as a percentage (2 KW/BW%) of the mice also depicted in Figure 1B. Error bars indicate interquartile range 

(D) Representative hematoxylin and eosin-stained kidney sections from end-stage polycystic kidneys of Pkd1-cKO 

and Pkd1;Alk5-cKO mice. Scale bar: 500 µm. (E) Expression of the SMAD2/3 target genes the EDA splice form of 

fibronectin 1 (Fn1(EDA)), plasminogen activator inhibitor-1 (PAI1), matrix metalloproteinase-2 (Mmp2) and colla-

gen, type I, α1 (Col1α1) from kidneys of P40 Tamoxifen treated Pkd1-cKO mice (n = 5) and Pkd1;Alk5-cKO mice (n = 

5) that were euthanized at the onset of renal failure caused by severe PKD (defined as having BU levels above 20 

mmol/L). Expression of the genes of Pkd1-cKO mice (n = 5) without Tamoxifen (No Tam Control) are also shown. 

Expression was measured by Reverse Transcriptase Multiplex Ligation-dependent Probe Amplification (RT-MLPA). 

Hprt and ywhaz served as housekeeping genes to correct for cDNA input. Error bars indicate standard deviations. 

(n.s. indicates Not Significant, * indicates P < 0.05, *** indicates P < 0.001, **** indicates P < 0.0001).  
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(Figure 2C). The response pattern of the primary kidney cells from tamoxifen treated 
Pkd1;Alk5-cKO mice indicated reduced sensitivity to TGFβ, which is likely caused by the 
conditional ablation of Alk5 in the majority of cells (Figure 1A and 2C). Although these in 
vitro experiments do not recapitulate the complex signaling in the context of a cystic kidney, 
these results indicate that renal epithelial cells can potentially be stimulated by Activins and 
TGFβ. To further assess the role of Activins in cystic kidneys we aimed to inhibit Activins in 
mouse models for PKD, using a soluble Activin ligand trap.

Figure 2. Activin expression in PKD 

kidneys and stimulation of cells. 

(A-B) InhβA (A) and InhβB (B) 

mRNA expression in kidneys from 

P40 Tamoxifen treated Pkd1-cKO 

mice euthanized 11 weeks after 

Tamoxifen (Mild PKD) or at the 

onset of renal failure (defined as 

having BU levels above 20 mmol/L) 

(Severe PKD) (n = 5 mice per 

group). Expression of the genes 

of Pkd1-cKO mice without Tamox-

ifen (No Tam Control) served as 

a reference. The expression was 

measured by qPCR. Hprt served 

as a housekeeping gene to correct 

for cDNA input. Error bars indicate 

interquartile range. * indicates P 

< 0.05, ** indicates P < 0.01, *** 

indicates P < 0.001, **** indicates 

P < 0.0001. (C) Western blot and 

quantification of pSMAD2 and to-

tal SMAD2 on crude extracts from 

primary cells from a kidney of one P40 Tamoxifen treated Pkd1-cKO (Primary Pkd1-cKO), and of one P40 Tamoxifen 

treated Pkd1;Alk5-cKO mouse (Primary Pkd1;Alk5-cKO). Also results of crude extracts of Pkd1+/+ (Pkd1+/+ PTECs) or 

Pkd1-/- (Pkd1-/- PTECs) mouse Proximal Tubular Epithelial Kidney cells (PTECs) are shown. All cell lines were either 

left unstimulated (US), or were stimulated with 5 ng/ml TGFβ1, or with 100 ng/ml Activin-A. Each stimulation 

experiment on the above mentioned cell lines was performed at least three times. A representative experiment 

with two replicates of the same cell line of each condition are shown in which tubulin served as a loading control. 

pSMAD2/SMAD2 ratios are shown and were normalized to the unstimulated cells that were set to 1. * indicates P 

< 0.05, ** indicates P < 0.01, *** indicates P < 0.001 compared with the unstimulated control. 
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sActRIIB-Fc inhibits disease progression in two mouse models with rapid PKD progression.
To explore the role of Activin signaling in PKD and to determine whether Activins can be 
used as a therapeutic target for PKD, we used a soluble Activin ligand trap (sActRIIB-Fc). We 
first used the Pkd1-cKO model in which we inactivated Pkd1 by tamoxifen administration 
at P10-12. Pkd1-inactivation before P14 results in rapid cyst formation as opposed to Pkd1 
inactivation after P1413,14. As expected, at age P33, mice that received phosphate buffered 
saline (PBS) had increased 2-kidney to bodyweight ratios (2KW/BW%), cystic indices (CI) 
and increased Blood-Urea (BU) levels indicating deteriorating renal function (Figure 3A-
C). By contrast, mice that also received biweekly intraperitoneal (IP) injections of 3 or 10 
mg/kg sActRIIB-Fc, starting at P14 until the end of the experiment at age P33, showed 
improvement in all of these parameters and improvement of renal histology (Figure 3A-D 
and Supplemental Figure 1). 

Figure 3. Antagonizing Activin signaling effectively inhibits cyst progression in conditional Pkd1-deletion mice. 

(A-C) Pkd1-cKO mice (n = 15 mice; 8 males and 7 females) were treated with tamoxifen at P10,11,12 and euthanized 

at P33. Mice that were additionally treated with 3 (n = 9 mice; 4 males and 5 females) or 10 mg/kg (n = 9 mice; 4 

males and 5 females) sActRIIB-Fc from P14-P33 had improved renal function (A), significantly lower kidney weights 

(B), and cystic indices (C). (D) Shown are representative images of the renal histology of the different treatment 

groups. The mice treated with 3 or 10 mg/kg sActRIIB-Fc had improved renal histology compared with PBS treated 

mice. Histology of all mice is shown in Supplemental Figure 1. Scale bar: 1 mm. (n.s. indicates Not Significant, ** 

indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001, error bars indicate interquartile range). 
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To test if the cyst reducing properties of sActRIIB-Fc are not specific for just the conditional 
Pkd1-deletion model, we also used a different model for PKD. To this end, we tested the 
efficacy of sActRIIB-Fc also on hypomorphic Pkd1nl,nl mice. These mice have in all of their cells 
only about 15-20% of normal Pkd1 expression and have already small cysts at age P7 and 
by the age of P20 they have developed massive PKD10,32. In addition, we bred these mice on 
a different genetic background (i.e. the Pkd1nl,nl mice in this study were F1-hybrids having a 
fixed genetic background of exactly 50% C57BL6/J and 50% 129Ola/Hsd genetic background). 
We treated these mice with in total 4 IP injections of 0, 1 or 10 mg/kg sActRIIB-Fc between 
P10 and P21. Even this short treatment regimen showed significant improvements in renal 
function and size (Figure 4A-D and Supplemental Figure 2). 

Figure 4. Antagonizing Activin signaling effectively inhibits cyst progression in hypomorphic Pkd1 mice. 

(A-C) Hypomorphic Pkd1nl,nl mice bred on a mixed genetic background of C57BL6/J and 129Ola/Hsd were treated 

with in total 4 IP injections of 0 (n = 6 mice; 1 male and 5 females), 1 (n = 5 mice; 2 males and 3 females) or 10 (n 

= 5 mice; 2 males and 3 females) mg/kg sActRIIB-Fc between P10 and P21. Shown are BU levels (A), 2KW/BW% (B) 

and cystic indices (C). (D) Representative H&E stained kidney sections of the hypomorphic mice treated with the 

indicated dosages of sActRIIB-Fc. Histology of all mice is shown in Supplemental Figure 2. Scale bar: 1 mm. (n.s. 

indicates Not Significant, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, error bars indicate 

interquartile range). 
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The improved renal health by sActRIIB-Fc treatment is associated with reduced fibrosis 
and SMAD2/3 dependent signaling.
The PKD phenotype is generally associated with increased proliferation and expression of 
SMAD2/3 target genes, which could be a reflection of increased fibrosis20.. We therefore 
measured the proliferation, apoptotic and fibrotic index of the P10-Pkd1-cKO mice. The 
proliferation indices were determined by taking the ratio of Ki67 positive and Ki67 negative 
nuclei of sections that were stained for this proliferation marker. The apoptotic index 
was measured in a similar fashion using sections stained for cleaved Caspase-3, which is 
a marker for apoptosis. The fibrotic index was measured by determining the amount of 
Collagen deposition in kidney sections using Sirius Red stainings. The number of apoptotic 
cells increased in mice with Pkd1-cKO compared to control mice without Pkd1-cKO, but the 
sActRIIB-Fc treatments did not significantly affect apoptosis and there were no statistically 
significant differences in proliferation between the tested groups (Figure 5A-B). However, 
the fibrotic index was clearly reduced in the 3 and 10 mg/kg sActRIIB-Fc treated mice, 
which correlated with reduced expression of collagen, type I, α1 (Col1α1), and plasminogen 
activator inhibitor-1 (PAI1). However, compared to the PBS treated mice, the expression 
of the EDA splice form of fibronectin 1 (Fn1(EDA)) was only significantly reduced in mice 
treated with 10 mg/kg sActRIIB-Fc (Figure 5C-D and Supplemental Figure 3). Since, pSMAD2 
protein levels in kidney extracts of the P10-Pkd1-cKO mice, as assessed by western blotting, 
were below the detection limit, we were not able to connect the expression of these 
genes to the levels of pSMAD2/3 (data not shown). We therefore also immunoblotted 
kidney extracts of the Pkd1nl,nl mice that were treated with PBS, 1 or 10 mg/kg sActRIIB-Fc. 
pSMAD2 was only detected in PBS treated Pkd1nl,nl mice, and dropped below the detection 
limit in the sActRIIB-Fc treated mice (Figure 5E-F). Interestingly, also total SMAD2 levels 
were increased in Pkd1nl,nl mice compared to WT-control mice, which were reduced in the 
sActRIIB-Fc treated mice (Figure 5E and 5G). Taken together, these results indicate that the 
reduced cystic load achieved by sActRIIB-Fc treatment, is associated with reduced SMAD2/3 
dependent signaling and fibrosis.

sActRIIB-Fc treatment slows PKD in adult onset Pkd1-cKO mice.
To investigate if Activin inhibition could also slow disease progression in an adult onset model 
for PKD, we conducted a survival experiment. We first treated male Pkd1-cKO mice with 
Tamoxifen at P18, 19 and 20 to inactivate Pkd1. These mice have a young adult onset of PKD 
with cyst formation from all tubular segments (Supplemental Figure 4, and Leonhard W.N., 
Peters D.J.M.; manuscript in preparation). After randomization of the mice in the different 
groups, biweekly treatments with PBS (PBS control) or 3 mg/kg sActRIIB-Fc were started at 
P46 (long treatment). In addition, one group of mice that received PBS from P46, switched 
to 3 mg/kg sActRIIB-Fc treatment at P74 (late treatment). From approximately P78 the renal 
function of the mice was monitored weekly by measuring Blood Urea (BU) levels. BU of 20 
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Figure 5. The improved renal phenotype by sActRIIB-Fc is associated with reduced SMAD2/3 signaling. 

(A-B) The proliferation index and apoptotic index was measured in renal samples of the P10-Pkd1-cKO mice in 

the indicated groups. (C) Collagen deposition was measured by SiriusRed staining (example images are shown in 

Supplemental Figure 3) from renal sections of the P10-Pkd1-cKO mice in the indicated groups. (D) The expression 

of the EDA splice form of fibronectin 1 (Fn1(EDA)), plasminogen activator inhibitor-1 (PAI1), and collagen, type I, α1 

(Col1α1) from kidneys of the P10-Pkd1-cKO mice that were treated with 0, 3 or 10 mg/kg sActRIIB-Fc was measured 

by qPCR. The dotted lines indicate the expression levels of genotype and age matched Pkd1-floxed mice without 
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mmol/L was used as a cutoff point to pinpoint the onset of renal failure. The median survival 
in days after the start of the long-treatment-regimen was 55 days in the PBS group and 
was significantly postponed to 97 days in the sActRIIB-Fc treated group (Figure 6). sActRIIB-
Fc treatments starting at 74 days did not significantly slow PKD, suggesting that the effect 
of sActRIIB-Fc is more prominent during the milder stages of PKD (Figure 6). Collectively, 
the improvement in renal health in three distinct models for PKD by sActRIIB-Fc treatment, 
suggests that Activin inhibition is an attractive approach to inhibit ADPKD. 

Additional effects of sActRIIB-Fc.
Several studies showed that sActRIIB-Fc treatment increases bodyweight, which is primarily 
caused by increased muscle size due to the ability of sActRIIB-Fc to antagonize Myostatin, 
which is a negative regulator for muscle growth. Since the 2KW/BW% is influenced by 
the bodyweight, we summarized the bodyweights, kidney weights, 2KW/BW% and cystic 
indices of all mice in Supplemental Figure 5. Whereas the bodyweights at the start of each 
experiment generally were comparable between the groups, at the end of the experiments 
the bodyweights of the sActRIIB-Fc treated mice tended to be slightly higher. This was more 
prominent in the long-term sActRIIB-Fc treated P18-Pkd1-cKO mice. Besides the effect on 
bodyweight, the data summary confirms that sActRIIB-Fc treatment reduced kidney weights 
and cystic indices, or delayed the onset of renal failure.
We measured the weight of the quadriceps’s in the P10-Pkd1-cKO mice that were treated 
with 10 mg/kg sActRIIB-Fc and confirmed that muscle size was increased, which could explain 
the relative higher bodyweights of the sActRIIB-Fc treated mice in this study (Supplemental 
Figure 6A). Overall behavior and morphology was normal in sActRIIB-Fc treated mice, and 
there were no obvious changes in liver, spleen or pancreas tissues of the mice (data not 
shown). In addition, there was no sign of liver toxicity as the alanine aminotransferase (ALT) 
levels of the sActRIIB-Fc treated mice in the survival experiment were similar or slightly 
lower compared to PBS treated mice (Supplemental Figure 6). 

tamoxifen. Hprt served as a housekeeping gene to correct for cDNA input. (E-G) Renal extracts from Pkd1nl,nl mice 

were immunoblotted and stained for phosphorylated SMAD2 (pSMAD2), total SMAD2 (SMAD2) or TUBULIN as a 

loading control. (E) a representative immunoblot of the indicated samples and protein expressions. (F-G) Quanti-

fication of pSMAD2/TUBULIN ratios (F) or SMAD2/TUBULIN ratios (G). pSMAD2 was only detected in Pkd1nl,nl mice 

that were treated with PBS. 

For all quantifications in this Figure: n = 5 mice for all groups. These mice were representative for the actual aver-

ages based on the 2KW/BW%. n.d. = not detected, n.s. = not significant, * indicates P < 0.05, ** indicates P < 0.01, 

*** indicates P < 0.001, # indicates: the ‘No Tam’ control group had significantly lower numbers of apoptotic cells 

compared to each of the other groups P < 0.05. *# indicates: PBS treatment compared to either 1 mg/kg or 10 mg/

kg sActRIIB-Fc treated Pkd1nl,nl mice, P < 0.05. Error bars indicate standard deviations).
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Figure 6. sActRIIB-Fc treatment slows PKD in an adult onset model for PKD.

Survival analyses of Pkd1-cKO mice treated with Tamoxifen at P18. PBS (PBS control) or sActRIIB-Fc (3 mg/kg sAc-

tRIIB long) treatment was started at 46 days of age. However, 7 mice switched from PBS treatment to sActRIIB-Fc 

treatment at 74 days of age (3 mg/kg sActRII Late). BU was measured weekly and the onset of renal failure was 

defined as having a BU > 20 mmol/L. From the start of the first treatment at age 46 days, the median survival of 

PBS treated mice (n = 6 mice) was 54 days (age 100 days), median survival of late treated mice (n = 7 mice) was 76 

days (age 122 days) and median survival of long treated mice (n = 5 mice) was 97 days (age 143 days). ** indicates 

P < 0.01, n.s. indicates not significant. 
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DISCUSSION

The data presented in this study point to Activins as novel players in driving the progression 
of PKD. Treatment with sActRIIB-Fc, which is capable of sequestering Activins, inhibited 
cystogenesis in three distinct mouse models of PKD. At present there is not yet an approved, 
safe and effective therapy for the treatment of ADPKD, although a few completed and 
ongoing clinical trials with the primary focus of inhibiting cAMP have shown clinical benefit 
in ADPKD patients33-35. Many other PKD related signaling pathways are continued to be 
studied as potential targets for the treatment of ADPKD19. 

In this study, we focused on TGFβ and Activins, which are members of the TGFβ superfamily 
that signal through their receptors and can drive SMAD2/3 phosphorylation. Increased 
expression of SMAD2/3 target genes and extracellular matrix remodeling enzymes, 
expansion of the interstitial space followed by fibrosis, and the accumulation of pSMAD2 
in cystic epithelial cells, suggest their involvement in ADPKD20,25. Since TGFβ is involved in 
driving fibrosis in different chronic kidney diseases, its role likely has overlap with fibrosis 
in ADPKD22-25. The role of TGFβ in driving cyst formation is less well studied, although in 
3D-cyst cultures of ADPKD cells, TGFβ inhibited cyst formation26. To study the specific role 
of TGFβ in renal epithelial cells in the context of a PKD phenotype, we ablated TgfβRI (Alk5) 
together with Pkd1 using a previously developed renal epithelial specific and tamoxifen 
inducible Cre system13,27,36. As expected, primary cells from Pkd1-cKO mice were capable 
to respond to TGFβ, whereas this response was abrogated in primary cells from Pkd1:Alk5-
cKO mice. By contrast, in the PKD context in vivo, additional ablation of Alk5 only minimally 
affected the massive upregulation of SMAD2/3 target genes. We cannot exclude that other 
cell types may be involved in the increased expression of SMAD2/3 target genes in end-
stage PKD. Another explanation could be that Alk5 independent pathways contribute to 
these changes. Either way, our results indicate that renal epithelial expression of Alk5 does 
not contribute significantly to cyst progression in adult Pkd1-cKO mice. These data and the 
observed increased InhβA and InhβB expression in PKD, pointed us to Activins, which, like 
the TGFβ ligands, are members of the TGFβ superfamily29. 

Activins are composed of two Inhibin β chains and can stimulate SMAD2/3 phosphorylation 
via the Activin type II receptors and ALK429. These ligands play key roles in cancer and in 
wound repair programs37. Of interest, mutations in the von Hippel-Lindau tumor suppressor 
gene stimulates hypoxia-inducible factor (HIF)-dependent expression of Activin B, which 
promoted tumor growth38. However, whether Activins stimulate or inhibit epithelial repair 
upon damage and how they are involved in fibrosis and cancer seems to differ among 
different tissues and also depends on the specific context of the tissue, the interplay 
between stromal and parenchymal cells, and on the expression of other members of the 
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TGFβ superfamily37. It is therefore difficult to predict the exact role of Activins in the context 
of PKD. Since cyst formation is suggested to be a state of chaotic repair39, it is tempting to 
speculate that the increased Activin expression in PKD is in fact an underlying cause of this 
process. To test if blocking Activin signaling could be a therapeutic strategy to treat ADPKD, 
we treated three different PKD mouse models with sActRIIB-Fc, which can be used as a 
soluble Activin ligand-trap. In all of these models, sActRIIB-Fc treatment was associated with 
slower cyst progression compared to PBS treated littermates. Although in most analyses 
there was a trend towards a dose dependent response of the sActRIIB-Fc treatments, 
this did not reach statistical significance. The proliferation and apoptotic index varied 
between the animals and were not clearly different between PBS or sActRIIB-Fc treated 
P10-Pkd1-cKO littermates. Although these data suggest that sActRIIB-Fc treatment did not 
significantly affect these processes, we cannot exclude that sActRIIB-Fc affects proliferation 
and/or apoptosis during any other time-point throughout the course of the development 
of PKD. Whether this is the case, remains to be investigated. However, the slower onset of 
PKD by sActRIIB-Fc treatment, was associated with reduced SMAD2 expression, reduced 
SMAD2 phosphorylation, reduced SMAD2/3 target gene expression and reduced Collagen 
deposition, which is in line with the concept of the ability of sActRIIB-Fc to sequester Activin 
ligands, which are increased in PKD. However, sActRIIB-Fc is also known to sequester other 
ligands of the TGFβ superfamily such as Myostatin, GDF11 and, with lower efficiencies, also a 
number of BMP’s40,41. In-house RNAseq data of mice with PKD, showed that Myostatin is not 
expressed in kidneys with or without PKD, and that GDF11 expression is low and unchanged 
throughout the course of PKD progression (Malas et.al. unpublished). BMP’s primarily 
signal through SMAD1/5/8, which has been observed not to be significantly changed in 
two mouse models of PKD, suggesting that the cyst reducing properties of sActRIIB-Fc are 
not likely mediated by its limited ability to sequester BMP’s20. sActRIIB-Fc treatment indeed 
increased muscle mass and bodyweight, which is likely due to the ability of sActRIIB-Fc to 
sequester the negative regulator of muscle growth Myostatin. In addition, the ligand traps, 
including ActRIIA and ActRIIB variants, have been observed before to also prolong survival in 
cancer cachexia models, improve bone mineralization in models with established bone loss, 
suppress LPS-induced lung inflammation, improve obesity and obesity-linked metabolic 
disease, and to correct ineffective erythropoiesis in mice with beta-thalassemia by growth 
and differentiation factor (GDF11) inactivation42-46. We therefore cannot fully exclude that 
the renal cyst reducing property of sActRIIB-Fc is actually secondary to effects of sActRIIB-
Fc on other organs such as the observed skeletal muscle hypertrophy. However, given the 
increase in the expression of Activins within the cystic kidney, the reduction of SMAD2/3 
dependent signaling and collagen deposition upon sActRIIB-Fc treatment, our data point 
to a scenario in which the renal cyst reducing property of sActRIIB-Fc is caused by its ability 
to trap Activin ligands within the (pre)-cystic kidney. How Activins and their downstream 
signaling cascades are interconnected with other cyst inducing pathways, and how the 
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combined processes induce the development of cysts is not yet clearly understood and 
remains to be elucidated.

Currently, several soluble-receptor-ligand-traps are being tested in clinical trials for various 
purposes47,48. One phase II trial to improve muscle function in Duchenne Muscular Dystrophy 
patients using a sActRIIB-Fc variant had to be terminated because of side effects, which 
included bleedings of the nose and gum (NCT01099761). However, another 4-month phase 
I trial assessing the safety of a sActRIIA variant in healthy postmenopausal women up to a 
dosage of 1 mg/kg, reported that the treatments were safe and well tolerated48. A number 
of phase II trials are currently being undertaken to further assess the therapeutic potential 
of the sActRIIA variant, primarily in diseases involving anemia. These studies will shed more 
light on the tolerability of treatments with such ligand traps. 

Since ADPKD patients likely require years of treatment, the treatment should have an 
excellent safety profile. The continuous improvements in the strategies to slow ADPKD are 
highly encouraging and will likely lead to a safe and effective therapy. Although it remains 
to be clarified if targeting Activins can be applied safely in humans for longer periods, 
the effective inhibition of PKD in three mouse models by sActRIIB-Fc points to Activins as 
potentially important targets for ADPKD treatment.
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Supplemental Figure 1. Effect of sActRIIB-Fc on renal histology in Pkd1-cKO mice. 

Each litter was subdivided in a PBS, 3 mg/kg, or 10 mg/kg sActRIIB-Fc treatment group. Histology of all mice are 

shown. M; indicates male, F; indicates female. The mice on sActRIIB-Fc treatment had improved renal histology 

compared to the PBS treated mice.
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Supplemental Figure 2. Effect of sActRIIB-Fc on renal histology in Pkd1nl,nl mice. 

The mice were treated 4 times between P10-P21 with either PBS alone, 1 mg/kg, or 10 mg/kg sActRIIB-Fc. Renal 

histology of all mice are shown. M; indicates male, F; indicates female. The kidneys from mice on sActRIIB-Fc were 

smaller and generally appeared less cystic compared to the kidneys of the PBS treated mice. Scale bar: 1 mm

Supplemental Figure 3. Example images of SiriusRed stainings of renal sections of P10-Pkd1-cKO mice that were 

either treated with PBS, 3 mg/kg or 10 mg/kg sActRIIB-Fc. Quantification is shown in Figure 5C.
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Supplemental Figure 4. Characteristics of the P18-Pkd1-cKO mouse model. 

Pkd1-cKO mice were treated with 150 mg/kg Tamoxifen or left untreated. At 4 weeks after Tamoxifen (n = 9 mice), 

the 2KW/BW% had increased slightly compared to control mice without Tamoxifen (n = 12 mice). The mice were 

then followed until the onset of renal failure (indicated as having a BU > 20 mmol/L; n = 6 mice), which occurred 

approximately at 100 days of age (see also Figure 6), with 2KW/BW% of approximately 8%. Segmental marker 

staining using anti-Megalin (proximal tubular marker), anti-Tammhorsfall protein (distal tubular marker), or Anti-

Aqp2 antibodies (Collecting duct marker), revealed cyst formation from all tubular segments. Differences in 2KW/

BW% between all groups: *** P < 0.001
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Supplemental Figure 5. Summary of bodyweight (BW) and total kidney weights (2KW).

Summary of bodyweight (BW) at the beginning and at the end of the experiment, of the total kidney weights (2KW) 

and of the 2KW/BW%, and of the cystic indices of all mice in this study is shown. Of note, the sActRIIB-Fc treated 

mice that were euthanized at fixed time points (the P10-Pkd1-cKO and the Pkd1nl,nl mice) had lower kidney weights 

and lower cystic indices compared to their PBS treated littermates. The kidney weights and cystic indices were not 

different between the groups of the P18-Pkd1-cKO mice but the progression was slower in the sActRIIB-Fc treated 

mice compared to their PBS treated littermates (see Figure 6). * indicates P < 0.05, ** indicates P < 0.01, *** 

indicates P < 0.001, **** indicates P < 0.0001. ). n.s. indicates Not significant
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Supplemental Figure 6. Additional effects of sActRIIB-Fc. 

The weight of the quadriceps’s (QD) of sActRIIB-Fc treated P10-Pkd1-cKO mice (10 mg/kg) is higher than the QD 

weight of their PBS treated littermates. Alanine aminotransferase (ALT) blood levels were measured in the P18-

Pkd1-cKO mice at the end of the experiment. Liver function was normal in all tested groups. * indicates P < 0.05, 

**** indicates P < 0.0001.
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SUPPLEMENTARY MATERIALS CAN BE DOWNLOADED FROM

https://goo.gl/693ao1
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Shear stress regulated signaling is essential during embryonic development, tissue 
homeostasis and cellular function. Defects in fluid shear sensing and mechanotransduction 
can cause or modulate a broad range of diseases including ciliopathies and ADPKD1-7. In the 
last two decades, shear stress was more extensively investigated in renal epithelial cells 
to evaluate the role of mechano-sensing in cellular function and disease phenotypes8-10. 
However, cellular processes and signaling pathways that are altered by shear stress in renal 
epithelial cells are still not completely understood.

In this thesis, a comprehensive evaluation of shear stress regulated signaling in proximal 
tubular epithelial cells is presented, followed by a comparison of signaling pathways 
altered in ADPKD. Fluid flow within the lumen of nephrons exposes renal epithelial cells to 
mechanical forces like shear stress. Renal epithelial cells experience a relatively steady flow 
velocity and shear stress in a physiological range between 0.05 - 1 dyn/cm2, where proximal 
tubular epithelial cells (PTECs) experience the highest range of shear stress10-14. However, 
variations in hydrodynamic forces and shear stress are common in kidney diseases, including 
ADPKD, due to hyperfiltration, tubular dilation and obstruction15. In this thesis, we applied a 
shear stress ranging from 0.25 to 2 dyn/cm2, to mimic physiological and more pathological 
(hyperfiltration) levels of shear stress. 

In chapter 2 we presented fluid shear induced TGF-β/ALK5 signaling in both wild-type 
and Pkd1-/- PTECs. This was evidenced by phosphorylation and nuclear accumulation of 
p-SMAD2/3, as well as altered expression of downstream target genes and EMT markers. 
ALK4/5/7 inhibitors blocked SMAD2/3 mediated signaling, indicating that autocrine signaling 
is involved, which was reported for endothelial cells as well16. This was further supported 
by shear induced mRNA expression of Tgfb1 and Tgfb3. In addition, TGF-β neutralizing 
antibodies inhibited the flow response, while an activin ligand trap (sActRIIB-Fc) was 
ineffective, indicating that the flow response was TGF-β/ALK5 dependent. However, it still 
remains unclear how fluid shear activates TGF-β ligands, but a previous study suggests that 
TGF-β can be released from its latency-associated peptide (LAP) by shear stress, probably 
by forces exerted on αv-β6-integrins via the actin cytoskeleton17,18. In addition, a recent 
publication reported increased apical endocytosis upon shear stress exposure in PTECs19. 
Endocytosis may be important for the shear response in PTECs, since TGF-β/ALK5 signaling 
is mediated via clathrin dependent endocytosis20,21. 

In contrast to the ALK4/5/7 inhibitor, the MEK-inhibitor further enhanced shear induced 
expression of several SMAD2/3 target genes. Several studies report that TGF-β ligands can 
activate canonical (SMAD2/3) and non-canonical (MAPK/ERK) TGF-β pathways and the 
downstream responses can be modulated at several levels22,23. Activated ERK proteins can 
both enhance and repress SMAD2/3 dependent gene transcription, depending on timing 
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and amount of ERK activation24,25. Integration of TGF-β and MAPK/ERK signaling cascades is 
complex, biological context dependent and therefore difficult to predict.

The flow response appeared to be slightly but significantly stronger in Pkd1-/- cells, 
suggesting that Pkd1 restrains shear induced TGF-β/ALK5 signaling. Additionally, when 
comparing physiological (0.25-1 dyn/cm2) with pathological (2 dyn/cm2) levels of shear, we 
showed that flow induced target gene expression in PTECs was increased by the amount of 
shear stress. These data suggest enhanced TGF-β/ALK5 signaling upon Pkd1 gene disruption 
and hyperfiltration, which might contribute to epithelial cell plasticity, fibrosis and kidney 
diseases progressions, where hyperfiltration is a common feature15. In contrast, cilia ablation 
did not inhibit flow mediated SMAD2/3 signaling in Pkd1wt cells. Even more, expression of 
early responsive SMAD2/3 target genes was enhanced upon deciliation, suggesting that to 
a certain extent primary cilia suppress TGF-β/ALK5 signaling. Additionally, our data indicate 
that fluid shear stress in PTECs is also regulated by other mechano-sensors, located at 
different locations of the cell membrane, which needs additional investigation in the future.

In chapter 3 we further evaluated the cellular response of PTECs upon shear stress exposure, 
using RNA sequencing. In agreement with the previous chapter we showed that expression 
of numerous components of TGF-β and MAPK signaling pathways were up-regulated by 
shear stress. In addition, functional enrichment-analysis revealed shear induced Wnt and 
p53 signaling, as well as several other cytokine signaling pathways, including PDGF, FGF, 
HB-EGF and CXC. It needs more extensive investigation whether these increased cytokine 
signaling pathways are caused by autocrine or paracrine loops, as reported for TGF-β in this 
thesis. Nevertheless, increased expression of cytokines suggests activation of inflammatory 
cells upon shear in vivo. Inflammation is a common phenomenon during progression of 
kidney diseases, where shear stress is fluctuating due to changes in glomerular filtration 
rate, tubular hyperfiltration and obstruction26. We further concluded that TGF-β and MAPK/
ERK are master regulators of shear-induced gene expression, because inhibitors of these 
pathways modulate a wide range of mechanosensitive genes. This can be caused by several 
interactions between TGF-β and MAPK signaling23-25,27. However, the main down-regulated 
pathway, i.e. JAK/STAT, is independent of TGF-β and MAPK/ERK. 

What is clear from chapter 3 is that the cellular response to shear is modified at several 
levels. This is indicated by altered expression of genes involved in cell-matrix, cytoskeleton 
and glycocalyx remodeling, but also glycolysis and cholesterol metabolism are altered. 
Increased expression of cell-cell/cell-matrix interaction genes suggests reinforcement of 
epithelial cell morphology11,28,29. However, high pathological shear stress of 5 dyn/cm2 can 
result in loss of epithelial cell morphology30, indicating that physiological relevant levels of 
shear are required to maintain epithelial integrity. Flow down-regulation of genes involved 
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in various metabolic pathways is mediated via AMPK, which was previously shown for 
endothelial cells31-35. AMPK is an important kinase in energy metabolism and plays a central 
role in fluid flow induced down-regulation of mTORC1 activity in renal epithelial cells, which 
is dependent on bending of the primary cilium36,37. 

Our results revealed shear induced expression of genes involved in glycocalyx remodeling. 
This can be important for mechanotransduction of shear stress by amplifying the drag 
force exerted on renal epithelial cells. However, in this thesis we did not investigate if the 
glycocalyx itself is involved in mechano-sensing in PTECs. Nonetheless, we investigated the 
role of cilia in the shear stress response. Cilia ablation abolished shear induced expression 
of a subset of genes, but genes involved in TGF-β, MAPK and Wnt signaling were hardly 
affected, suggesting that other mechano-sensing structures or complexes play a prominent 
role in the shear stress response of renal epithelial cells. We finally showed that altered 
signaling due to increased fluid shear stress may be relevant for renal physiology and 
pathology, as indicated by elevated gene expression at pathological levels of shear stress 
compared to physiological shear.

RNA sequencing gene expression profiles of shear stress treated Pkd1-/- PTECs were 
compared with Pkd1wt controls in chapter 4. Functional enrichment analysis revealed 
that shear regulated genes in Pkd1-/- and Pkd1wt PTECs are involved in the same signaling 
pathways, including MAPK, PI3K-AKT, Hippo, Wnt, TNF, p53, FoxO, TGF-β, calcium, JAK-
STAT and mTOR signaling. These data indicate that Pkd1 is not directly involved in shear 
dependent activation of these pathways. However, expression of a number of genes was 
significantly more activated by shear stress in Pkd1-/- PTECs, suggesting that Pkd1 is partially 
restraining shear regulated signaling, which was shown for TGF-β/ALK5 related signaling in 
chapter 2 as well. 

To study shear stress dependent signaling in ADPKD, we compared changes in gene 
expression in Pkd1-/- PTECs during shear with in vivo transcriptome analysis of kidneys in 
Pkd1del mice at three early pre-cystic time-points. Pkd1 gene disruption was specifically 
induced in 40-50% of the renal epithelial cells, while there was still fluid flow present in 
Pkd1del mice at pre-cystic stage38-40. Upon Pkd1 gene disruption, there was a clear overlap 
in altered pathways and cellular processes between cells and mice, which was attributed 
to altered expression of identical or paralogous genes. A number of altered flow-induced 
pathways upon Pkd1 gene disruption are also implicated in ADPKD, including PI3K-AKT, 
Hippo, MAPK, p53, calcium, Wnt, JAK-STAT and TGF-β signaling. This suggests that these 
pathways are already modified at pre-cystic stage and may contribute to the onset of disease. 
Several genes involved in endocytosis exhibited altered expression in Pkd1del mice and Pkd1-

/- PTEC cells, while this process was also increased by in vitro fluid shear exposure, reported 
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in this thesis and previous publications19,41,42. Enhanced endocytosis upon shear is mediated 
via cilium dependent Ca2+ increase, and subsequent calmodulin mediated activation of 
Cdc4243. Increased endocytosis in ADPKD was recently published in transcriptomic analyses 
of ADPKD models as well44. In addition, the involvement of endocytosis in several growth 
factor signaling cascades, like TGF-β and MAPK20,45, makes this finding more interesting. 
Altered endocytosis by shear stress or Pkd1 gene disruption suggests that this process may 
contribute to imbalanced cellular signaling or disease progression, although additional 
research is required to confirm the causality. 

As discussed before, several cellular processes are affected by fluid shear stress and Pkd1 
gene disruption, including TGF-β signaling. Furthermore, the TGF-β pathway is proposed 
to be the initiator of fibrosis, which is a common clinical feature of ADPKD46-48. This is 
supported by a study showing nuclear translocation of p-SMAD2 in cyst lining epithelial 
cells of Pkd1 mutant mice49. Therefore, we focused on different interventions to target the 
TGF-β signaling pathway in chapter 5. Genetic disruption of TGF-β type I receptor (Alk5) 
in Pkd1del mice only showed minor to no reduction of SMAD2/3 target gene expression or 
cyst progression. In contrast, primary cells from Pkd1-Alk5 conditional knock-out (cKO) mice 
showed attenuated SMAD2 phosphorylation upon TGF-β stimulation compared to single 
Pkd1 cKO mice. This may suggest that renal epithelial TGF-β/ALK5 signaling is not the driving 
factor during cyst progression in vivo, although it cannot be excluded that several other renal 
cell types contribute to PKD phenotype via TGF-β signaling. Alternatively, ALK5-independent 
pathways may be involved in disease progression. 

One of these alternative TGF-β pathways is activin signaling via the activin type I (ALK4) and 
type II receptors50. Activin ligands are formed by two homo- or heterodimers of inhibin-β 
subunits of which four are characterized in mammalians (βA, βB, βC, βE). We found that 
Inhba and Inhbb gene expression was increased in Pkd1del mice. The protein products of 
these genes are important for embryonic development, injury repair and tissue homeostasis, 
while inhibin-βC or βE knockout mice didn’t display any phenotype51. However, activin 
C might have an antagonistic function to compete with activin A signaling. Activins are 
implicated in several diseases and can stimulate cell migration, differentiation and fibrosis. 
Therefore, activin inhibition was proposed as possible therapeutic strategy to retard disease 
progression52. 

In our study we used a soluble activin receptor type II B fusion protein (sActRIIB-Fc), which is 
a ligand trap to sequester activins. We treated two young and one adult PKD mouse model 
with sActRIIB-Fc to assess if inhibition of activin signaling could be a therapeutic strategy 
for PKD. Overall cyst progression was significantly reduced in sActRIIB-Fc treated PKD mice 
compared to PBS treated littermates. The highest dose of sActRIIB-Fc treatment was in most 
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analyses not significant compared to the lower dose, although there was a dose dependent 
trend visible. This suggests that the lower dose of sActRIIB-Fc is already sufficient to 
reduce cyst progression in PKD mouse models. In addition, we found decreased SMAD2 
expression and phosphorylation, as well as reduced SMAD2/3 target gene expression and 
collagen deposition, indicating that sActRIIB-Fc is sequestering SMAD inducing ligands, like 
activins. However, other TGF-β superfamily ligands can also be sequestered by sActRIIB-Fc, 
but with lower affinity, including GDF11 and myostatin53,54. RNA sequencing data from our 
lab showed that myostatin (Mstn) is not expressed in kidneys of the PKD mouse models 
and Gdf11 is low expressed and not changed in PKD mice (chapter 4 and Malas et al.)55. 
In addition, the same data showed clearly higher expression of Inhbb compared to Inhba 
in PKD kidneys, while Inhbc and Inhbe were not expressed. This suggests that reduced 
cyst formation upon sActRIIB-Fc treatment might act by sequestering activin B. However, 
subtype specific activin type II receptor ligand traps or antibodies needs to be used in the 
future to confirm this hypothesis. In conclusion, activin inhibition showed promising results 
to slow PKD progression in three ADPKD mouse models. In addition, clinical trials assessing 
the safety of soluble activin receptor ligand traps reported that these compounds are well 
tolerated56-58, although some clinical trials were discontinued due to safety or efficacy 
concerns59,60. Nevertheless, future research needs to address if the use of soluble activin 
receptor ligand traps is safe and effective during long term treatment of ADPKD patients.

GENERAL DISCUSSION

In the first chapters of this thesis we presented various cellular processes and signaling 
pathways that were altered by shear stress and we revealed that several factors can modify 
the fluid shear response in PTECs. Clearly, pathological shear can enhance the flow induced 
response in PTECs, but Pkd1 gene disruption can also elevate shear induced expression of 
several genes involved in MAPK, TGF-β and Wnt signaling. It has been hypothesized that 
critical polycystin-1 levels are required to restrain cellular and cilia- or shear-related signaling 
in order to prevent polycystic kidney disease61. Moreover, strong variations in hydrodynamic 
forces and fluid shear are common in kidney diseases, including ADPKD, due to cyst growth, 
tubular dilation, obstruction and hyperfiltration, which occur to compensate for lost glomeruli 
and tubules15. Furthermore, shear stress is increased after unilateral nephrectomy40,62, which 
can accelerate cyst progression in Pkd1del mice39. In addition, long-term pathological shear 
exposure can result in tubulointerstitial lesions and fibrotic deposition, which is commonly 
seen after renal mass reduction or during progression of renal diseases8,63-65. Overall, this 
leads to the hypothesis that pathological shear stress and Pkd1 gene disruption can both 
lead to imbalanced cellular signaling, which probably contribute to renal cyst formation and 
fibrosis. This hypothesis is supported by results in this thesis, showing that several processes 
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and pathways are cooperating to regulate the shear stress response in PTECs and to maintain 
cellular physiology. TGF-β, MAPK and Wnt signaling are elevated upon pathological shear or 
Pkd1 gene disruption, while these pathways are associated to fibrosis, differentiation and 
uncontrolled cell proliferation in kidney diseases. Furthermore, several of these pathways 
are also perturbed in pre-cystic Pkd1del mouse models (shown in chapter 4), indicating that 
imbalanced signaling is already occurring early upon Pkd1 disruption at pre-cystic stage. 
In addition, a recent study by our group revealed clustered cyst formation in an adult slow 
onset PKD mouse model, which resembles the human ADPKD phenotype39. Renal tubules 
are compressed and PKD-related signaling is increased in nephrons near existing cysts66. 
Tubular compression or obstruction will likely affect local mechanical forces and shear stress 
on epithelial cells and may lead to altered signaling and local cyst formation. Of course, 
cellular processes and signaling pathways that drive cyst formation will depend on many 
factors in addition to functional PKD protein levels, including shear stress, renal injury, 
inflammation and cellular metabolism.

To date, it is still not completely clear which mechano-sensing structures and complexes 
are involved in fluid shear response of renal epithelial cells or several other cell types. In 
the last two decades, the function of the primary cilium was extensively investigated, but 
we lack knowledge about the role of the microvilli and glycocalyx in renal epithelial cells42. 
The glycocalyx is particularly important for the shear stress response in endothelial cells, 
but in renal epithelial cells the glycocalyx can also amplify the frictional force on the cell 
membrane and the microvilli. In this thesis, we revealed that shear altered expression of 
a number of genes was cilium dependent, while several other genes were still induced by 
fluid shear after cilia disruption. This indicates that additional mechano-sensing structures 
or complexes are involved in the shear stress response of renal epithelial cells. However, the 
involvement of other mechano-sensors, i.e. microvilli, the glycocalyx, tight junction proteins 
and integrin’s, and possible interactions between these complexes were not addressed in 
this thesis, which needs more extensive investigation in future research. 

Obviously, the broad range of human ciliopathies and the diversity of their phenotypes, 
including polycystic kidneys, have focused the research on the primary cilium function. 
Several studies have proposed that fluid flow bending of primary cilia induces a rapid Ca2+ 
influx, mediated by the polycystin1-2 complex, followed by release of intracellular Ca2+ 
stores and subsequent cytosolic Ca2+ increase67-71. This process modulates several signaling 
cascades, including cAMP signaling. In ADPKD, aberrant ciliary polycystin function is the 
proposed mechanisms leading to reduced Ca2+ signaling, which induces cAMP, trans-
epithelial fluid secretion and MAPK/ERK mediated cell proliferation72-74. However, recent 
studies question the direct role of primary cilia and polycystins in the Ca2+ response, since 
they show cytosolic calcium response prior to the ciliary calcium increase, whereas other 
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calcium transporters are involved75-80. In chapter 4, we showed shear altered expression of 
genes involved in Ca2+ signaling, while Pkd1wt and Pkd1-/- PTECs display both overlap and 
differences in Ca2+ signaling related gene expression. However, we did not detect differences 
in the shear induced cytoplasmic Ca2+ influx, when comparing Pkd1wt and Pkd1-/- PTECs using 
a Fura-2 AM reporter in a microscopic flow system (unpublished data). This suggests that 
polycystin-1 is not primarily involved in the shear stress induced Ca2+ response in renal 
epithelial cells. Moreover, a recent study reported that polycystin-2 is a monovalent cation 
channel within the primary cilium of renal epithelial cells, with a preference for K+ and Na+ 
over the divalent Ca2+ ions81. Ciliary localization of polycystin-2, nor its channel activity 
were altered in the absence of polycystin-1, although polycystin-1 and 2 may still interact 
at other cellular locations or via indirect mechanisms81. In this thesis, we lack data of Pkd2-/- 
models, which is definitely required to refine the role of the polycystins in renal physiology 
and pathology, like ADPKD, whereas the molecular mechanisms of cyst formation may be 
distinct. 

Despite numerous studies about fluid shear mediated Ca2+ influx, the mechanism of Ca2+ 
signaling is not entirely clear and still under debate, whereas the direct involvement of cilia 
and the polycystins is being criticized75-79,81,82. Therefore, it is of indisputable importance 
to further investigate the role of primary cilia, polycystins and other mechano-sensing 
complexes in the shear response of renal epithelial cells. It is likely that shear stress sensing 
and mechanotransduction are different during development and cellular repair or tissue 
homeostasis, emphasizing the importance to select appropriate cellular models. This will 
hopefully reveal the complex mechanism of mechano-sensing and the relevance for disease 
progression, including ciliopathies and ADPKD. However, the cellular mechanism that 
initiate cyst formation might be distinct between ciliopathies and ADPKD, since a study by 
Ma et al. revealed that cilia disruption suppressed cyst growth in ADPKD models83. They 
proposed that functional polycystin levels are essential to restrain cilia-dependent cyst 
activation, although additional research is required to refine this mechanism79. Our results 
can support this hypothesis, since cilia ablation partially suppressed shear induced signaling, 
while Pkd1 disruption seems to enhance specific shear induced signaling pathways, 
including TGF-β and Wnt signaling. Recent data, including data in this thesis, suggest that 
Pkd1 has the function to restrain shear regulated signaling instead of being a mechano-
sensing activator. Accordingly, Ma et al. previously proposed a role for Pkd1 in restraining 
an unknown cilia-dependent signaling pathway involved in cyst formation79. Therefore, it is 
of utmost importance to further elucidate the functions of cilia and ciliary located proteins, 
like the polycystins and IFT proteins, as well as their role outside the cilia. This is needed 
to establish a definite mechanism of cyst formation and disease progression, including 
ADPKD and other ciliopathies. Additionally, this should be supported by future research to 
identify the mechanism of mechanotransduction and the involved mechano-sensors using 
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PKD and ciliopathy models. In chapter 4 we showed a broad overlap in cellular processes 
and pathways that were altered upon Pkd1 gene disruption, between in vitro and in vivo 
experiments. Despite the overlap there were clearly some differences. The most notable 
divergence was presented in chapter 5, which showed that inhibition of activin signaling was 
able to reduce cyst formation in Pkd1del mice, but in vivo Alk5 ablation was ineffective. This 
seems in contrast with the in vitro situation, where shear stress induced signaling is (partially) 
TGF-β/ALK5 dependent and is increased at pathological shear or upon Pkd1 disruption. 
Obviously, the in vitro study is not fully representative for the in vivo situation, where 
several other cells types and cytokines in the nephrons are involved and cellular signaling 
will depend on the overall biological context. In chapter 5, genetic disruption of Pkd1 and 
Alk5 in mice was specifically induced in renal epithelial cells. So, TGF-β/ALK5 signaling can 
still be present in other cell types of Pkd1-Alk5 cKO mice, like fibroblasts or inflammatory 
cells. Activin expression can be induced in macrophages and other inflammatory cells by 
several cytokines, like TGF-β, EGF, PDGF, TLRs, TNFα, INF-γ and interleukins84,85. In addition, 
macrophages are found to accumulate near cysts and can stimulate cyst growth, while 
macrophage depletion inhibited cyst growth66. So, this suggests that different cell-types may 
be involved during cyst formation and PKD-progression is biological context dependent.

In this thesis, we found several processes and pathways that were altered both by fluid 
shear stress and Pkd1 gene disruption. Many of these signaling pathways are implicated in 
ADPKD as well and numerous potential therapies are targeting these pathways86. However, 
more than 20 years after the discovery of PKD1 and PKD2 as genetic cause of ADPKD, 
the exact cellular function of the polycystins still remains unclear. Our data indicate that 
polycystin-1 is not a direct mechano-sensor, but it restrains shear stress induced gene 
expression via an unknown mechanism. Additional research is required to identify the 
cellular function of polycystins and the mechanism of mechanotransduction. This is needed 
to refine the mechanism of cyst formation in ADPKD and other ciliopathies, which could 
identify potential targets for therapy. Nevertheless, we showed that inhibition of activin 
signaling is a promising therapy to slow cyst progression in Pkd1del mice. Although other 
treatment strategies have been tested successfully to reduce PKD progression in pre-clinical 
studies, the efficacy in human patients is sometimes minimal or absent, which was reported 
for several mTOR inhibitors87-89. Therefore, it has been suggested to combine therapies and 
target multiple signaling pathways affected in ADPKD66,90,91. These combined therapies should 
reestablish the balance in cellular signaling of renal epithelial cells and maintain cellular 
homeostasis within physiological boundaries. However, additional research is required to 
evaluate the safety and efficacy of combined therapies, which will be challenging because 
ADPKD patients will require life-time treatment to postpone end-stage renal disease.
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LIST OF ABBREVIATIONS

ACVR1  Activin A Receptor Type 1
ADPKD  Autosomal dominant polycystic kidney disease
ANOVA  Analysis of variance
ALK  Activin receptor like kinase
AS  Ammonium sulfate
BBS  Bardet-Biedl syndrome
BMP  Bone morphogenetic proteins
cAMP  Cyclic adenosine monophosphate 
cKO  Conditional knock-out
CPM  Counts per million
CDH1  Cadherin-1
COL1A1   Collagen, type I, alpha 1
COX2   Cyclo-oxygenase-2
DEG  Differentially expressed genes
DPBS  Dulbecco’s phosphate-buffered saline
ECM  Extracellular matrix 
EGFR  Epidermal growth factor receptor
ELISA  Enzyme-linked immunosorbent assay
EMT  Epithelial-to-mesenchymal transition
ERK  Extracellular signal-regulated kinase
ESRD  End stage renal disease
FDR  False discovery rate
Fn1  Fibronectin 1 
GFR  Glomerular filtration rate
GPCR  G-protein coupled receptors
Hh  Hedgehog
HPRT  Hypoxanthine-guanine phosphoribosyltransferase
IFT  Intraflagellar transport
LAP  Latency-associated peptide 
MAPK   Mitogen-activated protein kinase
MEK  MAPK/ERK kinase
MKS  Meckel syndrome
mTOR   Mechanistic Target Of Rapamycin
MVID   Microvillus inclusion disease
NGS  Next generation sequencing
NO  Nitric oxide
OFD  Oral-Facial-Digital Syndrome
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PAI1   Plasminogen activator inhibitor 1 
PC  Polycystin
PCP  Planar cell polarity
PI3K  Phosphoinositide 3-kinase
PKD  Polycystic kidney disease
PKD1  Polycystic kidney disease 1 gene
PKD2  Polycystic kidney disease 2 gene
PKHD1  Polycystic kidney and hepatic disease 1 (fibrocystin / polyductin)
NPHP  Nephronophthisis
PTEC  Proximal tubular epithelial cell 
PTGS2   Prostaglandin-endoperoxide synthase 2
qPCR   Quantitative polymerase chain reaction
RIPA  Radioimmunoprecipitation assay
sActRIIB-Fc Soluble Activin receptor-IIB fusion protein
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SERPINE1 Serpin Peptidase Inhibitor, Clade E, Member 1
SMAD  Mothers against decapentaplegic homolog
TBS  Tris-buffered saline
TGF  Tubuloglomerular feedback
TGFBRI  Transforming growth factor β receptor I (ALK5)
TGF-β  Transforming growth factor β
TGF-β Ab TGF-β neutralizing antibody
VIM  Vimentin
YAP  Yes-associated protein
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NEDERLANDSE SAMENVATTING

Voor cellen in het lichaam is het van essentieel belang om signalen uit de omgeving waar 
te kunnen nemen, zodat ze hun functie daarop kunnen aanpassen. Dit doen cellen onder 
andere met behulp van mechano-sensoren. Dit zijn eiwitten op het celmembraan of in de 
cellen die vervormen of geactiveerd worden door krachten uit de omgeving en hierdoor 
kunnen ze een signaal aan de cellen doorgeven. Dit proces wordt mechanotransductie 
genoemd. Mechanotransductie is dus de biochemische reactie op fysische krachten 
waaraan cellen voortdurend worden blootgesteld, zoals druk, vloeistof beweging (shear 
stress), rek van het celmembraan of actine cytoskelet. Deze processen spelen een zeer 
belangrijke rol in de embryonale ontwikkeling en bij normale weefsel homeostase. Defecten 
in de mechanotransductie kunnen dan ook resulteren in veel verschillende soorten ziekten. 

Onderzoek naar mechanotransductie is al begonnen in de jaren 60 van de vorige eeuw, met 
als doel het onderzoeken van de water reabsorptie in nierbuisjes (tubulus). Vanaf de jaren 80 
en 90 werd het onderzoek toegespitst op de bloedvatcellen en botcellen, omdat deze cellen 
ook veel worden blootgesteld aan mechanische krachten. Pas vanaf de eeuwwisseling gingen 
onderzoekers specifieker kijken naar het effect van vloeistofstroming (shear stress) op nier 
epitheelcellen. Dit zijn de cellen in de wand van de nierbuisjes, waar voorurine door stroomt 
en water en voedingsstoffen worden teruggewonnen. Het is echter nog steeds niet geheel 
duidelijk hoe het nier-epitheel reageert op shear stress en welke eiwitten, complexen en 
processen daarbij een rol spelen. Naast structuur eiwitten in het celmembraan en cytoskelet, 
hebben het primaire cilium en mogelijk de microvilli daar een belangrijke functie in. Cilia en 
microvilli en zijn uitstulpingen van het celmembraan van epitheelcellen uit de proximale 
tubulus (nierbuisjes), die kunnen bewegen door invloed van vloeistofstroming. Primaire cilia 
komen in bijna elk celtype voor, terwijl microvilli alleen aanwezig zijn in gespecialiseerde 
cellen, zoals proximaal tubulaire epitheelcellen. Mutaties in eiwitten die een functie hebben 
in het cilium kunnen leiden tot erfelijke ziekten, ciliopathieën genaamd, waarbij vaak ook 
nieren zijn aangedaan. Eén van die erfelijke nierziekten is ADPKD (autosomal dominant 
polycystic kidney disease = autosomaal dominant polycysteuze nierziekte), waarbij de 
patiënten veel vochtblazen (cysten) ontwikkelen in de nieren. Uiteindelijk leidt dit tot 
verslechtering van de nierfunctie en nierfalen bij 50% van de patiënten op 50-60-jarige 
leeftijd, waardoor de patiënten nierdialyse of niertransplantatie moeten ondergaan. 

ADPKD-patiënten hebben een mutatie in een van de twee DNA-kopieën van het PKD1 
of PKD2 gen. Tijdens hun leven ondervinden ze een “somatische” mutatie in de tweede 
functionele kopie van het PKD gen, waardoor de gen-activiteit onder een minimum zakt en 
de ziekte zich kan ontwikkelen. De twee PKD-genen bevatten de genetische code voor de 
eiwitten polycystine-1 en 2 (PC-1 en PC-2), die gelokaliseerd zijn in het celmembraan en in 
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het cilium. De precieze cellulaire functie van de polycystine-eiwitten is niet geheel duidelijk, 
maar PC-1 lijkt op een receptoreiwit en PC-2 is een ion-kanaal. Inmiddels wordt al zeker 
15 jaar aangenomen dat de polycystine-eiwitten een rol spelen bij mechanotransductie 
en de detectie van shear stress, maar de exacte rol van deze eiwitten in dit proces blijft 
nog onduidelijk. In dit proefschrift is daarom de rol van shear stress onderzocht in nier-
epitheelcellen van de proximale tubulus. Daarbij is ook gekeken naar de rol van het cilium 
en de relevantie voor de erfelijke nierziekte ADPKD. 

In hoofdstuk 2-4 is gekeken naar invloed van shear stress ten gevolge van vloeistofstroming 
op proximaal tubulaire (nier)-epitheelcellen (PTEC) en de rol van primaire cilia en Pkd1 
activiteit. In hoofdstuk 2 lag de focus op de processen TGF-β (SMAD2/3) en MAPK/ERK 
signalering. Deze signaleringsroutes spelen een rol bij herstel van cellulaire schade, cel-
proliferatie, migratie en differentiatie. Echter in ziekteprocessen zijn deze routes vaak te sterk 
geactiveerd, waardoor er te veel celdeling plaatsvindt en bindweefsel (fibrose) kan vormen, 
wat een kenmerk is van ADPKD. We laten zien dat de TGF-β route wordt geactiveerd door 
shear stress en dat dit afhankelijk is van actief TGF-β en het receptoreiwit ALK5, waaraan 
het signaal eiwit TGF-β kan binden. Daarnaast bleek uit het onderzoek dat inactivatie van 
het Pkd1 gen ertoe leidt dat de SMAD2/3 gereguleerde expressie van de target genen 
werd versterkt. Dit houdt feitelijk in dat de TGF-β pathway sterker wordt geactiveerd in 
Pkd1 geïnactiveerde cellen, die worden blootgesteld aan shear stress. Remming van een 
belangrijke component in de MAPK/ERK signaleringsroute, MEK1/2, liet zien dat deze route 
ook invloed heeft op de door shear stress geactiveerde TGF-β route.  Echter, het verwijderen 
van cilia zorgde niet voor een verandering van de activiteit van de TGF-β signalering. Dit 
suggereert dat niet het cilium maar andere celstructuren en complexen ook een rol spelen 
bij mechanotransductie in nier epitheelcellen.  

In hoofdstuk 3 hebben we veel uitgebreider gekeken naar de processen die een rol spelen 
bij shear stress in proximaal tubulair nier-epitheel door gebruik te maken van RNA-
sequencing. Deze techniek brengt alle messenger RNA (mRNA) moleculen in kaart, wat 
een goede indicatie geeft van de activatie van processen en functies in de cellen. Veel 
verschillende signaleringsroutes zijn veranderd door shear stress, waaronder verhoogde 
activatie van de TGF-β, MAPK, Wnt en andere cytokine signalering, maar componenten van 
de JAK/STAT route zijn verlaagd door shear stress. Ook zijn er cellulaire processen veranderd 
die betrokken zijn bij de celstructuur (cel-matrix, cytoskelet, glycocalyx) en metabolisme 
(glycolyse en cholesterol). We laten zien dat de TGF-β en MAPK/ERK signaleringsroutes 
een belangrijke rol spelen bij veel van de shear stress geactiveerde signaleringsroutes en 
processen, omdat de remmers van deze routes (ALK4/5/7 en MEK1/2) veelal vermindering 
laten zien van de shear response. Net als voor de eerdergenoemde TGF-β en MAPK/ERK 
signaleringsroutes concluderen we dat er naast cilia ook andere complexen een rol spelen 
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bij mechanotransductie in nier epitheelcellen, omdat veel processen na verwijdering van 
de cilia nog steeds geactiveerd werden door vloeistofstroming. Tenslotte constateren we 
dat verhoogde pathologische levels van shear stress zorgen voor een sterkere activatie van 
de door stroming geïnduceerde processen. Daarom concluderen we dat pathologische 
vloeistofstroming mogelijk kan bijdragen aan het ontstaan van het ziektebeeld doordat 
specifieke processen te sterk geactiveerd worden.

Vervolgens hebben we in hoofdstuk 4 gekeken naar de grootschalige veranderingen in 
genexpressie ten gevolge van shear stress in Pkd1 geïnactiveerde cellen (Pkd1-/-) en hebben 
dit vergeleken met cellen met een functioneel Pkd1 gen (Pkd1wt). We concluderen dat 
dezelfde processen worden geactiveerd in Pkd1-/- en Pkd1wt nier-epitheelcellen. Echter, in 
Pkd1-/- PTEC werden verschillende signaleringsroutes sterker geactiveerd door shear stress 
dan in Pkd1wt cellen, waaronder de MAPK, PI3K-AKT, Hippo, Rap1, Wnt, TNF, Ras en TGF-β 
routes, zoals al eerder beschreven was voor de TGF-β route in hoofdstuk 2. Gebaseerd op 
deze resultaten trekken we de hypothese dat het Pkd1 gen mogelijk de functie heeft om de 
shear stress geïnduceerde processen te remmen, zodat deze onder controle blijven. Als het 
Pkd1 minder of niet meer functioneel is, zoals bij ADPKD-patiënten, dan kan deze controle 
wegvallen, waardoor bepaalde processen te sterk geactiveerd worden en de ziekte zich 
mogelijk kan ontwikkelen. 

Ook hebben we de veranderde processen tijdens shear stress in Pkd1-/- nier-epitheelcellen 
vergeleken met een Pkd1-/- muis-model, waarbij nog geen cysten zijn gevormd. In deze 
fase is er nog normale vloeistofstroming in de nieren van de muizen en daarom is dit te 
vergelijken met veranderingen in Pkd1-/- proximaal tubulaire epitheelcellen tijdens shear 
stress. In beide Pkd1-/- modellen zijn vergelijkbare processen veranderd ten opzichte van 
de Pkd1wt controles, waaronder de PI3K-AKT, MAPK, JAK-STAT, Hippo, p53, calcium, Wnt 
en TGF-β signaleringsroute. Deze routes zijn ook veranderd in ADPKD-patiënten en andere 
Pkd1-/- modellen tijdens cystegroei. Deze resultaten suggereren dat deze signaalroutes al zijn 
veranderd in de pre-cysteuze fase van ADPKD en dat deze cellulaire veranderingen mogelijk 
kunnen bijdragen aan cyste vorming. 

Voor de behandeling van ADPKD-patiënten is het belangrijk dat de cystegroei wordt 
verminderd of geremd, zodat nierfalen in een later stadium of helemaal niet optreedt. In 
hoofdstuk 5 hebben we daarom in een Pkd1 knock-out (Pkd1del) muis-model verschillende 
therapieën getest, die gericht zijn op de TGF-β signaleringsroute, omdat deze een belangrijke 
rol speelt bij fibrosevorming in nieren van ADPKD-patiënten. Genetische inactivatie van een 
TGF-β receptoreiwit (Alk5) leidde echter niet tot verminderde cystegroei in Pkd1del muizen. 
Daarom concluderen we dat er mogelijk andere, ALK5 onafhankelijke, routes een rol 
spelen bij cystegroei in Pkd1del muizen. Een van de alternatieve TGF-β routes is via de ALK4 
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receptor, die specifiek is voor activine cytokines. In dit onderzoek hebben we daarom een 
oplosbaar activine receptor type IIB-fusie eiwit (sActRIIB-Fc) gebruikt, wat activine-liganden 
kan wegvangen. Pkd1del muizen die behandeld waren met sActRIIB-Fc lieten duidelijk een 
verminderde activatie van de TGF-β/activine route zien, wat gepaard ging met verminderde 
cystegroei. Verder onderzoek zal nodig zijn om vast te stellen via welk mechanisme en welke 
subtypes van de TGF-β/activine cytokines de cystevorming wordt gestimuleerd. Aangezien 
er naast de TGF-β/activine route verschillende signaleringsroutes een rol spelen in ADPKD, 
verwachten we dat het nodig zal zijn om meerdere processen te remmen die een rol spelen 
bij de cystegroei. Klinische studies lieten namelijk al zien dat remming van alleen de mTOR 
route niet voldoende is om PKD progressie te verminderen in patiënten. Gecombineerde 
therapieën kunnen daar mogelijk een uitkomst bieden. Daarvoor moeten de effectiviteit van 
de therapie en de veiligheidsaspecten beter onderzocht worden, omdat ADPKD patiënten 
levenslange behandeling moeten ondergaan om nierfalen uit te stellen. Mechanistisch 
onderzoek naar de functie van de Pkd1 en Pkd2 genen en de rol van shear stress zullen 
hier zeker aan bij kunnen dragen. Daarnaast kan een verfijnd mechanisme van cystegroei 
in ADPKD ook bijdragen aan onderzoek en mogelijke behandeling van andere ciliopathieën. 
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de MGC PhD workshop naar Düsseldorf in 2012. 

Mijn proefschrift was er niet gekomen als ik niet de mogelijkheid had gekregen om een deel 
van mijn onderzoek te doen bij het Academisch Centrum voor Tandheelkunde Amsterdam 
(ACTA). Ten eerste ben ik Willem dankbaar voor het leggen van de initiële contacten met de 
afdeling Orale Celbiologie. Daar werd ik welkom ontvangen om shear stress proeven te doen 
na overleg met Astrid en Jenneke. Tenslotte ben ik iedereen van de afdeling dankbaar voor 
hoe ze me hebben opgevangen en met name Cor en Jolanda, die me altijd wilden helpen 
met problemen. Mede dankzij jullie zijn meerdere papers tot stand gekomen door deze 
samenwerking. 

Lieve vrienden, Patrick, Edwin, Elena, Angelique, Wouter, Merel, Stefan, Dorien, Mariska, 
Davey, Erik, Leonore, Johan, Wilbert, Ben en Lydi-Anne, bedankt voor al jullie hulp en 
vriendschap. Ik kon bij jullie altijd terecht met mijn zorgen, problemen en zeker voor de 
gezelligheid en een BBQ. Beste “DOT” studievrienden, Steven, Joost, Oscar, Chantal, 
Ingeborg en Marscha, ook jullie wil ik heel erg bedanken voor de gezellige tijd tijdens de 
studie en zeker ook daarna. Jullie begrepen de inhoud van mijn promotieonderzoek het 
beste en dank voor jullie adviezen en steun. Ook wil ik mijn voetbalvrienden en andere 
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vrienden bedanken voor de gezelligheid en de afleiding die ik kon vinden in het voetbal en 
de gezellige borrels en feesten.  

Uiteraard ben ik mijn broers en Amber, Shuo en Eloi erg dankbaar voor hun steun. Lennart, 
jij bent er al mijn hele leven en dat we samen zijn opgegroeid heeft ons mede gemaakt 
tot wie we nu zijn. Dank je voor alle hulp en de mooie momenten, vakanties en hobby’s 
die we samen deelden. Brent, je bent dan wel mijn ‘kleine’ broertje, maar in geen enkel 
opzicht lijkt dat nog zo, want je hebt altijd je mening klaar en bent altijd bereid om me te 
helpen. Mijn ouders kunnen zeker niet in dit dankwoord ontbreken, omdat ze altijd voor 
me klaar stonden als ik ze nodig had. Bedankt voor jullie opvoeding, steun, vertrouwen, 
bemoedigende woorden en geduld. Verder wil ik zeker mijn overige familie en schoonfamilie 
niet vergeten. Opa Jan en oma Nel, opa Jo (en oma Betty), bedankt voor het oppassen, jullie 
hulp bij de opvoeding en voor alle mooie en leuke momenten samen. Jullie maken onze 
familie altijd tot een gezellige en vertrouwde eenheid. Herman, Nannie, Ivette, Christiaan, 
Eline, Iris, Stieneke en Wim, ik ben jullie dankbaar hoe jullie me hebben opgenomen in jullie 
familie. Het voelde al meteen vertrouwd en ik ben erg blij met jullie gezelligheid en steun.

En tot slot, lieve Gerrien, ik ben zeer blij en dankbaar dat jij mijn partner bent. We hebben 
al zoveel leuke en mooie momenten samen meegemaakt en ik hoop graag in de toekomst 
nog veel meer moois mee te maken. Ondanks dat je mij met de inhoud van mijn onderzoek 
en proefschrift niet zoveel kon helpen, was je in alle andere opzichten een geweldige steun 
voor me. Zonder jou had ik mijn promotieonderzoek niet volgehouden. Zeer veel dank 
daarvoor en op naar een geweldige toekomst samen!




