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ABSTRACT 

Glomerular damage accounts for the majority of chronic kidney disease 
cases, the prevalence of which is dramatically escalating worldwide, mainly due to 
increase in diabetes and associated nephropathy. The costs for treatment of CKD 
represent an enormous burden to the health care system. Chronic kidney disease 
frequently progresses to end-stage renal disease with the only curative treatment 
options today are lifelong dialysis or kidney transplantation. In order to better 
understand and treat glomerular disease before it has reached this irreversible 
stage, it is imperative to understand the cell biology and physiology of the 
glomerulus including delineation of the molecular make-up of glomerular filtration 
barrier. This barrier constitutes the endothelial cells of the glomerular capillaries 
with its bound surface layer of a carbohydrate-rich meshwork (glycocalyx), the 
glomerular basement membrane, and the podocytes with the sub podocytes space 
and the attached slit diaphragm spanning between neighboring and interdigitating 
foot processes. Even though the concerted interplay of all layers of the glomerular 
filtration barrier is important for the ultra-filtration of the plasma, the podocytes and 
their injuries have recently been acknowledged as the major culprit of glomerular 
disease. 

 
In this thesis work, I describe two novel podocyte specific proteins, TDRD5 

and RHPN1, which we show in vivo to be important for the integrity of the 
glomerular filtration barrier.  
TDRD5 has previously been considered a male germ cell line specific protein 
important for retro transposon silencing and spermiogenesis in mice. Here I show 
that it is expressed in mouse and human podocytes and is enriched in the 
zebrafish glomerulus. By using the in vivo morpholino knock down technique in 
zebrafish larvae it was demonstrated that TDRD5 expression is required for the 
proper formation of the zebrafish pronephros 
RHPN1 is a RHOA binding protein which functions as an attenuator of the 
polymerization of actin stress fibers by regulating the phosphorylation of nonmuscle 
myosin II regulatory light chain through RHOA downstream effectors. Deletion of 
the Rhpn1 gene leads to neonatal albuminuria and glomerular basement 
membrane abnormality. The phenotype was characterized.  
As a part of efforts to elucidate expression signatures of glomerular diseases, the 
global glomeruli expression pattern of Adriamycin treated nephrotic mice was 
analyzed by RNA sequencing. The Adriamycin induced nephropathy mouse model 
mimics the human disease focal segmental glomerular sclerosis which constitutes 
one of the main causes of chronic kidney disease.  
The diabetic nephropathy associated single nucleotide polymorphism 3q locus was 
shown in our work to be a remote cis-acting variant differentially regulating 
glomerular NCK1 expression, implicating an important role for glomerular NCK1 in 
diabetic nephropathy pathogenesis. 
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1 INTRODUCTION: REVIEW OF LITERATURE  

1.1 KIDNEY GENERAL ANATOMY AND FUNCTION 

The kidneys are two bean shaped organs located at the rear of the abdominal 
cavity. They receive about 20 % of the cardiac output and drain blood from the 
paired renal arteries and veins, respectively. The kidneys filter small molecules and 
waste products from the blood and excrete a part of them into the urine, while the 
rest is reabsorbed from the ultra-filtrate (primary urine) and re-entered into the 
blood circulation. In this way, the kidneys produce daily about 180 liters of primary 
filtrate most of which is reabsorbed in the tubules, generating approximately one 
liter of excreted urine a day. Proper secretion and reabsorption of electrolytes and 
other compounds ensures that the body’s homeostasis is maintained regulating 
both pH and blood pressure. Plasma proteins of the size of albumin or larger do 
not pass the kidney filter, which allows important macromolecules such as 
immunoglobulins and transport proteins to be retained in the blood and also 
albumin which maintains the osmolality of the plasma. The kidneys are also part of 
the endocrine system both producing and acting upon hormonal signals (1-3).  

1.1.1 Nephron 
 
The nephron (Figure 1b, c), the main functional unit of the kidney, is composed of 
the renal corpuscle, which is situated at the distal end in the kidney cortex, and 
tubule, which reaches far into the medulla prior to its connection with the collecting 
duct system and ureter before spilling out into the urinary bladder. The renal 
corpuscle constitutes the Bowman’s capsule and the glomerular tuft made of 
capillaries that have branched out of small arterioles (Figure 4).  Oxygenated blood 
enters the kidney trough the renal artery, which is stepwise arborized into smaller 
arterioles which finally reach the afferent arterioles that enter the Bowman’s 
capsule of the ~1 million nephrons of the human kidney. Small water-soluble waste 
products and other solutes that are filtered from the blood form the primary urine of 
the Bowman’s space. The large volume of primary urine is then progressively 
diminished as it is led into the proximal tubule and further through the tubular 
system while continuously being absorbed by the tubular epithelial cells and 
transported to the underlying associated capillaries and interstitium. Via the 
collecting duct and ureter approximately one liter per day enters the bladder that is 
finally excreted through the urethra. 
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Figure1. The urinary system of the kidney. a) A cross section of the kidney b) Different parts of the 
nephron. c) The nephron here with the peritubular capillaries which allows for the reabsorption and 
secretion between blood and the filtrate of the nephron (Reprint cae1.com). 

1.1.1.1. Renal corpuscle 
The renal corpuscle (Figure 1c) is defined as the Bowman’s capsule together with 
the glomerular capillary tuft formed by branching of the afferent arteriole invading 
the capsule (Figure 1b, c) (4-6). 

1.1.1.2   Proximal convoluted tubule 
The epithelial cell layer lining the proximal convoluted tubule (Figure 1b) is 
connected by tight junctions that prevent waste products in the primary urine from 
re-entering the blood stream via the interstitial fluid. As approximately 180 liters of 
primary filtrate is produced daily and the final excreted volume of urine is only 
about one liter, the need of a highly effective tubular reabsorption mechanism is 
imperative. Also, apart from waste products, ions and solutes small enough to slip 
through the glomerular filtration barrier (GFB) are also present in the primary urine 
and need to be reabsorbed. For this function, the epithelial cell layer is covered 
with microvilli that increase its surface area and the number of associated active 
and passive transporters. The proximal tubule reabsorbs 100% of the glucose and 
amino acids from the glomerular filtrate, and about 70% of the sodium and water. 
The water is passively transferred into the hypertonic interstitium by osmosis (4-6).  

The part of the distal 
convoluted tubule called 
macula densa in close 
contact with the glomerular 
vascular pole forming the 
juxtaglomerular apparatus. 
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1.1.1.3. Loop of Henle 
The loop of Henle (Figure 1c) is the U-shaped portion of the tubule whose primary 
function is to recover salt and water from the urine. It consists of three different 
functional and distinguishable portions:  

 the descending limb  
 the thin followed by the thick ascending limb 

The thin descending loop of Henle receives the filtrate from the proximal tubule. As 
the medulla surrounding the descending limb is hypertonic water leaves the tubule 
by osmosis. Thus, at the bottom of the loop of Henle the fluid is highly enriched in 
salt and urea. When the tube, folding back on itself, again heads towards the 
cortex and becomes the thin ascending loop of Henle salt is passively diffusing into 
the medulla because of the higher salt concentration in the tubule than in the 
surrounding tissue.  If necessary, even more salt could be passed out into the 
medulla when the filtrate reaches the thick ascending limb because of the active 
salt transporters found here, making possible for more water to leave the 
descending limb by osmosis (4-6).  

1.1.1.4. Distal convoluted tubule 
In the distal convoluted tubule (Figure 1b, c), Na2+ is reabsorbed through the 
coupled secretion of H+ and K+ from the  tubular filtrate, which contributes to the 
regulation of the acid-base balance. The distal tubule is usually impermeable to 
water, but in the presence of antidiuretic hormone a further concentration of the 
urine is made possible.  At one point when the tubule loops back into the cortex, a 
region of the tubule called the macula densa (Figure 1b and c, Figure 3), comes in 
close contact with the glomerular vascular pole, thus forming the juxtaglomerular 
apparatus which is important in the control of systemic blood pressure and volume  
(7). The cells of the macula densa are able to relay the Na2+ concentration of the 
filtrate, a read-out of the systemic blood pressure status to the juxtaglomerular 
apparatus, which triggers various responses to adjust the pressure within the 
glomeruli accordingly (4-6). 

1.1.1.5. Connecting tubule  

In 2009 it was determined by using a Six2GFPCre transgenic mouse that the 
connecting tubule which fuses the nephron tubules and the collecting duct tips is 
derived from the cap mesenchyme and not as previously hypothesized from the 
ureteric bud, and should thus be regarded as a part of the nephron (8). 

1.1.2 Collecting duct system 

Several connecting tubule from adjacent nephrons merge to form cortical collecting 
tubules which then spill into descending cortical collecting ducts (Figure 1b), further 
down named the medullary collecting duct before entering the renal pelvis on its 
way to the ureter.  The collecting duct system participates in the regulation of 
electrolytes and due to the hypertonic medulla also further adds to water 
absorption (4-6).  
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1.2 NEPHRON DEVELOPMENT  

The renal primordial structures develop in a paired arrangement in the cervical 
region of the embryo, extending from the 4th to the 14th somite. They arise from the 
intermediate mesoderm and the development is divided up in three distinguishable 
stages; the pro-, meso- and meta-nephric stages (9) (Figure 2).  

 

Figure 2. The pro-, meso- and meta-nephric stages of the mammalian   kidney development. 
(Reprint with kind permission from Springer Link: Moritz et al.:Factors influencing mammalian 
kidney development: implications for health in adult life. Advances in anatomy, embryology, and cell 
biology 196: 1-78, 2008) 

1.2.1 Pro-nephric stage 

The pronephric stage appears in human at 3 weeks of gestational age (10). In 
mammals, it is located in a vestigial structure and consists of a set of paired 
tubules (the nephrotomes) spilling into a pair of primary ducts, which extends into 
the cloaca. The pronephros has no filtering or osmoregulatory function but is 
important for the induction of the next developmental stage, the mesoneophros (2) 
(Figure 2).  

1.2.2 Meso-nephric stage 
The disappearance of the pronephros and the formation of the mesoneophros take 
place around the 5th week of human gestation (10). As the pronephric ducts 
extends caudally in the embryo it induces the nearby intermediate mesoderm to 
develop into mesonephric tubules.  Each of the structures will get in contact with a 
tuft of the branching aorta. The tubules then encapsulate the capillaries and 
filtration of the blood is initiated. The filtrate is led through the tubules and drained 
into the continuation of the pronepric duct, now named the mesonephric or the 
Wolffian duct (2) (Figure 2). 
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1.2.3 Meta-nephric stage 

During the 6th week of human gestation the ureteric bud grows out from the 
mesonephric duct in the proximity to its attachment to the cloaca (10). Reciprocal 
interplay between the ureteric bud and the metanephric mesenchyme will induce 
the condensation of the metanephric mesenchyme leading to formation of the renal 
vesicle thus representing a mesenchymal to epithelial transition event. PAX-2 has 
been shown using gene knock-out technique to be essential for this conversion of 
cells of the metanephric mesenchyme to cells of the renal vesicle as in its absence 
no formation of the vesicle occurs (11). The cells of the renal vesicle are further 
divided up into two separate populations defined by their expression of FOXD1 and 
SIX1 respectively.  FOXD1 positive progenitor population will give rise to diverse 
cell types such as mesangial cells or angioblasts, whereas all the epithelial cell 
types of the nephron originate from the SIX1 positive cells (12).The cells of the 
vesicle are simple, polygonal vividly multiplying  and connected apically by tight 
junction proteins such as ZO-1 (13) but also desmosomal proteins (14). The renal 
vesicle which represents the earliest epithelial structure of the nephron then 
progresses through the comma, S-shaped and capillary stages of nephrogenesis 
(15) (Figure 3). The metanephric mesenchyme will in this manner contribute to the  
formation of the nephron while the ureteric bud constitutes the origin of the 
collecting ducts, renal calyces and urinary tract collection system (16). During the 
comma and S-shaped stages angioblasts within the metanephric mesenchyme 
starts to interact with the cell clusters and through paracrine signalling VEGF 
secreted from the non-matured podocytes attracts endothelial cell progenitors to 
migrate into the S-shaped body cleft (17, 18). The process of vasculogenesis 
matures further during the capillary stage. Now ZO-1 relocates from its apical to a 
basal region with the concomitant disappearance of desmosomal proteins (14, 19) 
and the presumptive podocytes start to establish their characteristic complex cell 
architecture with formation of foot processes and expression of slit diaphragm 
proteins such as nephrin (19), CD2AP (20) and podocin (21). Around this stage 
TDRD5 is also expressed constituting one of the anchor genes of the visceral 
epithelial cells at Theiler stage23 (15day dpc in mouse corresponding to day53 in 
human gestation) (22, 23). The process is finalized when the Bowman’s capsule 
encompasses the capillary tuft, together forming the renal corpuscle. WT-1 remains 
a podocyte specific marker throughout ontogeny and adulthood (24, 25), and 
dominant mutation of the encoding gene are associated with the Denys-Drash and 
Frasier syndromes (26, 27).  At 36 weeks of human gestation nephrogenesis is 
complete and each kidney has a full set of nephrons. 
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Figure 3. The progression through the meta-nephric stage of mammalian renal development. 
(Reprint with kind permission from Springer Link; Moritz et al.; Factors influencing mammalian 
kidney development: implications for health in adult life. Advances in anatomy, embryology, and 
cell biology 196: 1-78, 2008). 
 

1.3 RENAL CORPUSCLE 
The renal corpuscle is made up of the part of the nephron named the Bowman’s 
capsule and the glomeruli which is the capillary tuft it is invaded by. 
 
 
 
 
 
 

 
 
  

 
A Renal corpuscle 
B Proximal tubule 
C Distal convoluted tubule 
D Juxtaglomerular apparatus 
1 Basement membrane (basal lamina) 
2 Bowman’s capsule (parietal cell layer) 
3 Bowman’s capsule (visceral layer) 
3a-b  Foot processes (pedicels) 
4 Bowman’s space (urinary space) 
5a Mesangium (Intra glomerular cells) 
5b Mesangium (extra glomerular cells) 
6 Granular cells (juxtaglomerular cells) 
7 Macula densa 
8 Myocytes (smooth muscle) 
9 Afferent arteriole 
10 Glomerular capillary 
11 Efferent arteriole 

 
 
Figure 4.   The constituents of the renal corpuscle. 
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1.3.1 Bowman’s capsule 
The Bowman’s capsule is lined by a 0,1-0,3 µM  thick simple squamous epithelium 
made up of the fourth cell type of the renal corpuscle, the parietal epithelial  cells 
(28). The space enclosed by the parietal cell layer and the visceral epithelial cell 
layer (podocytes) is where the primary urine, also called the ultra-filtrate, is 
collected before being led out to the proximal tubule (29). The parietal cells that 
originate from the same SIX1 positive progenitor cells as the podocytes in the 
vesicle stage, diversify from the podocyte progenitor cells at the S-shaped stage 
(30). Transitional cells in the intersection between parietal cell and the podocytes 
have been seen in glomeruli which each express both parietal and visceral 
epithelial cell markers and are able to form foot processes onto Bowman’s 
basement membrane (31, 32). Others have proposed that a pool of the parietal cell 
population can, under some circumstances, migrate onto the vascular tuft and 
differentiate into podocytes (33, 34). These findings are interesting considering that 
the podocytes are terminally differentiated and unable to replenish in case of loss 
due to damage or senescence.  However, some investigations have shown this 
kind of repair as being maladaptive in itself causing albuminuria and 
glomerulosclerosis (35). 

1.3.2 Glomerulus 

A technique where glomeruli are transplanted into the anterior chamber of the 
mouse eye allowing for glomeruli in vivo imaging was recently developed (36). This 
and other techniques that allows for the study of the glomerulus in an in vivo 
setting will  add greatly to our understanding of this structure which is situated in 
the  Bowman’s capsule and contains a capillary tuft of five to eight trunks each 
subdivided further into 20-40 capillary loops (37).  After circulating through the tuft, 
the blood then exits through the efferent arteriole. A hydrostatic pressure is 
generated within the glomerulus (~60mmHg) due to its interposition between the 
afferent and efferent arteriole (38). However, due to the hydrostatic pressure in 
Bowman's space of ∼20 mmHg (39) plus the  afferent colloid osmotic pressure of 
25-35 mmHg, the effective filtration pressure is estimated to be ∼10 mmHg (40).  
The pressure may be varied by hormonal or neuronal cues that regulate the tonus 
of the smooth muscle properties of both podocytes and mesangial cells which are 
positioned on the blood and urinary side of the GBM, respectively (41). In this way 
the ultrafiltration of metabolic waste products and other small solutes such as 
water, glucose, amino acids, urea and sodium chloride is accomplished, while 
larger molecules such as albumin, immunoglobulins and plasma transport proteins 
are retained in the blood flow. As a measure of the permselectivity of the filter the 
sieving coefficient (Ɵ) is used, defined as the concentration of solute in Bowman’s 
space divided by concentration in the plasma (42). The filtrate represents about 
20% of the total plasma volume that enters the glomeruli at any given time. It 
passes through the fenestrated capillary wall, the basement membrane and the 
podocyte slit diaphragm before collected in the urinary space of the Bowman’s 
capsule (1, 29, 43-45).  
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1.4 GLOMERULAR FILTRATION BARRIER 
 

 
Figure 5. The glomerular filtration barrier, A. Endothelial cells. . Fenestrae. B. Glomerular basement 
membrane: 1. Lamina rara interna 2. Lamina densa 3. Lamina rara externa C. Podocytes: 1. Slit 
diaphragm associated proteins. 2. Filtration slit. 3. Diaphragm (Reprint from Wikipedia).                            

 
The glomerular filtration barrier (GFB) is considered as a size and charge selective 
molecular sieve between the blood flowing through the glomerular capillaries and 
the ultra-filtrate in the urinary space of the Bowman’s capsule (46), even though its 
charge selective properties has been debated (47).  Whichever, it  has the ability to 
filter massive amounts of water and small solutes into the Bowman’s capsule, while 
retaining at least 99,9% of albumin and other large proteins in the plasma (48). The 
classical description of the barrier composition is that of a three layers; the 
fenestrated endothelium of the capillaries, the superjacent glomerular basement 
membrane and finally the podocytes with the slit diaphragm spanning in-between 
the interdigitating foot processes (42). Additionally, an endothelial surface layer, 
referred to as glycocalyx (49-51), and the so called sub-podocyte space (40, 52) 
may be added to the list. It is apparent that these layers form a functioning entity 
that is dependent on the biochemistry, biophysics and cell biology of all its 
constituents (42, 45, 53). It has been shown that both genetic defects and/or 
acquired damage to any one layer may lead to proteinuria  (54-56), and the course 
taken in the progression of disease is highly variable and dependent on the 
etiology of the primary insult (57). 
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1.4.1 Endothelium  
Gene manipulation techniques targeting endothelial cells have generally been 
global, and thus not allowed specific targeting of glomerular endothelial cells. This 
has hampered studies on the biology of glomerular endothelial cells, as opposed to 
the podocytes and mesangial cells. It is however evident that the endothelium is a 
functional part of the GFB even though 20-50% of the glomerular capillary 
endothelial surface is occupied by 60-80nm in diameter wide trans cellular 
fenestrations (58). The large fenestrae are a prerequisite for the high permeability 
of fluid across the capillary wall, which is an order of magnitude higher than in any 
other systemic capillary beds (59).  The size of the fenestrae has previously 
diminished discussions the endothelium playing a functional part of the GFB as the 
openings are ~15x that of  a macromolecule such as albumin (42). However, 
several studies have shown that the endothelium does play an important part in the 
perm-selective properties of the GFB (56, 60, 61). For example, studies on the 
VEGF/VEGFR-2 signaling pathway between podocytes and glomerular endothelial 
cells have strongly supported that notion. Thus, it has been shown that albuminuria 
may be present in the case of a damaged endothelium without concomitant GBM 
or podocyte disturbance (62). Other investigators have also suggested that the 
level of proteinuria does not correlate with podocyte foot process effacement (63). 
The recent identification of a highly glomerular endothelium specific protein EHD3 
(64, 65) may provide new means to specifically target the glomerular endothelial 
cells in animals.  

1.4.2 Endothelial surface layer  
Using improved three dimensional electron microscopy techniques, investigators 
have generated images of a negatively charged glycocalyx bound to the luminal 
aspect of the endothelium covering and extending into the fenestrae (66, 67). It 
consists of covalently bound proteoglycans, glycoproteins and sialic acids 
produced by the endothelial cells that make up the core of this lattice, which in turn 
is associated with the long linear glycosaminoglycans of heparan sulfates and 
chondroitin sulfates. To this material circulating plasma molecules such as albumin, 
orosomucoids and lumican are adsorbed. Together, these components make up a 
200-400 nm deep endothelial surface layer (ESL) which may restrict passage of 
macromolecules based on both charge and steric hindrance (68, 69). Several in 
vivo and in vitro studies have been made on the role of the ESL as part of the 
permselective GFB barrier (70). It is surmised that damage of the ESL is a 
common denominator of diseases of the extrarenal vascular system and such 
diseases and  albuminuria often correlate to each other (71). It is a well-established 
fact that although diabetes is the most common cause of ESRD, most such 
diabetic patients also suffer from other forms of microangiopathies and 
macrovascular as well as cardiovascular complications before reaching this stage. 
Having identified a protein specifically expressed in glomerular endothelial cells 
(64) may enable conditional knockouts of genes expressed by those cells.  
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1.4.3 Glomerular basement membrane 
The glomerular basement membrane (GBM) is a 250-400 nm thick specialized 
sheet-like extracellular matrix the components of which are produced and laid 
down by the adjacent endothelium and podocyte cells. Transmission electron 
microscopy of the GBM reveals a three laminar layer with the lamina rara interna 
and lamina rara externa facing the endothelium and podocytes, respectively, and 
an electron dense central layer, the lamina densa (72) (Figure 5B). The GBM has 
been proposed to contribute to the size and charge selective properties of the GFB 
(73-77), but it also constitutes the main structural support of the glomerular 
capillary wall. Harboring ligands for membrane proteins of podocytes, endothelium 
and mesangial cells, being in direct contact with each one of them makes it 
important also for the paracrine cell to cell signaling system of the different GFB 
constituents (78, 79). The GBM consists mainly of the macromolecules type IV 
collagen (80, 81), laminins (80, 82, 83), nidogen (84), and the heparan sulfate 
proteoglycans such as perlecan and agrin (85), which together produce an 
interwoven meshwork believed to impart the perm-selective  properties to the 
GBM.  
 Type IV collagen, the main structural component, is a trimer of α1 and α2 
chains (α1α1α2) in the embryo which is replaced after birth by α3α4α5 trimers (86). 
Mutations in any of the genes for the a3, a4 or a5 chains lead to distortion of the 
GBM structure and Alport syndrome which is characterize by hematuria and 
progressive glomerular disease that usually requires dialysis or transplantation 
treatments (87-89).  
 Laminins are large heterotrimeric glycoproteins made up of homologous α, β, 
and γ chains (90).  The laminin LN-511 (α5β1γ1) is the only GBM isoform in 
embryo, but it is replaced during GBM maturation by LN-521 (α5β2γ1) (91). 
Mutations in the LAMB2 gene lead to one form of congenital nephrotic syndrome 
referred to as Pierson syndrome (92, 93). It is speculated that the developmental 
switch between the laminin and collagen isoforms occur in order to make the 
mature GBM more resilient or aid the podocytes in their differentiation  (94). The 
glomerular diseases caused by type IV collagen and laminin gene mutations 
represent direct evidence that the GBM plays a crucial role in the glomerular 
filtration barrier.  
 Heparan sulfate proteoglycans (HSPG) contain a core protein with attached 
heparan sulfate (HS) chains. The HS moieties are negatively charged due to their 
repeats of sulfated disaccharides (sulfated glycosaminoglycan-GAGs) making up 
chains of unbranched polysaccharides. Basement membranes in general, and the 
GBM in particular, have a net anionic charge and HSPGs of the GBM such as 
perlecan, agrin (95) and collagen XVIII (96) are believed contribute to this negative 
charge. Perlecan, synthesized by the endothelium (97) which seems to be the  
most common HSPG in basement membranes in general, is less abundant in the 
GBM than agrin which is primarily produced by the podocytes (98). Since the work 
by Brenner and colleagues where they used differently charged dextrans to test to 
what extent they were able to cross the glomerular filtration barrier (99, 100) and 
the isolation of heparan sulfates from glomerular basement membranes by 
Farquhar and colleagues (101) it has been held in belief that these HSPGs play an 
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important role as providers of the GBM charge-selective properties. However, a 
mouse podocyte- specific deletion of agrin did not lead to any structural or 
functional defects of the glomerulus even though the negative charge of the GBM 
was greatly reduced (102). By targeting the perlecan encoding gene HSPG2 so 
that the attachment sites for the three HS chains were ablated did not have an  
effect on the filtering capacity of the mouse kidney, or the ultrastructure of the GBM 
(103). Furthermore, overall glomerular architecture and renal function was found 
normal in perlecan-HS/agrin double knock out mice (95)  suggesting that the 
proposed GBM negative charge is not so important as previously thought. 

1.4.4 Podocyte  
Multiphoton microscopy together with transgenic mice that express multicolor 
fluorescent proteins in the podocytes now allows for in vivo imaging of this cell 
(104) which is of a terminally differentiated, highly polarized and arborized parietal 
epithelial type located on top of the outer surface of the GBM (105). The size of a 
typical mouse podocyte with a main cell body area of ~50 µm2, and the length of 
the primary and secondary foot processes in the several µm and  µm range 
respectively depict an extraordinary type of cell with extraordinary needs (106). 

1.4.4.1 General structure 
From the voluminous cell body floating aloft in the urinary space extend several 
primary and secondary processes which extensions, referred to as foot processes 
attached to the outer surface of the GBM (106). The foot processes (also termed 
pedicels), interact in an interdigitating fashion with foot processes of a neighboring 
podocyte. The podocytes are highly polarized cells with basal and apical 
membrane surfaces which are well defined by the baso-laterally inserted slit 
diaphragm (SD) (105). Microtubules and intermediate filaments like vimentin and 
desmin span longitudinally the major processes, whereas contractile actin filaments 
are critical components of the foot processes (107). The foot process actin 
filaments, interconnected by α-actinin- 4 (108) are linked via proteins like CD2AP 
(109), NCK1 (110, 111) and podocin (112, 113) to components of the SD such as 
nephrin and NEPH1. The podocyte cell body is densely packed with organelles 
where the nucleus is prominent and endoplasmic reticulum, Golgi and mitochondria 
are well developed and abundant, witnessing of a high metabolic activity (105, 
114). 

1.4.4.2 Function 
The podocytes are an archetypal example of a cell type with a morphology 
uniquely tailored to fit its highly specialized functions.  Its shape is dependent on 
the dynamics of the underlying cytoskeleton, which regulation seems to be focused 
around the slit diaphragm (115, 116). The foot processes with their structure of 
filamentous actin bundles and subcortical actin meshwork provides anchor-points 
for the SD, as well as providing the framework for the propagation of outside in 
signaling cues from SD proteins to the endothelial cells (indirectly through the 
GBM) and directly to the mesangial cells (at the intersection between the capillary 
and the mesangium) (110, 111, 117-119). Together with the endothelial cells they 
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also synthesize the GBM components of the heterotrimeric laminin-1 ( 1, 1, and 
1 chains) and laminin-11 ( 5, 2, and 1 chains) throughout glomerular 
development (91), as well as the collagen α3 α4 α5 (IV) network (81). They induce 
vasculogenesis and fenestrae formation of endothelial cells through the secretion 
of the pro-angiogenic factors vascular endothelial growth factor (VEGF)-A and 
angiopoetin-1 (120-122). They have been found to endocytose filtered albumin 
(123) and immunoglobulins (124). The mesangial cells have by tradition been 
regarded as the pericytes of the glomerulus referring to their smooth muscle 
activity in modifying glomerular filtration in response to vasoactive agents. 
However, podocytes have lately been shown to contract in vivo in response to 
elevated intracellular [Ca2+] leading to a reduction in capillary diameter (125-127). 
A study that showed differentiated podocytes to possess contractile properties in 
vitro also localized the smooth muscle markers smoothelin and calponin and the 
specific transcription factor myocardin to differentiated podocytes both in vivo and 
in vitro (128). Due to shared morphological traits (105, 129) and molecular make up 
(23, 64, 130-132) the podocytes are often compared to the neurons (133). As an 
ultimate manifestation of the podocytes neuronal properties they have been found 
to communicate intercellularly through synaptic transmission (134-136). To prevent 
the GFB from clogging the podocytes have also been hypothesized to take part in 
its back-washing, by means of the sub podocyte space (40, 68, 69, 137). 
    

1.4.5 Sub podocyte space 
The sub podocyte space was first described in 1950 by Gautier and colleagues 
(138) but as the further investigation of the structure required three dimensional 
reconstruction of fragile, sub-microscopic  (<1µm) formations, it was not until the 
beginning of the millennium that it could be more closely described using serial 
section transmission electron microscopy (137), and later also described under 
physiological relevant conditions (40). Using Serial Block Face Scanning Electron 
Microscopy, it was found that 50-60% of the GFB was covered by the SPS in rat 
glomeruli (69). The SPS is defined as “a space on the urinary side of the GBM that 
is bound by the GBM and the foot processes on one side and the underside of the 
podocyte cell body, process, or membrane on the other” (137). From the SPS the 
filtrate is passed out through Sub-Podocyte space Exit pores (SPE) that drains into 
the Inter Podocyte Space (IPS) which is a narrow space in-between the podocyte 
cell bodies at the center of the glomerulus (137, 139). The filtrate is then passed 
out through this labyrinthine system out to the periphery of the glomeruli where it 
drains into the classical Bowman’s space.  Calculations have shown that the SPS 
together with a regulated SPE circumference is able to confer resistance to the flux 
of glomerular filtrate similar to or even greater than the resistance applied by the 
underlying GFB (40, 137). The physiological significance remains to be elucidated 
but its speculated that the podocyte in this way is able to sense the rate of filtration 
which it then reacts upon. It may also serve in backwashing the GFB to prevent its 
clogging or as a mean of modifying the primary filtrate (40, 68, 69, 137).  
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1.4.6 Slit diaphragm (see 1.5) 

1.5 SLIT DIAPHRAGM 

 
 
 
The first description of the slit diaphragm as imaged by Rodewald and Karnovsky 
in 1974 using electron microscopy on mouse and rat kidney tissue was that of a 
iso-porous zipper-like substructure, spanning the ~40nm wide slit between 
neighboring foot processes (140). It was seen to have alternating, periodic cross 
bridges extending from the baso lateral podocyte plasma membranes to a central 
filament running parallel to and at equal distances to the cell membrane. The 
physiological data indicated that the diaphragm would hinder the filtration of 
proteins at the size of serum albumin an larger (140). This physical description of 
the diaphragm has however been questioned with the advent of improved imaging 
techniques with one of the studies instead propose it to be of a heteroporous 
composition (141). The inter cellular part of the slit diaphragm is believed to 
consists of nephrin and NEPH1 which belongs together with the highly related 
NEPH2-3 to the NEPH1-related family of proteins (142). Their extracellular 
domains are proposed to form homo- and hetero-oligomeric receptor complexes 
associating via cis- and trans- interactions (142-145). The transmembrane portions 
of nephrin and NEPH1 spans the plasmalemma at sites of cholesterol rich micro 
domains where podocin also resides, a protein which is believed to be necessary 
for the recruitment of nephrin and NEPH1 as well as other slit membrane 
associated proteins to these lipid rafts for the assembly of the slit diaphragm 
complex (146, 147). This slit diaphragm nephrin-NEPH1-podocin complex in turn 
assembles a specialized signaling protein cluster of various phosphorylation/ 
adaptor/ effector proteins for the transmission of outside-in information to the actin 
cytoskeleton (111, 118, 142, 148-152).  
Below follow a description of SD- or SD associated proteins that through forward 
genetics of human renal disease or through genetic targeting in animal models 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  A sketch of the slit diaphragm (SD) with a selection of SD- and 
SD- associated proteins. 
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(reverse genetics) has shown to be crucial for SD formation or SD- signaling to the 
actin cytoskeleton of the podocytes. 

1.5.1 Nephrin 
The cloning of nephrin (153) and its subsequent localization to the slit diaphragm 
was a milestone in glomerular research (154, 155). NPHS1, the gene encoding 
nephrin is mutated in the autosomal-recessive disease congenital nephrotic 
syndrome of the Finnish type (153). The disease is mainly found in the Finnish 
population with an incidence of ~1 in 10,000 newborns (156), and arises due to the 
mutated or truncated NPHS1 protein product leading to massive nonselective 
proteinuria already in utero (153). Nephrin is an 180kDa type-1 transmembrane 
glycoprotein of the immunoglobulin superfamily with eight Ig-like domains and a 
fibronectin type III (FNIII) domain extra cellularly, a transmembrane part, and a 
small intracellular C-termini (153). Two nephrin molecules are believed to 
assemble through homophilic head-to-head interactions across the slit forming a 
zipper like arrangement (154), much like the structure that was described by 
Rodewald and Karnovsky (140).   
 It has been shown that nephrin signaling is dependent on interaction with 
podocin located in lipid rafts (157), and nephrin localization to the lipid rafts is 
disrupted in mutations in NPHS2, the podocin encoding gene (146). The 
extracellular domain of nephrin also associates with NEPH1 in both cis- and trans- 
interactions (143-145). Nephrin signaling is orchestrated through the 
phosphorylation of crucial tyrosine residues within its cytoplasmic domain by 
kinases such as FYN (118) and phosphatidyl-insositol-3- kinase (150) and others 
(111, 148, 149, 151, 152), leading to recruitment of cytoskeletal adaptor proteins 
such as NCK1/2 via their SH2 domain (110, 111, 119)  in turn controlling actin 
polymerization through N-WASP (158) and the p21 activated kinase 
serine/threonine kinase PAK (159). Phosphorylation of tyrosine residues in the 
nephrin C-terminus also recruits the regulatory SH2 domain of PI3 kinase p85 
subunit, in turn, recruiting and activating the PI3 kinase p110 catalytic subunit 
(152), which converts the membrane lipid phosphatidylinositol-4, 5-biphosphate 
(PIP2) to phosphatidylinositol-3, 4, 5-triphosphate (PIP3) at the plasma membrane. 
PIP3 phospholipids form docking sites for the serine/threonine kinase AKT (160) 
leading to increased AKT activity and reduced cell death (152). Nephrins 
involvement in actin regulation is also is depicted by its interaction with CD2-
associated protein (CD2AP) (112) which is a protein important for cytoskeletal 
maintenance and cell morphology (161, 162). Furthermore nephrin binding to IQ 
motif containing GTPases activating protein (IQGAP) activates the small GTPases 
RAC1 and CDC42 and their subsequent recruitment of ARP2/3 complex and 
formin-dependent actin polymerization components (163).  
 The high conservation of nephrin and NEPH1 through evolution is reflected in 
their role in the formation of skeletal muscle in drosophila where they drive the 
myoblast fusion through the interaction between nephrin drosophila homologues 
hibris and sticks-and-stones on founder cells with NEPH1 homolog dumbfounded 
on fusion competent cells (164-166). Moreover, in drosophila the process of eye 
development is strictly regulated by interactions between nephrin homologue hibris 
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expressed on primary pigment cells and NEPH1 homologue roughest on 
neighboring inter-ommatidial precursor cells. The eyes of hibris and roughest 
mutant flies get a “rough” appearance as the inter- ommatidial precursor cells are 
misplaced and form aberrant junctions (167, 168). Another example of nephrin and 
NEPH1 conserved roles in guiding cells to make appropriate interactions is in C. 
elegans where nephrin and NEPH1 homologs SYG-2 and SYG-1 respectively are 
expressed in neighboring heterologous cell types where they make trans 
interaction (169-171). Their expression is essential for guiding motor neurons to 
form synapses with their appropriate target cells (170, 172, 173) 

1.5.2 Podocin 
NPHS2 was discovered as a gene mutated in about 20% (174) of patients with 
early-onset steroid resistant focal segmental glomeruli sclerosis (175). Genetically 
targeted mice in which podocin was deleted or expressed with missense mutations 
were present with albuminuria at birth and died within a few weeks (176, 177). 
Progressive decline in glomerular function and elevated histo- pathological lesions 
were noted in mice where podocin was deleted in a podocyte specific manner 
using Cre-loxp technology (178). The NPHS2 encoded protein podocin which 
expression is restricted to the podocytes (24, 25, 179) and Sertoli cells of the testis 
where it is hypothesized to have a role in the blood/testis barrier (180), is a 42kDa 
integral molecule belonging to the stomatin family of proteins containing the 
cholesterol binding domain prohibitin (181). It has a hairpin-like structure anchored 
to the membrane via its central part and with both N- and C-terminus facing the 
cytosolic side of the slit diaphragm (175). Podocin accumulates as oligos in lipid 
rafts that are highly defined micro domains dominated by sphingolipids and 
cholesterol (112, 182). Podocin direct interaction with nephrin is necessary for 
nephrin signaling  (157), and mutations in Nphs2 disrupts nephrin localization to 
the lipid rafts (146). Sub- cortically of the rafts an electron-dense, Triton-X resistant 
material is found, composed of a highly branched actin cytoskeletal network, a 
region remarkably reminiscent of the Post-Synaptic Density (PSD) of the neurons 
(113).  The C. elegans podocin homologue mechanosensory protein 2 is believed 
to link the mechanosensory channel and the microtubule cytoskeleton of the touch 
receptor neuron, and it has been suggested that podocin also acts as such a 
mechanosensor which enables the podocyte to remodels its cytoskeleton and 
contract the foot processes as a response to mechanical stimuli through its 
activation of TRPC6, a Ca2+ channel, thus increasing cytosolic Ca2+ levels 
regulating actin cytoskeleton polymerization (183-185). 

1.5.3 CD2AP 
CD2-associated protein (CD2AP) was originally identified as an interaction partner 
of the mouse T-cell membrane protein CD2 where it is involved in the clustering of 
CD2 and T-cell polarity (186). It is a 70kDa multidomain scaffolding protein in the 
kidney primarily expressed in the podocytes (109, 112, 187, 188), where CD2AP 
directly interacts with the cytoskeletal protein filamentous actin (f-actin) (189, 190) 
and the actin-bundling protein synaptopodin (191) as well as nephrin (109), 
podocin (112) and RAC1 (162), thus serving as a linker anchoring slit membrane 
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proteins to the actin cytoskeleton. In human mutations in the CD2AP gene results 
in FSGS  (192-195), and mice deficient in CD2AP develop mesangial sclerosis and 
die at 6-7 weeks of age due to renal failure  (109). 

1.5.1 α-actinin-4 
The alpha actinins belongs to the spectrin gene superfamily, which represents a 
diverse group of cytoskeletal proteins (196). The gene ACTN4 gene encodes a 
~100kDa cytosolic nonmuscle, alpha actinin isoform that is necessary for the 
cross-linking and accurate actin turnover of the podocyte stress fibers (108). 
Mutations in the human ACTN4 gene cause an inherited autosomal-dominant form 
of FSGS  (197), and in mice three identified miss sense mutations within exon 8a 
produced an α -actinin-4 protein with a pathological increased affinity for actin,  in 
which study it was also shown that even though α-actinin-4 has an ubiquitous 
expression pattern histological examination of the mice only showed kidney 
abnormalities (108, 198) highlighting the necessity of tight regulation of the 
podocyte actin cytoskeleton. 

1.5.2 TRPC6 
TRPC6 belongs to a family of six human nonselective Ca2+ permeable cation 
channels which are widely expressed in the vertebrate tissue  (199). In podocytes it 
localizes to the foot processes in the vicinity of the SD but also in the cell body and 
throughout the major processes (200). Nominally functional TRPC channels are 
tetramers composed of six transmembrane segments with both NH2 and COOH 
termini facing the cytosol (199). The activation of TRPC members is believed to be 
initiated by cascades involving phospholipase C hydrolysis of phosphatidylinositol-
4,5-bisphosphate (PIP2) liberating diacylglycerol (DAG) and inositol1,4,5-
trisphosphate (IP3) (201). Several gain of function mutations has been mapped to 
the cytosolic terminal end of TRPC6 in families with a late onset autosomal 
dominant form of FSGS (200, 202, 203). Similar to human glomerular disease 
caused by mutations in CD2AP and ACTN4 respectively the TRPC6 mutations is 
not generally present with any other pathological phenotype which is remarkable 
as all three expressions are widely distributed to other tissues (191, 197, 204, 205). 
The importance of a tight Ca2+ regulation was also highlighted in a study where the 
up regulation of wild-type TRPC6 was seen in patients suffering from acquired 
human proteinuric kidney diseases as well as in experimental models of acquired 
glomerular disease (183). In a study where the relationship between TRPC-
mediated calcium entry and cytoskeletal shape and rigidity in podocytes was 
investigated it was found that calcium influx was mediated by angiotensin II 
through both TRPC5 and TRPC6 channels. Downstream however it was seen that 
TRPC5 signaled through RAC1 to promote cell motility, whereas TRPC6 signaled 
through RHOA to inhibit it (206). The tight antagonistic regulation between RAC1 
and RHOA seems as a prerequisite for a normal podocyte phenotype and 
dysregulation thereof leads to podocytopathy exemplified with the over activation of 
RHOA in families with gain-of-function mutations in TRPC6 (202, 206). Accordingly 
mice lacking TRPC6 infused with angiotensin II were significantly less albuminuric 
than the infused wild- type control (207). In line with our study where the tight 
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regulation by RHPN1 of RHOA dependent stress fiber formation is necessary for 
healthy podocytes (208) Wang et al. reports that both RHOA activation and 
inhibition caused albuminuria and foot process effacement  (209). Furthermore Zhu 
et al. reports that inducible activation of RHOA in mice leads to FSGS in a dose 
dependent manner (210). Thus, compiling data seems to implicate that TRPC6 
expression and intracellular calcium levels must be tightly regulated to avoid 
aberrant RhoGTPase activity. 

1.5.3 NCK1/2 
NCK1 and NCK2 are two highly related proteins (211) composed of the 
phosphotyrosine- interacting SH2 and SH3 domains with which they can recruit 
various other proteins involved in the regulation of actin assembly, such as the 
NCK1 SH2 domain binding to tyrosine-phosphorylated binding sites of nephrin 
(110, 111) and its SH3 domains on the other hand binding to neuronal Wiskott-
Aldrich syndrome protein (N-WASP) (110, 111), whereby N-WASP activates the 
ARP2/3 complex and cortactin linking the nephrin-NCK complex to the actin 
cytoskeleton (115, 161). NCK recruitment to phosphorylated nephrin is initiated 
during development, injury or repair when cytoskeletal reorganization and rapid 
actin polymerization is required (111). Mice deficient of both NCK1 and NCK2 in 
podocytes develop nephrotic range proteinuria, in addition to ultra- structural 
changes in glomeruli similar to those found in human end-stage renal disease 
(110). 

1.5.4 FAT1 
The 500-kDa FAT1, a protein that belongs to the protocadherin superfamily is 
localized to the slit area where it has been found to co localize with nephrin and 
ZO-1 (212).  Newborn FAT1 null mice display effaced foot processes without slit 
diaphragms and die within 48 hours (213). It is believed that FAT1 takes part in the 
generation of the necessary intercellular adhesion framework between foot 
processes while at the same time maintaining the junctional distance.  In support of 
this is the involvement of FAT1 in actin dynamics (214) and the active re-
arrangement of actin cytoskeleton during progression of podocytopathy (215, 216).  

1.5.5 MAGI-2 
MAGI-2, member of the membrane associated guanylate kinase (MAGUK) family 
of scaffolding proteins is highly expressed in the synaptic junctions of mouse brain 
(217, 218) and glomerular podocytes (219). Through its PDZ, WW, and GUK 
domains it acts as a scaffolding protein coordinating signaling complexes (220-223) 
and has been identified as an interaction partner of nephrin, IQGAP and CASK in 
rat glomeruli (224). Magi-2 null mice present with early-onset, progressive 
proteinuria and non-inflammatory, proliferative glomerulopathy with collapsing and 
crescent-like characteristics within a few weeks after birth. The pathological 
process coincides with decline of nephrin expression and the upregulation of 
CIN85 (225) which is a protein regulating the turnover of slit diaphragm complex 
proteins (226).  
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1.5.6 PLCɛ1 
PLCɛ1 is a lipase cleaving phosphatidylinsositol-4,5-bisphosphate (PIP2)  to the 
second messengers inositol1,4,5-triphospahte (IP3) and diacylglycerol (DAG) (227) 
and is thus involved in intracellular signaling pathways. It plays an important role in 
Ca2+ release both from internal stores as well as influx from cat ion channels such 
as TRCP6 (228).  In the podocytes it is has been identified from the early S-shaped 
stage and is highly expressed in both cell body and foot processes at the late 
capillary stage (229). Even though PLCɛ1 null mice do not display a renal 
phenotype  (230) positional cloning has identified PLCɛ1 in families with early 
onset nephrotic syndrome and ESRD, histopathologically displaying diffuse 
mesangial sclerosis and FSGS and histochemistry showing reduced nephrin 
expression (229). The importance of PLCɛ1 for the integrity of the filtration barrier 
has also been described in zebrafish where PLCɛ1 anti sense morpholino knock 
down and subsequent injection of a 500-kD Dextran labeled FITCH tracer molecule 
into the blood stream showed FITC-positive endocytosed vehicles in the epithelial 
cells of the pronephric tubule (229). PLCɛ1 is an exception to the general trend 
where mutated genes causing FSGS are most often structural components of the 
podocytes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 27 

1.6 OVERVIEW GLOMERULOPATHY 
Renal disease is not one disease but a generic term describing the inability of the 
kidneys for one reason or another to excrete wastes and maintain the electrolyte 
balance. Even when narrowing down the focus to the filtering unit itself, the 
glomerulus, now describing the disease as ”glomerulopathy”, the etiologies are 
diverse even if the disease commonly manifests as proteinuria.  Most often 
“glomerulopathy” implies a non-inflammatory condition whereas the term 
“glomerulitis” is used when inflammation is involved. As the filtration barrier 
composes the integral part of the glomerulus, glomerulopathy often implies a 
malfunctioning interplay for one or another reason between the constituents of the 
GFB, and the disease can be primary due to gene mutations or pathogens, but it 
may also be secondary to other conditions such as hyperglycemia and 
hypertension. Genetic mutations leading up to primary disease can be monogenic, 
recessive or dominant, or they can be polygenic where the disease arises as a 
combined effect of mutations in two or more genes. As monogenic diseases, 
contrary to polygenic ones, have a tight genotypic-phenotypic relationship with 
almost always “full penetrance” (clinical symptoms are present in all individuals 
who have the disease-causing mutation) forward genetic studies of such human 
renal disease causing mutations giving rise to an observed phenotype has 
contributed greatly to our knowledge of GFB composition. Therefore, the presented 
chart (see page 28) that gives an overview of human glomerular disease causing 
mutations is focused on such monogenic diseases. 
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2 AIMS OF THE STUDY 
 
The aims of this study were to increase current knowledge of the glomerular 
filtration barrier in health and disease by studying novel components, gene 
regulation and cellular aspects. 
 
The specific objectives were:  
Paper I:  Examination of the expression and role of TDRD5 in podocytes with 
emphasis on the transcriptional and protein levels using in vivo as well as in vitro 
methods.  
 
Paper II: Determination of the global expression signature of renal glomeruli during 
progression of Adriamycin-induced nephropathy in mice using RNA sequencing. 
 
Paper III: Characterization of a novel podocyte specific protein Rhophilin1 and its 
function in the maintenance of the actin cytoskeleton in mouse podocytes.  
 
Paper IV: Further studies on the effect of a single nucleotide polymorphism (SNP) 
r1866813, on differential expression of NCK1 the gene of which has been 
genetically associated with diabetic nephropathy. 
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3 EXPERIMENTAL PROCEDURES 
 
The methods used in papers I-IV are described in detail in respective Material and 
Methods sections. 

3.1 ANTIBODIES  
Table 1. Primary antibodies used. 

(Alexa Fluor secondary antibodies (Life Technologies) were used in addition).  

 
 
 
 
  

Antibody Product nr Company Study 
β-actin ab8227 (rabbit) Abcam [I,III, IV] 
c-myc M4439 (mouse) Sigma-Aldrich [III] 
c-myc C3956 (rabbit) Sigma-Aldrich [I, III] 
dendrin (64) (rabbit)  [III] 
f-actin (rhodam.-phallod.)  Life Technologies [III] 

GFP A11122 (rabbit) Invitrogen [III] 
HIC5  
 

611164 (mouse) BD transd. laboratories [III] 

IL-20rb ab95824 (rat) Abcam [IV] 
NCK1 Ab32120 (rabbit)  Abcam [IV] 
NPHS1 BP5030 (guinea pig) Acris GmbH [III] 
p-Myosin Light Chain 2 3675 (mouse) Cell Signaling Techn. [III] 

NPHS2 p0372 (rabbit) Sigma-Aldrich [I] 
RHPN1 sc-1940 (goat) Santa Cruz [III] 
RHPN1 SAB1408228 (mouse) Sigma-Aldrich [III] 
RHPN1 (208) (rabbit)  [III] 
STAG1 #A300-157A(goat) Santa Cruz [IV] 
SYNPO sc-50459 (rabbit) Santa Cruz [III] 
TDRD5 HPA014563 (rabbit) Atlas Antibodies [I] 
TDRD5 HPA029418 (rabbit) Atlas Antibodies [I] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Antibodies may be monoclonal or polyclonal. 
Monoclonal antibodies bind to the same epitope as they are derived from identical immune cells. 
Polyclonal antibodies are derived from several different immune cells and react with different epitopes. However, most 
often the host is immunized with a sequence of the target protein fused to a “tag”- sequence that allows for affinity 
purification of the produced antibodies giving rise to monospecific antibodies.  
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3.2 BLOOD UREA NITROGEN ANALYSIS (BUN) [II] 
As a measurement of glomerular filtration rate and thus renal health the assay 
measures the level of the metabolic waste product urea. BUN was quantified using 
QuantiChrom Urea Assay Kit (BioAssay System), which uses a chromogenic 
reagent that forms a colored complex specifically with urea. The color intensity is 
directly proportional to the sample urea concentration. The assay was used as a 
quantification of glomerular disease progression in Adriamycin injected mice [II]. 

3.3 CONFOCAL MICROSCOPY [III] 
Confocal microscopy is an imaging technique allowing for increased optical 
resolution and contrast of a micrograph by the addition of a pin-hole at the confocal 
plane of the lens to eliminate out-of-focus light. A reconstructed three-dimensional 
image is then assembled from the sampled images. The technique was used in III 
to image immuno-fluorescent cells and kidney samples.  

3.4 CREATININE ASSAY (SERUM/ URINE) [II, III] 
Creatinine is synthesizes from creatine, which is produced during muscle 
contraction at a fairly constant rate. Creatinine is removed from the blood by 
filtration in the glomerulus and excreted in the urine.  When glomerular filtration 
rate is lowered due to kidney disease blood creatinine levels are increased, and 
urinary levels are diminished. Serum creatinine levels were measured 
(QuantiChromTM Creatinine Assay Kit (BioAssay Systems, Hayward, CA) using 
picrate that forms a red colored complex with creatinine which was subsequently 
quantified. The assay was used in papers II and III to evaluate urine and serum 
creatinine levels respectively in mice. 

3.5 ELECTRON MICROSCOPY (SCANNING (SEM) / TRANSMISSION (TEM)) [I, 
II, III] 

An imaging technique that uses scattered (SEM) and transmitted (TEM) electrons 
respectively as a source of illumination. They differ in application as SEM focuses 
on the sample’s surface creating a 3D-image whereas TEM provides the details 
about internal composition requiring thin sections of the sample.  As the electron 
wavelength is 100,000 times shorter than that of photons, it has a higher resolving 
power than light microscope.  TEM was used in papers I, II, and III to 
ultrastructurally determine the morphology of sectioned zebrafish  [I], and mouse 
glomeruli  [II, III], whereas SEM was used in III to visualize the surface of the 
mouse glomerular tuft. 

3.6 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) [II, III] 
Enzyme-linked immunosorbent assay (ELISA) is a biochemical method used to 
detect and quantify substances such as albumin in biological samples. In an 
ELISA, the antigen of interest is immobilized to a solid surface and then complexed 
with an enzyme-linked antibody. Detection is accomplished by incubating with a 
substrate that the enzyme will convert to some detectable signal, most commonly a 
color change that may be quantified. A so called competitive version (Albuwell, 
Exocell) of the method was used in II and III to quantify urinary albumin where 
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albumin of the stationary phase and albumin of the urine sample were competing in 
the binding to added anti-albumin antibodies. After washing only the albumin 
bound antibody that was bound to the stationary phase remained in the well. 
Detection was accomplished by the addition of anti- IgG -HRP conjugate and a 
chromogenic substrate that was oxidized by the horse radish peroxidase (HRP) 
producing a color of a quantifiable intensity. 

3.7  ETHICS STATEMENT [I, II, III, IV] 

All the experimental studies presented were conducted according to regulations 
related to handling of laboratory animals and approved by local ethical committees. 

3.8 FLUORESCENCE-ACTIVATED CELL SORTING (FACS) [I, III] 

A method for sorting a heterogeneous mixture of cells based on the light scattering 
or fluorescent characteristics of the cells. In brief, the cells are suspended in a 
stream of fluid whereby they are passed through a fluorescence measuring station 
after which a charge is applied to the molecules based on their fluorescence 
intensity. The charged droplets are then fractionated based on their charge. The 
method was used in papers I and III where total glomerular cell populations from bi-
transgenic mice were fractionated.  

3.9 GLOMERULI ISOLATION [I, II, III, IV] 

A technique developed at Göteborg University by Dr Minoru Takemoto (231) where 
glomeruli is isolated from mouse kidney by perfusion though the heart using 
spherical super-paramagnetic Dynabeads (Ø 4.5 μm). The magnetic beads get 
stuck in the glomeruli which can be collected using a magnet. The large amount of 
RNA subsequently extracted from such glomeruli was a prerequisite for papers I, II, 
III and IV. 

3.10 HISTOCHEMISTRY [I, II, III] 
This is a technique that uses biochemistry to visualize the morphology of cells and 
tissue. 

3.10.1  Hematoxylin/ eosin staining (HE) [I, II] 
 Hematoxylin stains nucleic acids (deep-purple) whereas eosin stains proteins 
(pink) nonspecifically. The method was used in I to investigate the morphology of 
the zebrafish pronephros in tdrd5 mutants. In II it was used to investigate the 
morphology of kidney sections of Adriamycin-injected nephrotic mice.     

3.10.2 Periodic acid-Schiff staining (PAS) [III] 

Periodic acid–Schiff staining is a method that is used to detect carbohydrates such 
as polysaccharides, glycoproteins and glycolipids and is therefore often used to 
stain structures containing a high proportion of these macromolecules such as 
connective tissue and basal lamina. The periodic acid oxidizes diols of the sugar 
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into aldehydes. The method was used in paper III to visualize the morphology of 
mouse kidney tissue from Rhpn1-/- mice.  

3.11 IMMORTALIZED HUMAN PODOCYTE CELL CULTURE [III] 
Terminally differentiated podocytes do not maintain their unique phenotype in cell 
cultures. However, it is possible to extensively maintain the podocyte properties in 
cell culture using an immortalized podocyte line. A human immortalized podocyte 
cell line used in III  was generated by transfection with the temperature-sensitive 
proto-oncogene SV40-T (232) which makes the cell to proliferate at the permissive 
temperature 33 0C. The SV40-T gene is then turned off after moving the cells to the 
non-permissive 37 0C whereby they enter growth arrest and take on more podocyte 
characteristics. In III we used the cell line to investigate RHPN1 effect on the 
podocyte actin cytoskeleton. 

3.12 IMMUNOFLUORESCENCE STAINING [III, IV] 
Both direct and indirect immunofluorescence staining methods were used in III and 
IV.  DAPI (4', 6-diamidino-2-phenylindole) which is a fluorescent stain that binds A-
T rich regions in DNA was used to image nucleus in a direct way. Phallodin 
conjugated to the red-orange fluorescent dye tetramethylrhodamine was used to 
image filamentous actin. Other proteins of interest were imaged indirectly by 
incubation with IgG-conjugated fluorophores (Alexa Fluor Dyes, Life Technologies) 
which targeted protein specific primary antibodies. The technique was used on 
cells [III] and on kidney section [III, IV]. 

3.13 IMMUNOGOLD ELECRON MICROSCOPY [I] 
A staining technique used with transmission electron microscopy where colloidal 
gold is attached to antibodies designed to cross-react with specific proteins. The 
technique was used in paper I where TDRD5 was found to be localized to 
podocytes in human kidney sections. 

3.14 IN SITU HYBRIDIZATION [I] 
In situ hybridization is used for localization of mRNA transcripts in situ using its 
corresponding antisense sequence as a labeled RNA probe. The method was used 
in I where Digoxigenin (DIG) conjugated to uridine (Roche Applied Science) was 
incorporated into RNA using RNA polymerase. The riboprobe then hybridizes to 
the sense mRNA on snap frozen mouse kidney sections facilitating its detection 
using a DIG-antibody conjugated to alkaline phosphatase whereby it was 
visualized using NBT and BCIP. 

3.15  LUCIFERASE ASSAY [IV] 
The Dual-Luciferase® Reporter Assay System (Promega) allows for the 
quantification of the ability with which a sub cloned sequence activates the firefly 
(Photinus pyralis) luciferase reporter sequence. A vector carrying the Renilla 
(Renilla reniformis) luciferase reporter gene is co transfected acting as an internal 
control. The system was used in IV as a mean of investigating the ability of the 
different cis-acting SNP at the 3q locus to activate the expression of NCK1. 
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3.16 MOUSE GENE TARGETING TECHNIQUE [III] 
A reverse genetic technique that awarded Mario R. Capecchi, Sir Martin J. Evans 
and Oliver Smithies The Nobel Prize in Physiology or Medicine 2007. The method 
is based on the transfer of a DNA sequence which is homologous to the 
endogenous mouse gene to be targeted except for a desired mutation and with the 
addition of a selection cassette into stem cells isolated from a mouse blastocyst 
(white mouse). Through homologous recombination the introduced sequence will 
occasionally be incorporated into the genome. Cells are grown in selective media 
and cells in which incorporation of the introduced sequence has taken place will be 
able to expand due to resistance conferred by their selection cassette. Such cells 
are analyzed using Southern Blot to confirm that the recombination has occurred in 
the desired location. Clones of correctly targeted cells are then introduced into a 
blastocyst (black mouse) and implanted into a pseudo pregnant female.  The 
resulting pups will be chimeras (black/white). In some of the chimera the mutation 
may be transmitted to the germ cells producing sperm and eggs with the mutated 
gene. When such chimeras are crossbred with wild type mice some of the offspring 
will have one copy of the knocked-out gene in all their cells (white mice), but they 
are still heterozygous. Interbreeding of these heterozygous offspring will produce 
some mice that are homozygotes of the mutation. The technique was used to 
produce an Rhpn1 knock out mouse [III] in which exons 1-4 of the Rhpn1 gene 
were substituted with a Green Fluorescent Protein (GFP) cassette. 

3.17 PHASE CONTRAST MICROSCOPY [III] 
An optical microscopy technique that converts the phase shifts of light passing 
through a transparent media into brightness changes of the image. The 
microscope was used in III to visualize isolated glomeruli. 

3.18 PLASMIDS AND CLONING [I, III, IV] 
A plasmid is a small circular DNA molecule that within biotechnology is used for the 
cloning and amplification of DNA sequences through the transformation (into 
bacteria) or transfection (into mammalian cells) whereby the endogenous 
replication machinery is used for the amplification into a desired amount of copies. 
The technique was used in I to amplify both Tdrd5 full length transcripts cloned into 
the xhoI and sfiI restriction sites of pCMV-Myc vector (Clontech). The riboprobe 
used in I was produced from a 598-bp Tdrd5 cDNA fragment cloned into pCRII-
TOPO Dual Promoter Vector (Invitrogen). In III the technique was used when 
human RHPN1 was expressed in mammalian cells using the pcDNA4/TO/myc-His-
A expression vector (Invitrogen). The construct was prepared by PCR amplification 
of the full-length cDNA encoding human RHPN1 from a corresponding IMAGE 
cDNA clone IRATp970F0343D and subsequently cloned into the EcoR1-XbaI sites 
of pcDNA4/TO/myc-His-A.  In order to evaluate the cis-regulatory potentials of 
three human conserved sequences with single nucleotide polymorphisms in IV 
both in vitro and in vivo DNA sequences were amplified using human material and 
cloned into pCRII-TOPO vectors (Invitrogen) and then subsequently sub cloned 
into either the luciferase pGL4.26 plasmid (Promega) between SacI and XhoI sites 
or a Tol2-based plasmid containing a GFP cassette under the Nphs2 promoter. 
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3.19 POLYMERASE CHAIN REACTION (PCR) [I, III] 
A biochemical method in which cDNA is amplified through a series of annealing/ 
elongation cycles.   The method was used in I to determine Tdrd5 expression in a 
panel of mouse tissues using a commercial cDNA library (Clontech Mouse Multiple 
tissue cDNA MTC panel 1) and in III to amplify full-length human RHPN1 from a 
corresponding IMAGE cDNA clone IRATp970F0343D. 

3.20 PRIMARY CELL CULTURE [III] 
We used primary podocyte cell cultures from seeded mouse glomerular explants of 
both wild type and Rhpn1 knock out animals [III] in order to asses RHPN1 
subcellular expression pattern and  as an attempt to delineate its molecular 
function. 

3.21 PROTEIN INTERACTION NETWORK ANALYSIS [II] 
The protein–protein interaction information was downloaded from the Human 
Protein Reference Database (http://www.hprd.org/, release 9). The database 
curated the human protein-protein interaction information from published 
literatures. The mouse genes were mapped to the corresponding homologous 
human genes by using the NCBI HomoloGene assembly 
(http://www.ncbi.nlm.nih.gov/homologene). The R program (http://www.r-
project.org/) was used for the data processing, and Rgraphviz package was used 
to visualize the interaction networks (233). 

3.22 QUANTITATIVE REAL TIME –PCR (QRT-PCR) [I, III, IV] 
 A method based on the same principle as the polymerase chain reaction but with 
the main difference that the amplified DNA is detected as the reaction progresses 
(in real time (RT-))  making it a quantitative (q-) method. The method was used in I 
to quantitatively determine tdrd5 expression in fractioned zebrafish tissue from wt 
as well as from tdrd5 mutant larvae. In III and IV the method was used to 
quantitatively determine Rhpn1, Rhpn2, Synpo [III] and Nck1 [IV] expression in 
mouse glomeruli as well as in differentiated/undifferentiated immortalized human 
podocytes [III].   

3.23 REVERESE TRANSCRIPTION [I, III, IV] 
Reverse transcription is a method where the enzyme reverse transcriptase is used 
to generate a complementary DNA (cDNA) sequence from a RNA template. It was 
used to generate cDNA from RNA isolated from mouse glomeruli [I, III, IV] and 
from zebrafish glomeruli and fractionated zebrafish larvae homogenate [I]. In IV the 
method was used generate cDNA from transformed primary human lymphocytes. 

3.24 REVERSE TRANSCRIPTION-PCR (RT-PCR) [I, III] 
A biochemical method where cDNA reversibly transcribed from isolated RNA using 
the reverse transcriptase enzyme is amplified through a series of annealing/ 
elongation cycles.  In I the method was used to qualitatively determine Tdrd5 
transcript localization to fractioned mouse kidney tissues samples (glomeruli and 
kidney fraction lacking glomeruli), as well as for amplification of both Tdrd5 
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transcripts for subsequent cloning purposes. In I and III it was used to qualitatively 
determine transcript expression in FAC sorted total mouse glomerular cell- 
population. 

3.25 RNA SEQUENCING [II] 
In II the RNA library construction and RNAseq were performed at BGI-Hong Kong Co., 
HKG using the Illumina HiSeq 2000 platform and True Seq library construction (Illumina). 

3.26 SDS-PAGE [II, III] 
A biochemical method that utilizes the anionic detergent Sodium dodecyl sulfate in 
SDS- polyacrylamide gels to impart a negative charge to proteins in this way 
linearizing and adding a negative charge to them which makes it possible to 
separate them during electrophoreses. The gel may then be used further for 
Western Blotting [I, III, IV] or as in paper II and III where the gel was stained with 
Coomassie Brilliant Blue to analyze the existence of albumin in urinary samples 
from mice.  

3.27 STATISTICS [I, II, III, IV] 
Data of luciferase assay [IV] and qPCR in I, III, IV was statistically analyzed by t-
test. In II statistics test were performed using the global test algorithms in the 
Cufflinks package (234) in order to identify the genes differentially expressed 
between the different stages of ADR treated glomerular samples and the control. 
In IV the Fisher’s exact test was used for analysis of zebrafish GFP expression 
rate. The Fisher’s exact test and t-test were used for association analysis of clinical 
data with genotypes [IV]. 

3.28 TRANSGENIC ANIMALS [I, III, IV] 
The definition of a transgenic animal is when genetic material has been transferred 
naturally, or by genetic engineering from one organism to another. In III a Rhpn1 
null mouse was created according to the gene targeting technique described 
previously. The excised exons 1-4 of Rhpn1 were here substituted for a green 
fluorescent protein cassette.  In III a mouse expressing enhanced yellow 
fluorescent protein (EYFP) in the podocytes was produced by crossing a mouse 
expressing the EYFP gene under the Gt(ROSA)26Sor locus with an interposed 
floxed STOP sequence with a transgenic mouse expressing the Cre recombinase 
under the control of the Nphs2 promoter. FAC sorted glomerular cells from this 
mouse strain was also used in I. Rhophilin-1/Rhophilin-2 double knock out mice 
were generated by intercrossing Rhpn1+/− and  Rhpn2+/− mice of a mixed C57BL/6, 
129Sv, and CD1 genetic background III. RhoA podocyte-specific deletion in mouse 
of a Rhophilin-1 null background was achieved by crossing triple transgenic 
heterozygous mice (Rhpn1+/−; Nphs2cre/+; RhoAfl/+) of a mixed C57BL/6 and 129Sv 
genetic background [III].  A transgenic zebrafish line (235) was used in I that 
express GFP under the podocyte specific podocin promoter allowing for the 
visualization of the pronephric glomerulus.    
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3.29 TRANSIENT TRANSFECTION [I, III, IV] 
Transfection is the process of introducing nucleic acids into cultured metazoan 
cells by opening transient pores in the cell membrane allowing uptake of material.   
The transient transfections were performed using Lipofectamine 2000 (Invitrogen) 
which is a cationic lipid that encloses the nucleic acid forming liposomes that fuses 
with the cell membrane and deposit their cargo inside the cell. The method was 
used in paper I to introduce expression vectors containing the two myc-tagged 
Tdrd5 splice variants into human embryonic kidney (HEK) cells in order to produce 
myc-tagged proteins by using the cells protein expression system. In III we 
transiently transfected and expressed RHPN1 and a constitutively active RHOA 
construct to investigate their separate and concerted role on a cellular level. In 
paper IV HEK cells were transfected with expression vectors containing various 
single nucleotide polymorphism sequences cloned in frame with a luciferase 
cassette were after the expressed products were used in the luciferase assay.  

3.30 TUNEL STAINING [II] 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is a 
biochemical method that detects DNA fragmentation that is result from apoptosis. 

The enzyme terminal deoxynucleotidyl transferase (TdT) catalyzes the addition of 
the secondarily labeled dUTP to the nicked DNA, thus visualizing the break. 
TUNEL staining was used in paper II to visualize apoptosis in glomeruli of 
Adriamycin injected mice. 

3.31 WESTERN BLOT [I, III, IV] 
 An analytical technique used to detect specific proteins in a sample of tissue 
homogenate or extract which is separated by electrophoreses on a gel whereby 
the proteins are blotted on to a membrane, with the subsequent incubation with 
protein- specific labelled antibodies. Detection is achieved by incubation with a 
HRP conjugated secondary antibody raised against IgG from the host of the 
primary antibody. The HRP, in the presence of a chromogenic substrate, produces 
a detectable signal. 

3.32  ZEBRAFISH MORPHOLINO KNOCK DOWN TECHNIQUE [I] 
The method is used as a reverse genetic tool where genes are repressed using 
antisense morpholinos whereby the phenotype is analyzed. Morpholinos are 
modified ~25-base long antisense nucleotides that are injected into the yolk of 
fertilized zebrafish egg at the 1-2 cell stage. The morpholino then diffuses from the 
yolk into the dividing cell/cells. The antisense oligo could be designed to hybridizes 
to a pre-mRNA at a splice site hindering the correct splicing of the transcript (splice 
blocker) or it could be designed to hybridize to the ATG site blocking its translation 
on the ribosomes (translational blocker).  At 4 dpf the phenotype of the larvae is 
analyzed. The technique was used in paper I where tdrd5 was repressed using 
both a translational blocker and a splice blocker. 
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4 RESULTS AND DICUSSION 
The kidneys have several function one of them being to filter waste products from 
the blood and excrete them through the urine. The ultimate structure responsible 
for this sieving is the glomerular filtration barrier containing mesangial and 
endothelial cells as well as podocytes, together with the glomerular basement 
membrane and the slit diaphragm. Proper structure, function and concerted cellular 
interplay are a prerequisite for renal health. Glomerular damage underlies as much 
as two-thirds of all chronic kidney disease cases leading to ESRD that constitutes 
an enormous socioeconomic burden. The molecular pathomechanism are likely to 
be many and the causes of most glomerular diseases are poorly understood. The 
present work is a part of a large project aimed at generating new knowledge about 
glomerular development, function and disease. Papers I and II are the direct result 
from the large-scale initiative (236-238) where RNA from normal and healthy 
glomeruli were used to assemble a glomerulus specific GlomChip from which both 
Tdrd5 and Rhpn1 were identified. For paper III the large amount of glomeruli and 
subsequent RNA isolation was imperative for the state of the art RNA deep 
sequencing undertaken. Isolation of glomeruli from two mouse strain carrying the 
nephropathy-prone 129/Sv allele and nephropathy-resistant C57BL/6 allele 
respectively identified NCK1 as a protein differentially expressed in these mouse 
strains. 
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4.1 PAPER I 
Our previous efforts to profile the global transcriptome of the kidney glomerulus 
through microarrays (238) revealed Tdrd5 as a highly enriched transcript. Tdrd5  
draw our attention as it was positioned head to head with the Nphs2 gene  which is 
a podocyte-specific protein associated with hereditary proteinuric disease (175), a 
genomic arrangement that was shown to be conserved. Consequently, it was 
decided to further investigate and characterize TDRD5’s role. 

In order to investigate TDRD5 localization at the transcriptional level I used 
RT-PCR on mouse cDNA tissue panel library, FAC sorted mouse podocytes and 
mouse glomeruli as well as in situ hybridisation on mouse snap frozen kidney 
sections, whereby I show that Tdrd5 is an, apart from mouse testis (239, 240), a 
podocyte specific transcript with two splice variants. Furthermore it was shown by 
qPCR on cDNA reversibly transcribed from RNA isolated from GFP-expressing 
glomeruli of 3dpf transgenic zebrafish larvae (235), tdrd5 to be glomeruli enriched 
transcript. TDRD5 protein localized to mouse glomeruli as determined by Western 
Blot using Myc-tagged transcripts of the two splice variants as positive controls. 
Immuno Gold Electron Microscopy on human kidney sections further specified the 
protein expression to be enriched in the foot-processes of the podocytes. 
Morpholino injection using both translational and transcriptional blockers into 
fertilized zebrafish egg at 1-2 cell stage was used to study tdrd5 ablation in an in 
vivo setting. The histological effects of tdrd5 knock down were studied using 
hematoxylin/eosin staining on 6 µm zebrafish sections which revealed a disturbed 
glomerular morphology and distended tubules. Tdrd5 knock down effect on the 
filtration barrier ultra-structure depicted by transmission electron microscopy 
revealed grossly unaffected podocytes but with a disturbed capillary endothelium 
and distended capillaries, which were also reduced in number.  

 The results of this paper positioned the TDRD5 head-to-head with the 
disease-linked NPHS2 gene (175) in vertebrate genomes and revealed highly 
conserved sequences through different species. Very little is known about TDRD5, 
but it has previously been shown to be highly expressed in the mouse testis (239, 
240). Our studies demonstrated that TDRD5 is also highly expressed in renal 
podocytes, importantly; the protein is likely to have a role in glomerular 
development and function as silencing of tdrd5 expression in zebrafish resulted in 
pronephros abnormalities. As yet, we or others have not yet shown the gene to be 
associated with any human kidney disease. 

 

 

 

 

 

 

 

 



 

40 

4.2 PAPER II 

One way to increase the understanding of mechanisms for glomerular disease is to 
elucidate glomerular expression signatures using either microarrays or RNAseq. This 
needs to be done for many glomerulopathies and glomerular disease models to obtain a 
good picture of the pathogenic processes in the kidney.  

 In this study, we made use of an Adriamycin-induced FSGS-like (focal segmental 
glomerular sclerosis-like) proteinuric mouse model. In this model, severe proteinuria 
develops, reaching maximum at 7 days after injection of Adriamycin. Then there is partial 
recovery, but the glomerular function and pathology do not normalize.  The mice were 
weighed on a daily basis and spot-urine, blood samples, kidneys as well as RNA extracted 
from glomeruli were sampled during the 14 day duration of the experiment.  

Weight curves, urinary albumin and urinary albumin to creatinine levels as well as 
blood urea nitrogen levels all witness of an acute phase of renal injury day4 reaching its 
maximum at day7 where after urinary and blood levels are somewhat alleviated. 
Ultrastructurally segmental foot processes effacement was evident at day seven and at 14 
days histology revealed resorption droplets and intraluminal casts in the tubular 
compartment with some glomeruli showing segmental sclerosis. 
 The acute phase of injury may be related to the effect of Adriamycin which is known 
to induce DNA damage through reactive oxygen species (ROS) (241) something that 
seem to be reflected in the p53 pathway being the most significantly upregulated pathway 
day4  according to the RNA-seq data, with Psrc1 and Eda2 being the top up-regulated 
genes. They are both transcriptional target of p53 (242, 243). Even though p53 is not itself 
differentially regulated in our screen,  Mdm2 which is a protein that functions to keep p53 
at low levels in unstressed cells by continuous ubiquitination targeting p53 for degradation 
(244), is in our screen significantly regulated day4. The protein-protein interaction network 
described previously (245) linked Mdm2 to the expression of Trp53inp1, Hipk2,  Pja1,  
Rpl11 and  Ccng which are all significantly regulated, as well as Sesn2 and Gpx1 two 
antioxidant genes that p53 trans activates to keep ROS at non-toxic levels at physiological 
conditions (246). The TUNEL staining also reflect the apoptosis of glomerular cells as the 
number of apoptotic positive cells gradually increased after ADR injection, reaching 
maximum at 14 days after ADR injection. 
 The Adriamycin mouse model is characterized by podocyte foot process effacement 
which means there is a high turnover of cytoskeletal components or molecules related to 
cytoskeleton maintenance. As such activities are known to induce ER stress (247), the 
differential regulation of Hspa5, Caspase12 and Ddit3, three molecules that are 
components of the ER stress pathway in podocytes (248),  could be expected. 
Collectively, these observations suggest that podocyte apoptosis during progression of 
glomerulopathy might be associated with ER stress. 
 In this study, as we have done in two previous unpublished global glomeruli transcript 
screens, one of them being data derived from RNA-sequencing of Rhpn1 null mice found 
the hemoglobin genes, Hba-a1 and Hbb-bs to be the two most significantly down regulated 
transcripts day4. We find it likely that the expression of Hbb-bs and Hba-a1 in our screen 
stems from the mesangial cell population of the glomeruli as a previous report has 
localized the hemoglobins to the rat glomerular mesangial cells both on transcriptional as 
well as on protein level (249). In the same study the authors show that the hemoglobins 
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are transiently up regulated under the prevailing experimental hypoxic conditions (249). 
The investigators also overexpressed the α and β-globins in the SV40-MES13 murine 
mesangial cell line and found that reactive oxygen species production was reduced thus 
ameliorating oxidative stress when induced by hydrogen peroxide. Based on their results 
they speculate that the proteins potential function in the mesangial cells includes 
antioxidant defense. Thus, we speculate that the regulation of these transcripts may be 
related to a cellular response acting on oxidative stress. The globin family today consists 
of the hemo- and myoglobin (250),  plus the  more recently discovered ubiquitously 
expressed cytoglobin (251) and neuroglobin which is predominately expressed in the 
nerve cells (252). They are all found to bind oxygen in a reversible way but the cytoglobin 
and neuroglobin are furthermore believed to act as O2 consuming enzymes or as O2 
sensors or might being involved in NO/O2 chemistry (253).  Interestingly neuroglobin was 
also found to be significantly down regulated day 4 and 7 in our screen. Neuroglobin is 
mainly found in the nervous system and considering the close relationship between the 
transcriptome of the neurons and the podocytes (23) we find it likely that the neuroglobin 
expression is of podocyte origin.  

The circadian rhythm pathway was the highest regulated pathway between control 
and day 7, with 27% of the member proteins being differentially regulated. That the renal 
function is oscillating according to circadian rhythmicity pattern was first documented in the 
middle of 19th century (254). The proteins constituting the core of the feedback loop that 
generates the transcriptional rhythms of approximately 24 h periodicity   BMAL1, CLOCK 
and NPAS2 which dimerize into various heterodimers whereby they activate the 
transcription and translation of their repressors PER and CRY (255) during the daytime,  
are down regulated in our screen,  all of them except CLOCK significantly. Moreover the 
melatonin receptor Mt2 which is a G-protein coupled, 7-transmembrane receptor 
responsible for melatonin effects on mammalian circadian rhythm was significantly down 
regulated day4 and 7. Considering the large fraction of the regulated proteins involved in 
the circadian rhythm and the melatonin receptor it was not very surprising to find all three 
proteins taking part of the G protein cascade of visual transduction (256) Rhodopsin (Rho), 
Transducin (Gnat1) and cGMP phosphodiesterase ((Pde4b and 4d) (257)) to be 
significantly down regulated day4 and 7 (Rho, Gnat1 and Pde4d also day 14).  

In order to identify the genes differentially expressed between the different stages of 
ADR treated glomerular samples and the controls, statistics test were performed using the 
global test algorithms in the Cufflinks package (234), The result showed that 721 genes 
out of the 38,742 total genes detected were significantly differentially expressed between 
ADR-treated glomeruli at the 4-day stage and the controls (False Discovery Rate < 0.05), 
and 363 genes were differentially expressed genes at 7 days stage and 637 differentially 
expressed genes at 14 days stage.  

We conclude that The ADR-proteinuric mouse model is a stable model of chronic 
progressive nephropathy, and that the transcriptome profile generated from RNAseq 
technology is valuable for dissecting the molecular mechanisms of the proteinuria.  
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4.3 PAPER III 

RHPN1 was disclosed as one of the highest expressed glomerulus-enriched 
transcripts on the microarray previously performed by our group (238). 
Furthermore, the transcript was in the same study localized to the podocytes using 
in situ hybridization (238).  Rhophilin-1 was identified almost 20 years ago as a 
Rho GTPase interacting protein (258) and in another study shown to be expressed 
in the fibrous sheet of the mouse sperm tail (259). To our knowledge, no data have 
since been presented when it comes to expression or biological function of this 
protein. 

The aim of this paper was to further delineate RHPN1 spatiotemporal 
expression in glomeruli, as well as investigate by which mechanisms it exerts its 
functions using in vivo and in vitro methods.  

 We used frozen mouse kidney sections and FAC sorted mouse podocytes to 
show that Rhpn1 is exclusively expressed in the podocytes of the late capillary 
stage of glomerulogenesis. We produced a Rhpn1 -/- mouse where new-born pups 
were phenotypically normal at birth but developed albuminuria at two weeks of 
age. The glomeruli of these mice presented focal glomerular sclerotic lesions with 
an expanded mesangium similar to what may be seen in FSGS or diabetic 
nephropathy. Ultrastructurally, a widened glomerular basement membrane and 
effaced foot processes were noted indicative of dysregulation of the actin 
cytoskeleton. To further investigate the mechanism giving rise to the above 
phenotype we made use of primary podocyte cell cultures emanating from 
glomeruli of Rhpn1 knock out and wild type mice, as well as immortalized human 
podocyte cell cultures. The primary podocytes showed RHPN1 to be expressed at 
the leading edge of the cell. Whereas the wild type podocytes showed a polarized 
and highly arborized subcortical actin cytoskeleton structure, the Rhpn1 -/- 
podocytes appeared more stellate and less curved at the plasma membrane with 
prominent ventral stress fibres spanning the cell body suggesting that RHPN1 
interacts with cytoskeleton proteins. RHPN1 transient transfection of immortalized 
human podocyte cells led to a substantial downregulation of the otherwise 
prominent actin stress fibres of this cell culture system. Transfection of a 
constitutively active RHOA expressing construct led to an expected increase of 
stress fibre formation, which we by co-transfection with RHPN1 were able to 
alleviate. RHOA is acknowledged to be a major determinant for the formation of 
actomyosin stress fibre formation (260), and the stress fibre associated non muscle 
II regulatory light chain is known to be a target of ROCK which is and RHOA 
downstream effector (261). To this end we investigated the phosphorylation status 
of the stress fibre associated NM II RLC both in vivo in kidney sections of Rhpn1-/- 
mice and in RHPN1 transfected / vector transfected immortalized human 
podocytes.  These in vivo and in vitro studies both showed a marked increase of 
phosphorylated NM II RLC expression in the absence of RHPN1, indicating that 
RHPN1 is a regulator of RHOA activity. The actin cytoskeleton is appreciated to be 
a major constituent of podocyte physiology and function and RHOA together with 
RAC1 and CDC42 are well recognized as being the determinants of its proper 
regulation (209, 210, 262-264). 
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 In summary, this study has identified Rhophilin-1 as a novel podocyte specific 
protein, regulating RHOA activity and the consequent phosphorylation of the non-
muscle myosin regulatory light chain through RHOA downstream effectors, thus 
being an integral component of the glomerular filtration barrier. Its role in 
glomerular diseases remains to be studied.  
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4.4 PAPER IV 

This paper is a part of studies in the laboratory on the potential regulatory role of a 
previously reported genetic association of the single nucleotide polymorphism 
(SNP), rs1866813 at 3q locus with diabetic nephropathy (265). The glomerulus is a 
primary target of this devastating diabetes complication, but the molecular 
pathomechanism of this disease is still poorly understood.  The SNP is located 
approximately 70 kb downstream of a cluster of the four genes: STAG1, TMEM22, 
NCK1 and IL-20RB, of which mouse NCK1 has been associated with foot process  
formation during podocyte development in mice and regeneration following 
glomerular injury (266).  

 In this study we tested in a series of experiments whether the different allelic 
genotypes of the SNP differentially regulate downstream targets. In vitro, two 
alleles of the SNP show differential effects on luciferase activity in transfected cells. 

In vivo using transgenic zebrafish larvae we further demonstrate that two alleles of 
the SNP differentially regulate GFP expression in zebrafish podocytes. By 
immunofluorescence staining and Western blotting we showed that only NCK1 of 
the four genes was mainly expressed in mouse glomeruli where it was observed in 
podocytes. We also showed that genotypes of the SNP rs1866813 correlated with 
NCK1 expression in immortalized lymphocytes from diabetic patients, where the 
risk allele was associated with increased NCK1 expression compared to the non-
risk allele. We also showed that in glomeruli NCK1 is differential expressed in two 
mouse strains carrying the nephropathy-prone 129/Sv allele and nephropathy-
resistant C57BL/6 allele respectively.  

We conclude from this work that the DN-associated SNP rs1866813 is a 
remote cis-acting variant differentially regulating glomerular NCK1 expression, and 
that glomerular NCK1 may play a role in the pathogenesis of diabetic nephropathy. 
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5 GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 
 
Since the first description of the slit diaphragm as imaged by Rodewald and 
Karnovsky in 1974 (140) using electron microscopy on mouse and rat kidney 
tissue, and the discovery of nephrin (153) and its subsequent localization to the slit 
diaphragm much has happened in the glomerular research area. Previously and 
historically the main filtering function of the GFB was attributed to the GBM but in 
the recent decades the research community has emphasize the podocytes as the 
major culprit of glomerular disease. Even though foot process effacement with the 
concomitant disappearance of the SD is noted in most cases when proteinuria is 
present, it is today recognized that the concerted interplay with all the GFB 
constituents is important for proper filtering function. 
 Considering the podocyte cell morphology and its transcriptome that closely 
resembles that of the neurons it is tempting to hypothesize around TDRD5 function 
in the podocytes. That the neurons are in need of the neuronal granules that tether 
mRNA at distant synapses for rapid translation is known and it is easy to draw 
parallels to the podocytes and the slit diaphragm. There is yet no published data of 
the existence of such granules but there is evidence that supports their existence. 
Considering TDRD5 function in the mouse germinal granules where it takes part in 
the scaffolding and processing of pi-RNA TDRD5 could be hypothesized to take 
part of such granules. 
 The development of RNA sequencing allows for high resolution identification 
of de novo transcripts in biological samples. The method is highly quantitative and 
currently even allows the generation of full transcriptomes from single cells (267). 
This opens up for extensive characterization of global expression signatures even 
from single glomeruli and the method is likely to yield a large body of exciting 
expression profiles during development and in disease in the near future. Such 
profiles can hopefully provide a new source for drug target discovery. The 
glomerular screen presented here on glomeruli in Adriamycin-induced nephrosis is 
an example which opens up for investigation of proteins and pathways that are 
regulated when podocytes are targeted. For example, the unexpected result that 
the hemoglobin alpha and beta chains being the most down regulated transcripts 
day4 as compared to control needs to be further investigated. ‘ 
 The significance of RHPN1 regulation of RHOA and its effect on podocyte 
actin cytoskeleton is easy to appreciate as most mutations or injury mechanisms 
finally result in rearrangement of actin fibers, podocyte foot process effacement, 
and proteinuria. Thus further investigations need to be done when it comes to the 
fine-tuning of this relationship. 

The finding presented in paper IV where the expression of NCK1 is shown to 
be regulated by the diabetic nephropathy associated allelic genotypes of SNP 
r1866813 highlights the level of complexity at which the genome is regulated. With 
the advent of new generation sequencing techniques the speed with which such 
intergenic regulatory elements are discovered will most certainly increase. 
     
  



 

46 

6 ACKNOWLEDGEMENTS 
 
I want to thank you Karl for accepting me as a PhD student to your Matrix division 
which provides such exiting and extensive resources when it comes to research. 
These years have been a journey for me both scientifically and for me personally. It 
has not always been easy but it has certainly been rewarding and most of all it has 
been fun. Thank you for putting you trusts in your mail man and given me this 
opportunity. 
 
Im grateful to my co-supervisors Jaakko and Mark for their support through the 
years and relentless proof reading of my manuscripts. Mark, my roommate for 
many years, and I once got accused for being nagging like an old married couple 
but I think we were just enjoying ourselves. Thank you both for getting me through 
this. 
 
Im addressing my present roommates Ann-Sofie, which I have been back to back 
with for so many years, thank you for keeping the place in shape and us students 
in line, Anna, you have a wonderful personality and a true scientific mind and 
Sussi, a quite new Matrix member who has quickly become a dear colleague. I will 
truly miss you all. 
 
Anne-May one of the pillars that Matrix rests on, thank you for all these years and 
for being a bonntös like me. Liu, thank you for being sparkling and able to lift any 
occasion. Sergey your sometimes not so political correctness is refreshing. Thank 
you for teaching me poker and then let me rip you of your money, Olle I appreciate 
your good company during the recent years and Juha, superman, is there any 
limitations to your capacities? Kan, it’s so nice to have you around partly because 
you are one of the few of us that actually knows the kidney in the real world, Bing 
my lab mate for many year always so willing to share of you knowledge, thank you. 
I remember old members, Dadi, Yi Sun, Asi,  Berit,  Zhijie, Ljubica and Timo who I 
actually don’t think I would have made through the first tough years without.  
 
Jaakkos group members Patricia, Sonia, Katja, Angelina, Xiaojie, it’s been great to 
know you and good luck in the future. Im sure you will do great science at 
Huddinge. 
 
Thank you Liqun, Jing, Guillem and Massa for rewarding cooperation on the 
Adriamycin project.  
 
Susan, Ulla and Sajila thanks for all the help with the zebra fishes and Lwaki for 
the Tdrd5 project, for being so skilled with the zebra fishes and for supporting me 
through thick and through thin. 
 
I also want to thank Vascular Division who has always been around the corner 
always willing to help whenever I have needed it. 
 
Max, Wilmer and Minda, thank you for thinking it’s nice to have a mum that finds 
exciting things exciting. If you would not have been of that kind this would not have 
been possible for me to achieve. I love you so much. 
 
 



 

 47 

7 REFERENCES 
1. Tryggvason K and Wartiovaara J: How does the kidney filter plasma? 
Physiology (Bethesda) 20: 96-101, 2005. 
2. Taal MW, Brenner BM and Rector FC: Brenner & Rector's the kidney. 
Elsevier/Saunders, Philadelphia, PA, 2012. 
3. Lote CJ: Principles of renal physiology. Springer, New York, 2012, pp. 
xv, 204 p. 
4. Guyton AC and Hall JE: Textbook of medical physiology. Elsevier 
Saunders, Philadelphia, 2006, pp. xxxv, 1116 p. 
5. Pocock G, Richards CD and Richards DA: Human physiology. Oxford 
University Press, Oxford, 2013, pp. xx, 815 p. 
6. Jameson JL, Loscalzo J and Harrison TR: Harrison's nephrology and 
acid-base disorders. McGraw-Hill Medical, New York, 2013. 
7. Navar LG, Ploth DW and Bell PD: Distal tubular feedback control of 
renal hemodynamics and autoregulation. Annu Rev Physiol 42: 557-71, 1980. 
8. Georgas K, Rumballe B, Valerius MT, Chiu HS, Thiagarajan RD, 
Lesieur E, Aronow BJ, Brunskill EW, Combes AN, Tang D, Taylor D, Grimmond 
SM, Potter SS, McMahon AP and Little MH: Analysis of early nephron patterning 
reveals a role for distal RV proliferation in fusion to the ureteric tip via a cap 
mesenchyme-derived connecting segment. Dev Biol 332: 273-86, 2009. 
9. Costantini F and Kopan R: Patterning a complex organ: branching 
morphogenesis and nephron segmentation in kidney development. Dev Cell 18: 
698-712, 2010. 
10. Carlson BM: Human embryology and developmental biology. 
Mosby/Elsevier, Philadelphia, PA, 2009, pp. xvi, 541 p. 
11. Torres M, Gomez-Pardo E, Dressler GR and Gruss P: Pax-2 controls 
multiple steps of urogenital development. Development 121: 4057-65, 1995. 
12. Faa G, Gerosa C, Fanni D, Monga G, Zaffanello M, Van Eyken P and 
Fanos V: Morphogenesis and molecular mechanisms involved in human kidney 
development. J Cell Physiol 227: 1257-68, 2012. 
13. Schnabel E, Anderson JM and Farquhar MG: The tight junction protein 
ZO-1 is concentrated along slit diaphragms of the glomerular epithelium. J Cell Biol 
111: 1255-63, 1990. 
14. Garrod DR and Fleming S: Early expression of desmosomal 
components during kidney tubule morphogenesis in human and murine embryos. 
Development 108: 313-21, 1990. 
15. Dressler GR: The cellular basis of kidney development. Annu Rev Cell 
Dev Biol 22: 509-29, 2006. 
16. Dressler GR: Advances in early kidney specification, development and 
patterning. Development 136: 3863-74, 2009. 
17. Kitamoto Y, Tokunaga H and Tomita K: Vascular endothelial growth 
factor is an essential molecule for mouse kidney development: glomerulogenesis 
and nephrogenesis. J Clin Invest 99: 2351-7, 1997. 
18. Tufro A, Norwood VF, Carey RM and Gomez RA: Vascular endothelial 
growth factor induces nephrogenesis and vasculogenesis. J Am Soc Nephrol 10: 
2125-34, 1999. 



 

48 

19. Kawachi H, Koike H, Kurihara H, Yaoita E, Orikasa M, Shia MA, Sakai 
T, Yamamoto T, Salant DJ and Shimizu F: Cloning of rat nephrin: expression in 
developing glomeruli and in proteinuric states. Kidney Int 57: 1949-61, 2000. 
20. Li C, Ruotsalainen V, Tryggvason K, Shaw AS and Miner JH: CD2AP 
is expressed with nephrin in developing podocytes and is found widely in mature 
kidney and elsewhere. Am J Physiol Renal Physiol 279: F785-92, 2000. 
21. Roselli S, Gribouval O, Boute N, Sich M, Benessy F, Attie T, Gubler 
MC and Antignac C: Podocin localizes in the kidney to the slit diaphragm area. Am 
J Pathol 160: 131-9, 2002. 
22. Thiagarajan RD, Georgas KM, Rumballe BA, Lesieur E, Chiu HS, 
Taylor D, Tang DT, Grimmond SM and Little MH: Identification of anchor genes 
during kidney development defines ontological relationships, molecular 
subcompartments and regulatory pathways. PLoS One 6: e17286, 2011. 
23. Brunskill EW, Georgas K, Rumballe B, Little MH and Potter SS: 
Defining the molecular character of the developing and adult kidney podocyte. 
PLoS One 6: e24640, 2011. 
24. Mundel P, Reiser J and Kriz W: Induction of differentiation in cultured 
rat and human podocytes. J Am Soc Nephrol 8: 697-705, 1997. 
25. Mundlos S, Pelletier J, Darveau A, Bachmann M, Winterpacht A and 
Zabel B: Nuclear localization of the protein encoded by the Wilms' tumor gene WT1 
in embryonic and adult tissues. Development 119: 1329-41, 1993. 
26. Barbaux S, Niaudet P, Gubler MC, Grunfeld JP, Jaubert F, Kuttenn F, 
Fekete CN, Souleyreau-Therville N, Thibaud E, Fellous M and McElreavey K: 
Donor splice-site mutations in WT1 are responsible for Frasier syndrome. Nat 
Genet 17: 467-70, 1997. 
27. McTaggart SJ, Algar E, Chow CW, Powell HR and Jones CL: Clinical 
spectrum of Denys-Drash and Frasier syndrome. Pediatr Nephrol 16: 335-9, 2001. 
28. Ohse T, Pippin JW, Chang AM, Krofft RD, Miner JH, Vaughan MR and 
Shankland SJ: The enigmatic parietal epithelial cell is finally getting noticed: a 
review. Kidney Int 76: 1225-38, 2009. 
29. Patrakka J and Tryggvason K: Molecular make-up of the glomerular 
filtration barrier. Biochem Biophys Res Commun 396: 164-9, 2010. 
30. Ojeda JL and Garcia-Porrero JA: Structure and development of 
parietal podocytes in renal glomerular cysts induced in rabbits with 
methylprednisolone acetate. Lab Invest 47: 167-76, 1982. 
31. Bariety J, Mandet C, Hill GS and Bruneval P: Parietal podocytes in 
normal human glomeruli. J Am Soc Nephrol 17: 2770-80, 2006. 
32. Gibson IW, Downie I, Downie TT, Han SW, More IA and Lindop GB: 
The parietal podocyte: a study of the vascular pole of the human glomerulus. 
Kidney Int 41: 211-4, 1992. 
33. Poulsom R and Little MH: Parietal epithelial cells regenerate 
podocytes. J Am Soc Nephrol 20: 231-3, 2009. 
34. Appel D, Kershaw DB, Smeets B, Yuan G, Fuss A, Frye B, Elger M, 
Kriz W, Floege J and Moeller MJ: Recruitment of podocytes from glomerular 
parietal epithelial cells. J Am Soc Nephrol 20: 333-43, 2009. 



 

 49 

35. Kato H and Susztak K: Repair problems in podocytes: Wnt, Notch, and 
glomerulosclerosis. Semin Nephrol 32: 350-6, 2012. 
36. Kistler AD, Caicedo A, Abdulreda MH, Faul C, Kerjaschki D, Berggren 
PO, Reiser J and Fornoni A: In vivo imaging of kidney glomeruli transplanted into 
the anterior chamber of the mouse eye. Sci Rep 4: 3872, 2014. 
37. Goldstein RS: Mechanisms of injury in renal disease and toxicity. CRC 
Press, Boca Raton, 1994, p. 298 p. 
38. Shankland SJ, Ly H, Thai K and Scholey JW: Increased glomerular 
capillary pressure alters glomerular cytokine expression. Circ Res 75: 844-53, 
1994. 
39. Maddox DA and Brenner BM: Glomerular filtration of fluid and 
macromolecules: the renal response to injury. Annu Rev Med 28: 91-102, 1977. 
40. Neal CR, Muston PR, Njegovan D, Verrill R, Harper SJ, Deen WM and 
Bates DO: Glomerular filtration into the subpodocyte space is highly restricted 
under physiological perfusion conditions. Am J Physiol Renal Physiol 293: F1787-
98, 2007. 
41. Textor SC, Tarazi RC, Novick AC, Bravo EL and Fouad FM: 
Regulation of renal hemodynamics and glomerular filtration in patients with 
renovascular hypertension during converting enzyme inhibition with captopril. Am J 
Med 76: 29-37, 1984. 
42. Haraldsson B, Nystrom J and Deen WM: Properties of the glomerular 
barrier and mechanisms of proteinuria. Physiol Rev 88: 451-87, 2008. 
43. Tryggvason K and Wartiovaara J: Molecular basis of glomerular 
permselectivity. Curr Opin Nephrol Hypertens 10: 543-9, 2001. 
44. Khoshnoodi J and Tryggvason K: Unraveling the molecular make-up of 
the glomerular podocyte slit diaphragm. Exp Nephrol 9: 355-9, 2001. 
45. Menon MC, Chuang PY and He CJ: The glomerular filtration barrier: 
components and crosstalk. Int J Nephrol 2012: 749010, 2012. 
46. Tryggvason K and Pettersson E: Causes and consequences of 
proteinuria: the kidney filtration barrier and progressive renal failure. J Intern Med 
254: 216-24, 2003. 
47. Harvey SJ and Miner JH: Revisiting the glomerular charge barrier in 
the molecular era. Curr Opin Nephrol Hypertens 17: 393-8, 2008. 
48. Russo LM, Bakris GL and Comper WD: Renal handling of albumin: a 
critical review of basic concepts and perspective. Am J Kidney Dis 39: 899-919, 
2002. 
49. Satchell SC and Braet F: Glomerular endothelial cell fenestrations: an 
integral component of the glomerular filtration barrier. Am J Physiol Renal Physiol 
296: F947-56, 2009. 
50. Reitsma S, Slaaf DW, Vink H, van Zandvoort MA and oude Egbrink 
MG: The endothelial glycocalyx: composition, functions, and visualization. Pflugers 
Arch 454: 345-59, 2007. 
51. Friden V, Oveland E, Tenstad O, Ebefors K, Nystrom J, Nilsson UA 
and Haraldsson B: The glomerular endothelial cell coat is essential for glomerular 
filtration. Kidney Int 79: 1322-30, 2011. 



 

50 

52. Arkill KP, Qvortrup K, Starborg T, Mantell JM, Knupp C, Michel CC, 
Harper SJ, Salmon AH, Squire JM, Bates DO and Neal CR: Resolution of the three 
dimensional structure of components of the glomerular filtration barrier. BMC 
Nephrol 15: 24, 2014. 
53. Siddiqi FS and Advani A: Endothelial-podocyte crosstalk: the missing 
link between endothelial dysfunction and albuminuria in diabetes. Diabetes 62: 
3647-55, 2013. 
54. Tryggvason K, Patrakka J and Wartiovaara J: Hereditary proteinuria 
syndromes and mechanisms of proteinuria. N Engl J Med 354: 1387-401, 2006. 
55. Vehaskari VM: Genetics and CKD. Adv Chronic Kidney Dis 18: 317-
23, 2011. 
56. Kalluri R: Proteinuria with and without renal glomerular podocyte 
effacement. J Am Soc Nephrol 17: 2383-9, 2006. 
57. Greka A and Mundel P: Cell biology and pathology of podocytes. Annu 
Rev Physiol 74: 299-323, 2012. 
58. Rostgaard J and Qvortrup K: Electron microscopic demonstrations of 
filamentous molecular sieve plugs in capillary fenestrae. Microvasc Res 53: 1-13, 
1997. 
59. Michel CC and Curry FE: Microvascular permeability. Physiol Rev 79: 
703-61, 1999. 
60. Sison K, Eremina V, Baelde H, Min W, Hirashima M, Fantus IG and 
Quaggin SE: Glomerular structure and function require paracrine, not autocrine, 
VEGF-VEGFR-2 signaling. J Am Soc Nephrol 21: 1691-701, 2010. 
61. Karumanchi SA, Maynard SE, Stillman IE, Epstein FH and Sukhatme 
VP: Preeclampsia: a renal perspective. Kidney Int 67: 2101-13, 2005. 
62. Eremina V, Sood M, Haigh J, Nagy A, Lajoie G, Ferrara N, Gerber HP, 
Kikkawa Y, Miner JH and Quaggin SE: Glomerular-specific alterations of VEGF-A 
expression lead to distinct congenital and acquired renal diseases. J Clin Invest 
111: 707-16, 2003. 
63. van den Berg JG, van den Bergh Weerman MA, Assmann KJ, 
Weening JJ and Florquin S: Podocyte foot process effacement is not correlated 
with the level of proteinuria in human glomerulopathies. Kidney Int 66: 1901-6, 
2004. 
64. Patrakka J, Xiao Z, Nukui M, Takemoto M, He L, Oddsson A, Perisic L, 
Kaukinen A, Szigyarto CA, Uhlen M, Jalanko H, Betsholtz C and Tryggvason K: 
Expression and subcellular distribution of novel glomerulus-associated proteins 
dendrin, ehd3, sh2d4a, plekhh2, and 2310066E14Rik. J Am Soc Nephrol 18: 689-
97, 2007. 
65. George M, Rainey MA, Naramura M, Foster KW, Holzapfel MS, 
Willoughby LL, Ying G, Goswami RM, Gurumurthy CB, Band V, Satchell SC and 
Band H: Renal thrombotic microangiopathy in mice with combined deletion of 
endocytic recycling regulators EHD3 and EHD4. PLoS One 6: e17838, 2011. 
66. Pries AR, Secomb TW and Gaehtgens P: The endothelial surface 
layer. Pflugers Arch 440: 653-66, 2000. 



 

 51 

67. Hjalmarsson C, Johansson BR and Haraldsson B: Electron 
microscopic evaluation of the endothelial surface layer of glomerular capillaries. 
Microvasc Res 67: 9-17, 2004. 
68. Salmon AH, Neal CR and Harper SJ: New aspects of glomerular 
filtration barrier structure and function: five layers (at least) not three. Curr Opin 
Nephrol Hypertens 18: 197-205, 2009. 
69. Arkill KP, Qvortrup K, Starborg T, Mantell JM, Knupp C, Michel CC, 
Harper SJ, Salmon AH, Squire JM, Bates DO and Neal CR: Resolution of the three 
dimensional structure of components of the glomerular filtration barrier. BMC 
Nephrol 15: 24, 2014. 
70. Satchell S: The role of the glomerular endothelium in albumin handling. 
Nat Rev Nephrol 9: 717-25, 2013. 
71. Salmon AH, Ferguson JK, Burford JL, Gevorgyan H, Nakano D, 
Harper SJ, Bates DO and Peti-Peterdi J: Loss of the endothelial glycocalyx links 
albuminuria and vascular dysfunction. J Am Soc Nephrol 23: 1339-50, 2012. 
72. Miner JH: Organogenesis of the kidney glomerulus: focus on the 
glomerular basement membrane. Organogenesis 7: 75-82, 2011. 
73. Brenner BM, Hostetter TH and Humes HD: Molecular basis of 
proteinuria of glomerular origin. N Engl J Med 298: 826-33, 1978. 
74. Rennke HG, Olson JL and Venkatachalam MA: Glomerular filtration of 
macromolecules: normal mechanisms and the pathogenesis of proteinuria. Contrib 
Nephrol 24: 30-41, 1981. 
75. Kanwar YS, Liu ZZ, Kashihara N and Wallner EI: Current status of the 
structural and functional basis of glomerular filtration and proteinuria. Semin 
Nephrol 11: 390-413, 1991. 
76. Farquhar MG and Palade GE: Glomerular permeability. II. Ferritin 
transfer across the glomerular capillary wall in nephrotic rats. J Exp Med 114: 699-
716, 1961. 
77. Farquhar MG, Wissig SL and Palade GE: Glomerular permeability. I. 
Ferritin transfer across the normal glomerular capillary wall. J Exp Med 113: 47-66, 
1961. 
78. Yurchenco PD and Patton BL: Developmental and pathogenic 
mechanisms of basement membrane assembly. Curr Pharm Des 15: 1277-94, 
2009. 
79. Miner JH: Building the glomerulus: a matricentric view. J Am Soc 
Nephrol 16: 857-61, 2005. 
80. Miner JH and Sanes JR: Collagen IV alpha 3, alpha 4, and alpha 5 
chains in rodent basal laminae: sequence, distribution, association with laminins, 
and developmental switches. J Cell Biol 127: 879-91, 1994. 
81. Abrahamson DR, Hudson BG, Stroganova L, Borza DB and St John 
PL: Cellular origins of type IV collagen networks in developing glomeruli. J Am Soc 
Nephrol 20: 1471-9, 2009. 
82. Miner JH: Developmental biology of glomerular basement membrane 
components. Curr Opin Nephrol Hypertens 7: 13-9, 1998. 
83. Miner JH, Patton BL, Lentz SI, Gilbert DJ, Snider WD, Jenkins NA, 
Copeland NG and Sanes JR: The laminin alpha chains: expression, developmental 



 

52 

transitions, and chromosomal locations of alpha1-5, identification of heterotrimeric 
laminins 8-11, and cloning of a novel alpha3 isoform. J Cell Biol 137: 685-701, 
1997. 
84. Bader BL, Smyth N, Nedbal S, Miosge N, Baranowsky A, Mokkapati S, 
Murshed M and Nischt R: Compound genetic ablation of nidogen 1 and 2 causes 
basement membrane defects and perinatal lethality in mice. Mol Cell Biol 25: 6846-
56, 2005. 
85. Groffen AJ, Ruegg MA, Dijkman H, van de Velden TJ, Buskens CA, 
van den Born J, Assmann KJ, Monnens LA, Veerkamp JH and van den Heuvel LP: 
Agrin is a major heparan sulfate proteoglycan in the human glomerular basement 
membrane. J Histochem Cytochem 46: 19-27, 1998. 
86. Hudson BG, Reeders ST and Tryggvason K: Type IV collagen: 
structure, gene organization, and role in human diseases. Molecular basis of 
Goodpasture and Alport syndromes and diffuse leiomyomatosis. J Biol Chem 268: 
26033-6, 1993. 
87. Barker DF, Hostikka SL, Zhou J, Chow LT, Oliphant AR, Gerken SC, 
Gregory MC, Skolnick MH, Atkin CL and Tryggvason K: Identification of mutations 
in the COL4A5 collagen gene in Alport syndrome. Science 248: 1224-7, 1990. 
88. Mochizuki T, Lemmink HH, Mariyama M, Antignac C, Gubler MC, 
Pirson Y, Verellen-Dumoulin C, Chan B, Schroder CH, Smeets HJ and et al.: 
Identification of mutations in the alpha 3(IV) and alpha 4(IV) collagen genes in 
autosomal recessive Alport syndrome. Nat Genet 8: 77-81, 1994. 
89. Hudson BG, Tryggvason K, Sundaramoorthy M and Neilson EG: 
Alport's syndrome, Goodpasture's syndrome, and type IV collagen. N Engl J Med 
348: 2543-56, 2003. 
90. Miner JH and Yurchenco PD: Laminin functions in tissue 
morphogenesis. Annu Rev Cell Dev Biol 20: 255-84, 2004. 
91. St John PL and Abrahamson DR: Glomerular endothelial cells and 
podocytes jointly synthesize laminin-1 and -11 chains. Kidney Int 60: 1037-46, 
2001. 
92. Noakes PG, Miner JH, Gautam M, Cunningham JM, Sanes JR and 
Merlie JP: The renal glomerulus of mice lacking s-laminin/laminin beta 2: nephrosis 
despite molecular compensation by laminin beta 1. Nat Genet 10: 400-6, 1995. 
93. Matejas V, Hinkes B, Alkandari F, Al-Gazali L, Annexstad E, Aytac MB, 
Barrow M, Blahova K, Bockenhauer D, Cheong HI, Maruniak-Chudek I, Cochat P, 
Dotsch J, Gajjar P, Hennekam RC, Janssen F, Kagan M, Kariminejad A, Kemper 
MJ, Koenig J, Kogan J, Kroes HY, Kuwertz-Broking E, Lewanda AF, Medeira A, 
Muscheites J, Niaudet P, Pierson M, Saggar A, Seaver L, Suri M, Tsygin A, Wuhl 
E, Zurowska A, Uebe S, Hildebrandt F, Antignac C and Zenker M: Mutations in the 
human laminin beta2 (LAMB2) gene and the associated phenotypic spectrum. Hum 
Mutat 31: 992-1002, 2010. 
94. Abrahamson DR: Role of the podocyte (and glomerular endothelium) 
in building the GBM. Semin Nephrol 32: 342-9, 2012. 
95. Goldberg S, Harvey SJ, Cunningham J, Tryggvason K and Miner JH: 
Glomerular filtration is normal in the absence of both agrin and perlecan-heparan 



 

 53 

sulfate from the glomerular basement membrane. Nephrol Dial Transplant 24: 
2044-51, 2009. 
96. Utriainen A, Sormunen R, Kettunen M, Carvalhaes LS, Sajanti E, 
Eklund L, Kauppinen R, Kitten GT and Pihlajaniemi T: Structurally altered 
basement membranes and hydrocephalus in a type XVIII collagen deficient mouse 
line. Hum Mol Genet 13: 2089-99, 2004. 
97. Timpl R: Structure and biological activity of basement membrane 
proteins. Eur J Biochem 180: 487-502, 1989. 
98. Groffen AJ, Ruegg MA, Dijkman H, van de Velden TJ, Buskens CA, 
van den Born J, Assmann KJ, Monnens LA, Veerkamp JH and van den Heuvel LP: 
Agrin is a major heparan sulfate proteoglycan in the human glomerular basement 
membrane. Journal of Histochemistry & Cytochemistry 46: 19-27, 1998. 
99. Brenner BM, Hostetter TH and Humes HD: Glomerular permselectivity: 
barrier function based on discrimination of molecular size and charge. Am J Physiol 
234: F455-60, 1978. 
100. Chang RL, Deen WM, Robertson CR and Brenner BM: Permselectivity 
of the glomerular capillary wall: III. Restricted transport of polyanions. Kidney Int 8: 
212-8, 1975. 
101. Kanwar YS and Farquhar MG: Isolation of glycosaminoglycans 
(heparan sulfate) from glomerular basement membranes. Proc Natl Acad Sci U S A 
76: 4493-7, 1979. 
102. Harvey SJ, Jarad G, Cunningham J, Rops AL, van der Vlag J, Berden 
JH, Moeller MJ, Holzman LB, Burgess RW and Miner JH: Disruption of glomerular 
basement membrane charge through podocyte-specific mutation of agrin does not 
alter glomerular permselectivity. Am J Pathol 171: 139-52, 2007. 
103. Rossi M, Morita H, Sormunen R, Airenne S, Kreivi M, Wang L, Fukai 
N, Olsen BR, Tryggvason K and Soininen R: Heparan sulfate chains of perlecan 
are indispensable in the lens capsule but not in the kidney. EMBO J 22: 236-45, 
2003. 
104. Hackl MJ, Burford JL, Villanueva K, Lam L, Susztak K, Schermer B, 
Benzing T and Peti-Peterdi J: Tracking the fate of glomerular epithelial cells in vivo 
using serial multiphoton imaging in new mouse models with fluorescent lineage 
tags. Nat Med 19: 1661-6, 2013. 
105. Pavenstadt H, Kriz W and Kretzler M: Cell biology of the glomerular 
podocyte. Physiol Rev 83: 253-307, 2003. 
106. Grgic I, Brooks CR, Hofmeister AF, Bijol V, Bonventre JV and 
Humphreys BD: Imaging of podocyte foot processes by fluorescence microscopy. J 
Am Soc Nephrol 23: 785-91, 2012. 
107. Drenckhahn D and Franke RP: Ultrastructural organization of 
contractile and cytoskeletal proteins in glomerular podocytes of chicken, rat, and 
man. Lab Invest 59: 673-82, 1988. 
108. Weins A, Kenlan P, Herbert S, Le TC, Villegas I, Kaplan BS, Appel GB 
and Pollak MR: Mutational and Biological Analysis of alpha-actinin-4 in focal 
segmental glomerulosclerosis. J Am Soc Nephrol 16: 3694-701, 2005. 



 

54 

109. Shih NY, Li J, Karpitskii V, Nguyen A, Dustin ML, Kanagawa O, Miner 
JH and Shaw AS: Congenital nephrotic syndrome in mice lacking CD2-associated 
protein. Science 286: 312-5, 1999. 
110. Jones N, Blasutig IM, Eremina V, Ruston JM, Bladt F, Li H, Huang H, 
Larose L, Li SS, Takano T, Quaggin SE and Pawson T: Nck adaptor proteins link 
nephrin to the actin cytoskeleton of kidney podocytes. Nature 440: 818-23, 2006. 
111. Verma R, Kovari I, Soofi A, Nihalani D, Patrie K and Holzman LB: 
Nephrin ectodomain engagement results in Src kinase activation, nephrin 
phosphorylation, Nck recruitment, and actin polymerization. J Clin Invest 116: 
1346-59, 2006. 
112. Schwarz K, Simons M, Reiser J, Saleem MA, Faul C, Kriz W, Shaw 
AS, Holzman LB and Mundel P: Podocin, a raft-associated component of the 
glomerular slit diaphragm, interacts with CD2AP and nephrin. J Clin Invest 108: 
1621-9, 2001. 
113. Saleem MA, Ni L, Witherden I, Tryggvason K, Ruotsalainen V, Mundel 
P and Mathieson PW: Co-localization of nephrin, podocin, and the actin 
cytoskeleton: evidence for a role in podocyte foot process formation. Am J Pathol 
161: 1459-66, 2002. 
114. Imasawa T and Rossignol R: Podocyte energy metabolism and 
glomerular diseases. Int J Biochem Cell Biol 45: 2109-18, 2013. 
115. Welsh GI and Saleem MA: The podocyte cytoskeleton--key to a 
functioning glomerulus in health and disease. Nat Rev Nephrol 8: 14-21, 2012. 
116. Grahammer F, Schell C and Huber TB: The podocyte slit diaphragm--
from a thin grey line to a complex signalling hub. Nat Rev Nephrol 9: 587-98, 2013. 
117. He H, Huynh N, Liu KH, Malcontenti-Wilson C, Zhu J, Christophi C, 
Shulkes A and Baldwin GS: P-21 activated kinase 1 knockdown inhibits beta-
catenin signalling and blocks colorectal cancer growth. Cancer Lett 317: 65-71, 
2012. 
118. Verma R, Wharram B, Kovari I, Kunkel R, Nihalani D, Wary KK, 
Wiggins RC, Killen P and Holzman LB: Fyn binds to and phosphorylates the kidney 
slit diaphragm component Nephrin. J Biol Chem 278: 20716-23, 2003. 
119. Blasutig IM, New LA, Thanabalasuriar A, Dayarathna TK, Goudreault 
M, Quaggin SE, Li SS, Gruenheid S, Jones N and Pawson T: Phosphorylated 
YDXV motifs and Nck SH2/SH3 adaptors act cooperatively to induce actin 
reorganization. Mol Cell Biol 28: 2035-46, 2008. 
120. Eremina V and Quaggin SE: The role of VEGF-A in glomerular 
development and function. Curr Opin Nephrol Hypertens 13: 9-15, 2004. 
121. Satchell SC, Anderson KL and Mathieson PW: Angiopoietin 1 and 
vascular endothelial growth factor modulate human glomerular endothelial cell 
barrier properties. J Am Soc Nephrol 15: 566-74, 2004. 
122. Satchell SC, Harper SJ, Tooke JE, Kerjaschki D, Saleem MA and 
Mathieson PW: Human podocytes express angiopoietin 1, a potential regulator of 
glomerular vascular endothelial growth factor. J Am Soc Nephrol 13: 544-50, 2002. 
123. Dobrinskikh E, Okamura K, Kopp JB, Doctor RB and Blaine J: Human 
podocytes perform polarized, caveolae-dependent albumin endocytosis. Am J 
Physiol Renal Physiol 306: F941-51, 2014. 



 

 55 

124. Akilesh S, Huber TB, Wu H, Wang G, Hartleben B, Kopp JB, Miner JH, 
Roopenian DC, Unanue ER and Shaw AS: Podocytes use FcRn to clear IgG from 
the glomerular basement membrane. Proc Natl Acad Sci U S A 105: 967-72, 2008. 
125. Peti-Peterdi J and Sipos A: A high-powered view of the filtration 
barrier. J Am Soc Nephrol 21: 1835-41, 2010. 
126. Peti-Peterdi J, Morishima S, Bell PD and Okada Y: Two-photon 
excitation fluorescence imaging of the living juxtaglomerular apparatus. Am J 
Physiol Renal Physiol 283: F197-201, 2002. 
127. Peti-Peterdi J: Calcium wave of tubuloglomerular feedback. Am J 
Physiol Renal Physiol 291: F473-80, 2006. 
128. Saleem MA, Zavadil J, Bailly M, McGee K, Witherden IR, Pavenstadt 
H, Hsu H, Sanday J, Satchell SC, Lennon R, Ni L, Bottinger EP, Mundel P and 
Mathieson PW: The molecular and functional phenotype of glomerular podocytes 
reveals key features of contractile smooth muscle cells. Am J Physiol Renal 
Physiol 295: F959-70, 2008. 
129. Simons M, Hartleben B and Huber TB: Podocyte polarity signalling. 
Curr Opin Nephrol Hypertens 18: 324-30, 2009. 
130. Asanuma K, Campbell KN, Kim K, Faul C and Mundel P: Nuclear 
relocation of the nephrin and CD2AP-binding protein dendrin promotes apoptosis 
of podocytes. Proc Natl Acad Sci U S A 104: 10134-9, 2007. 
131. Duning K, Schurek EM, Schluter M, Bayer M, Reinhardt HC, Schwab 
A, Schaefer L, Benzing T, Schermer B, Saleem MA, Huber TB, Bachmann S, 
Kremerskothen J, Weide T and Pavenstadt H: KIBRA modulates directional 
migration of podocytes. J Am Soc Nephrol 19: 1891-903, 2008. 
132. Johannsen S, Duning K, Pavenstadt H, Kremerskothen J and 
Boeckers TM: Temporal-spatial expression and novel biochemical properties of the 
memory-related protein KIBRA. Neuroscience 155: 1165-73, 2008. 
133. Kobayashi N, Gao SY, Chen J, Saito K, Miyawaki K, Li CY, Pan L, 
Saito S, Terashita T and Matsuda S: Process formation of the renal glomerular 
podocyte: is there common molecular machinery for processes of podocytes and 
neurons? Anat Sci Int 79: 1-10, 2004. 
134. Rastaldi MP, Armelloni S, Berra S, Calvaresi N, Corbelli A, Giardino 
LA, Li M, Wang GQ, Fornasieri A, Villa A, Heikkila E, Soliymani R, Boucherot A, 
Cohen CD, Kretzler M, Nitsche A, Ripamonti M, Malgaroli A, Pesaresi M, Forloni 
GL, Schlondorff D, Holthofer H and D'Amico G: Glomerular podocytes contain 
neuron-like functional synaptic vesicles. FASEB J 20: 976-8, 2006. 
135. Rastaldi MP, Armelloni S, Berra S, Li M, Pesaresi M, Poczewski H, 
Langer B, Kerjaschki D, Henger A, Blattner SM, Kretzler M, Wanke R and D'Amico 
G: Glomerular podocytes possess the synaptic vesicle molecule Rab3A and its 
specific effector rabphilin-3a. Am J Pathol 163: 889-99, 2003. 
136. Weide T and Huber TB: Signaling at the slit: podocytes chat by 
synaptic transmission. J Am Soc Nephrol 20: 1862-4, 2009. 
137. Neal CR, Crook H, Bell E, Harper SJ and Bates DO: Three-
dimensional reconstruction of glomeruli by electron microscopy reveals a distinct 
restrictive urinary subpodocyte space. J Am Soc Nephrol 16: 1223-35, 2005. 



 

56 

138. Gautier A, Bernhard W and Oberling C: [The existence of a 
pericapillary lacunar apparatus in the malpighian glomeruli revealed by electronic 
microscopy]. C R Seances Soc Biol Fil 144: 1605-7, 1950. 
139. Salmon AH, Toma I, Sipos A, Muston PR, Harper SJ, Bates DO, Neal 
CR and Peti-Peterdi J: Evidence for restriction of fluid and solute movement across 
the glomerular capillary wall by the subpodocyte space. Am J Physiol Renal 
Physiol 293: F1777-86, 2007. 
140. Rodewald R and Karnovsky MJ: Porous substructure of the glomerular 
slit diaphragm in the rat and mouse. J Cell Biol 60: 423-33, 1974. 
141. Gagliardini E, Conti S, Benigni A, Remuzzi G and Remuzzi A: Imaging 
of the porous ultrastructure of the glomerular epithelial filtration slit. J Am Soc 
Nephrol 21: 2081-9, 2010. 
142. Sellin L, Huber TB, Gerke P, Quack I, Pavenstadt H and Walz G: 
NEPH1 defines a novel family of podocin interacting proteins. FASEB J 17: 115-7, 
2003. 
143. Khoshnoodi J, Sigmundsson K, Ofverstedt LG, Skoglund U, Obrink B, 
Wartiovaara J and Tryggvason K: Nephrin promotes cell-cell adhesion through 
homophilic interactions. Am J Pathol 163: 2337-46, 2003. 
144. Gerke P, Huber TB, Sellin L, Benzing T and Walz G: 
Homodimerization and heterodimerization of the glomerular podocyte proteins 
nephrin and NEPH1. J Am Soc Nephrol 14: 918-26, 2003. 
145. Barletta GM, Kovari IA, Verma RK, Kerjaschki D and Holzman LB: 
Nephrin and Neph1 co-localize at the podocyte foot process intercellular junction 
and form cis hetero-oligomers. J Biol Chem 278: 19266-71, 2003. 
146. Huber TB, Simons M, Hartleben B, Sernetz L, Schmidts M, Gundlach 
E, Saleem MA, Walz G and Benzing T: Molecular basis of the functional podocin-
nephrin complex: mutations in the NPHS2 gene disrupt nephrin targeting to lipid 
raft microdomains. Hum Mol Genet 12: 3397-405, 2003. 
147. Garg P, Verma R, Nihalani D, Johnstone DB and Holzman LB: Neph1 
cooperates with nephrin to transduce a signal that induces actin polymerization. 
Mol Cell Biol 27: 8698-712, 2007. 
148. Li H, Lemay S, Aoudjit L, Kawachi H and Takano T: SRC-family kinase 
Fyn phosphorylates the cytoplasmic domain of nephrin and modulates its 
interaction with podocin. J Am Soc Nephrol 15: 3006-15, 2004. 
149. Lahdenpera J, Kilpelainen P, Liu XL, Pikkarainen T, Reponen P, 
Ruotsalainen V and Tryggvason K: Clustering-induced tyrosine phosphorylation of 
nephrin by Src family kinases. Kidney Int 64: 404-13, 2003. 
150. Zhu J, Sun N, Aoudjit L, Li H, Kawachi H, Lemay S and Takano T: 
Nephrin mediates actin reorganization via phosphoinositide 3-kinase in podocytes. 
Kidney Int 73: 556-66, 2008. 
151. Garg P, Verma R, Cook L, Soofi A, Venkatareddy M, George B, 
Mizuno K, Gurniak C, Witke W and Holzman LB: Actin-depolymerizing factor 
cofilin-1 is necessary in maintaining mature podocyte architecture. J Biol Chem 
285: 22676-88, 2010. 
152. Huber TB, Hartleben B, Kim J, Schmidts M, Schermer B, Keil A, Egger 
L, Lecha RL, Borner C, Pavenstadt H, Shaw AS, Walz G and Benzing T: Nephrin 



 

 57 

and CD2AP associate with phosphoinositide 3-OH kinase and stimulate AKT-
dependent signaling. Mol Cell Biol 23: 4917-28, 2003. 
153. Kestila M, Lenkkeri U, Mannikko M, Lamerdin J, McCready P, Putaala 
H, Ruotsalainen V, Morita T, Nissinen M, Herva R, Kashtan CE, Peltonen L, 
Holmberg C, Olsen A and Tryggvason K: Positionally cloned gene for a novel 
glomerular protein--nephrin--is mutated in congenital nephrotic syndrome. Mol Cell 
1: 575-82, 1998. 
154. Ruotsalainen V, Ljungberg P, Wartiovaara J, Lenkkeri U, Kestila M, 
Jalanko H, Holmberg C and Tryggvason K: Nephrin is specifically located at the slit 
diaphragm of glomerular podocytes. Proc Natl Acad Sci U S A 96: 7962-7, 1999. 
155. Tryggvason K: Unraveling the mechanisms of glomerular ultrafiltration: 
nephrin, a key component of the slit diaphragm. J Am Soc Nephrol 10: 2440-5, 
1999. 
156. Huttunen NP: Congenital nephrotic syndrome of Finnish type. Study of 
75 patients. Arch Dis Child 51: 344-8, 1976. 
157. Huber TB, Kottgen M, Schilling B, Walz G and Benzing T: Interaction 
with podocin facilitates nephrin signaling. J Biol Chem 276: 41543-6, 2001. 
158. Tryggvason K, Pikkarainen T and Patrakka J: Nck links nephrin to 
actin in kidney podocytes. Cell 125: 221-4, 2006. 
159. Zhu J, Attias O, Aoudjit L, Jiang R, Kawachi H and Takano T: p21-
activated kinases regulate actin remodeling in glomerular podocytes. Am J Physiol 
Renal Physiol 298: F951-61, 2010. 
160. Cantley LC: The phosphoinositide 3-kinase pathway. Science 296: 
1655-7, 2002. 
161. Faul C, Asanuma K, Yanagida-Asanuma E, Kim K and Mundel P: Actin 
up: regulation of podocyte structure and function by components of the actin 
cytoskeleton. Trends Cell Biol 17: 428-37, 2007. 
162. van Duijn TJ, Anthony EC, Hensbergen PJ, Deelder AM and Hordijk 
PL: Rac1 recruits the adapter protein CMS/CD2AP to cell-cell contacts. J Biol 
Chem 285: 20137-46, 2010. 
163. Brandt DT and Grosse R: Get to grips: steering local actin dynamics 
with IQGAPs. EMBO Rep 8: 1019-23, 2007. 
164. Strunkelnberg M, Bonengel B, Moda LM, Hertenstein A, de Couet HG, 
Ramos RG and Fischbach KF: rst and its paralogue kirre act redundantly during 
embryonic muscle development in Drosophila. Development 128: 4229-39, 2001. 
165. Dworak HA, Charles MA, Pellerano LB and Sink H: Characterization of 
Drosophila hibris, a gene related to human nephrin. Development 128: 4265-76, 
2001. 
166. Ramos RG, Igloi GL, Lichte B, Baumann U, Maier D, Schneider T, 
Brandstatter JH, Frohlich A and Fischbach KF: The irregular chiasm C-roughest 
locus of Drosophila, which affects axonal projections and programmed cell death, 
encodes a novel immunoglobulin-like protein. Genes Dev 7: 2533-47, 1993. 
167. Bao S and Cagan R: Preferential adhesion mediated by Hibris and 
Roughest regulates morphogenesis and patterning in the Drosophila eye. Dev Cell 
8: 925-35, 2005. 



 

58 

168. Bao S, Fischbach KF, Corbin V and Cagan RL: Preferential adhesion 
maintains separation of ommatidia in the Drosophila eye. Dev Biol 344: 948-56, 
2010. 
169. Shen K, Fetter RD and Bargmann CI: Synaptic specificity is generated 
by the synaptic guidepost protein SYG-2 and its receptor, SYG-1. Cell 116: 869-81, 
2004. 
170. Shen K and Bargmann CI: The immunoglobulin superfamily protein 
SYG-1 determines the location of specific synapses in C. elegans. Cell 112: 619-
30, 2003. 
171. Chao DL and Shen K: Functional dissection of SYG-1 and SYG-2, cell 
adhesion molecules required for selective synaptogenesis in C. elegans. Mol Cell 
Neurosci 39: 248-57, 2008. 
172. Vasioukhin V and Fuchs E: Actin dynamics and cell-cell adhesion in 
epithelia. Curr Opin Cell Biol 13: 76-84, 2001. 
173. Adams CL, Chen YT, Smith SJ and Nelson WJ: Mechanisms of 
epithelial cell-cell adhesion and cell compaction revealed by high-resolution 
tracking of E-cadherin-green fluorescent protein. J Cell Biol 142: 1105-19, 1998. 
174. Niaudet P: Podocin and nephrotic syndrome: implications for the 
clinician. J Am Soc Nephrol 15: 832-4, 2004. 
175. Boute N, Gribouval O, Roselli S, Benessy F, Lee H, Fuchshuber A, 
Dahan K, Gubler MC, Niaudet P and Antignac C: NPHS2, encoding the glomerular 
protein podocin, is mutated in autosomal recessive steroid-resistant nephrotic 
syndrome. Nat Genet 24: 349-54, 2000. 
176. Roselli S, Heidet L, Sich M, Henger A, Kretzler M, Gubler MC and 
Antignac C: Early glomerular filtration defect and severe renal disease in podocin-
deficient mice. Mol Cell Biol 24: 550-60, 2004. 
177. Philippe A, Weber S, Esquivel EL, Houbron C, Hamard G, Ratelade J, 
Kriz W, Schaefer F, Gubler MC and Antignac C: A missense mutation in podocin 
leads to early and severe renal disease in mice. Kidney Int 73: 1038-47, 2008. 
178. Mollet G, Ratelade J, Boyer O, Muda AO, Morisset L, Lavin TA, Kitzis 
D, Dallman MJ, Bugeon L, Hubner N, Gubler MC, Antignac C and Esquivel EL: 
Podocin inactivation in mature kidneys causes focal segmental glomerulosclerosis 
and nephrotic syndrome. J Am Soc Nephrol 20: 2181-9, 2009. 
179. Morrison AA, Viney RL, Saleem MA and Ladomery MR: New insights 
into the function of the Wilms tumor suppressor gene WT1 in podocytes. Am J 
Physiol Renal Physiol 295: F12-7, 2008. 
180. Relle M, Cash H, Brochhausen C, Strand D, Menke J, Galle PR and 
Schwarting A: New perspectives on the renal slit diaphragm protein podocin. 
Modern Pathology 24: 1101-1110, 2011. 
181. Huber TB, Schermer B, Muller RU, Hohne M, Bartram M, Calixto A, 
Hagmann H, Reinhardt C, Koos F, Kunzelmann K, Shirokova E, Krautwurst D, 
Harteneck C, Simons M, Pavenstadt H, Kerjaschki D, Thiele C, Walz G, Chalfie M 
and Benzing T: Podocin and MEC-2 bind cholesterol to regulate the activity of 
associated ion channels. Proc Natl Acad Sci U S A 103: 17079-86, 2006. 
182. Simons K and Toomre D: Lipid rafts and signal transduction. Nat Rev 
Mol Cell Biol 1: 31-9, 2000. 



 

 59 

183. Moller CC, Wei C, Altintas MM, Li J, Greka A, Ohse T, Pippin JW, 
Rastaldi MP, Wawersik S, Schiavi S, Henger A, Kretzler M, Shankland SJ and 
Reiser J: Induction of TRPC6 channel in acquired forms of proteinuric kidney 
disease. J Am Soc Nephrol 18: 29-36, 2007. 
184. Huber TB, Schermer B and Benzing T: Podocin organizes ion channel-
lipid supercomplexes: implications for mechanosensation at the slit diaphragm. 
Nephron Exp Nephrol 106: e27-31, 2007. 
185. Schermer B and Benzing T: Lipid-protein interactions along the slit 
diaphragm of podocytes. J Am Soc Nephrol 20: 473-8, 2009. 
186. Dustin ML, Olszowy MW, Holdorf AD, Li J, Bromley S, Desai N, 
Widder P, Rosenberger F, van der Merwe PA, Allen PM and Shaw AS: A novel 
adaptor protein orchestrates receptor patterning and cytoskeletal polarity in T-cell 
contacts. Cell 94: 667-77, 1998. 
187. Yuan H, Takeuchi E and Salant DJ: Podocyte slit-diaphragm protein 
nephrin is linked to the actin cytoskeleton. Am J Physiol Renal Physiol 282: F585-
91, 2002. 
188. Fukasawa H, Bornheimer S, Kudlicka K and Farquhar MG: Slit 
diaphragms contain tight junction proteins. J Am Soc Nephrol 20: 1491-503, 2009. 
189. Kirsch KH, Georgescu MM, Ishimaru S and Hanafusa H: CMS: an 
adapter molecule involved in cytoskeletal rearrangements. Proc Natl Acad Sci U S 
A 96: 6211-6, 1999. 
190. Lehtonen S, Zhao F and Lehtonen E: CD2-associated protein directly 
interacts with the actin cytoskeleton. Am J Physiol Renal Physiol 283: F734-43, 
2002. 
191. Huber TB, Kwoh C, Wu H, Asanuma K, Godel M, Hartleben B, Blumer 
KJ, Miner JH, Mundel P and Shaw AS: Bigenic mouse models of focal segmental 
glomerulosclerosis involving pairwise interaction of CD2AP, Fyn, and 
synaptopodin. J Clin Invest 116: 1337-45, 2006. 
192. Kim JM, Wu H, Green G, Winkler CA, Kopp JB, Miner JH, Unanue ER 
and Shaw AS: CD2-associated protein haploinsufficiency is linked to glomerular 
disease susceptibility. Science 300: 1298-300, 2003. 
193. Wolf G and Stahl RA: CD2-associated protein and glomerular disease. 
Lancet 362: 1746-8, 2003. 
194. Lowik MM, Groenen PJ, Pronk I, Lilien MR, Goldschmeding R, 
Dijkman HB, Levtchenko EN, Monnens LA and van den Heuvel LP: Focal 
segmental glomerulosclerosis in a patient homozygous for a CD2AP mutation. 
Kidney Int 72: 1198-203, 2007. 
195. Gigante M, Pontrelli P, Montemurno E, Roca L, Aucella F, Penza R, 
Caridi G, Ranieri E, Ghiggeri GM and Gesualdo L: CD2AP mutations are 
associated with sporadic nephrotic syndrome and focal segmental 
glomerulosclerosis (FSGS). Nephrol Dial Transplant 24: 1858-64, 2009. 
196. Tang J, Taylor DW and Taylor KA: The three-dimensional structure of 
alpha-actinin obtained by cryoelectron microscopy suggests a model for Ca(2+)-
dependent actin binding. J Mol Biol 310: 845-58, 2001. 
197. Kaplan JM, Kim SH, North KN, Rennke H, Correia LA, Tong HQ, 
Mathis BJ, Rodriguez-Perez JC, Allen PG, Beggs AH and Pollak MR: Mutations in 



 

60 

ACTN4, encoding alpha-actinin-4, cause familial focal segmental 
glomerulosclerosis. Nat Genet 24: 251-6, 2000. 
198. Weins A, Schlondorff JS, Nakamura F, Denker BM, Hartwig JH, 
Stossel TP and Pollak MR: Disease-associated mutant alpha-actinin-4 reveals a 
mechanism for regulating its F-actin-binding affinity. Proc Natl Acad Sci U S A 104: 
16080-5, 2007. 
199. Venkatachalam K and Montell C: TRP channels. Annu Rev Biochem 
76: 387-417, 2007. 
200. Reiser J, Polu KR, Moller CC, Kenlan P, Altintas MM, Wei C, Faul C, 
Herbert S, Villegas I, Avila-Casado C, McGee M, Sugimoto H, Brown D, Kalluri R, 
Mundel P, Smith PL, Clapham DE and Pollak MR: TRPC6 is a glomerular slit 
diaphragm-associated channel required for normal renal function. Nat Genet 37: 
739-44, 2005. 
201. Trebak M, Lemonnier L, Smyth JT, Vazquez G and Putney JW, Jr.: 
Phospholipase C-coupled receptors and activation of TRPC channels. Handb Exp 
Pharmacol: 593-614, 2007. 
202. Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T, Hawkins 
AF, Daskalakis N, Kwan SY, Ebersviller S, Burchette JL, Pericak-Vance MA, 
Howell DN, Vance JM and Rosenberg PB: A mutation in the TRPC6 cation channel 
causes familial focal segmental glomerulosclerosis. Science 308: 1801-4, 2005. 
203. Dryer SE and Reiser J: TRPC6 channels and their binding partners in 
podocytes: role in glomerular filtration and pathophysiology. Am J Physiol Renal 
Physiol 299: F689-701, 2010. 
204. Dietrich A, Mederos YSM, Gollasch M, Gross V, Storch U, Dubrovska 
G, Obst M, Yildirim E, Salanova B, Kalwa H, Essin K, Pinkenburg O, Luft FC, 
Gudermann T and Birnbaumer L: Increased vascular smooth muscle contractility in 
TRPC6-/- mice. Mol Cell Biol 25: 6980-9, 2005. 
205. Weissmann N, Dietrich A, Fuchs B, Kalwa H, Ay M, Dumitrascu R, 
Olschewski A, Storch U, Mederos y Schnitzler M, Ghofrani HA, Schermuly RT, 
Pinkenburg O, Seeger W, Grimminger F and Gudermann T: Classical transient 
receptor potential channel 6 (TRPC6) is essential for hypoxic pulmonary 
vasoconstriction and alveolar gas exchange. Proc Natl Acad Sci U S A 103: 19093-
8, 2006. 
206. Tian D, Jacobo SM, Billing D, Rozkalne A, Gage SD, Anagnostou T, 
Pavenstadt H, Hsu HH, Schlondorff J, Ramos A and Greka A: Antagonistic 
regulation of actin dynamics and cell motility by TRPC5 and TRPC6 channels. Sci 
Signal 3: ra77, 2010. 
207. Eckel J, Lavin PJ, Finch EA, Mukerji N, Burch J, Gbadegesin R, Wu G, 
Bowling B, Byrd A, Hall G, Sparks M, Zhang ZS, Homstad A, Barisoni L, Birbaumer 
L, Rosenberg P and Winn MP: TRPC6 enhances angiotensin II-induced 
albuminuria. J Am Soc Nephrol 22: 526-35, 2011. 
208. Lal MA, Andersson AC, Katayama K, Xiao Z, Nukui M, Hultenby K, 
Wernerson A and Tryggvason K: Rhophilin-1 Is a Key Regulator of the Podocyte 
Cytoskeleton and Is Essential for Glomerular Filtration. J Am Soc Nephrol: 2014. 



 

 61 

209. Wang L, Ellis MJ, Gomez JA, Eisner W, Fennell W, Howell DN, Ruiz P, 
Fields TA and Spurney RF: Mechanisms of the proteinuria induced by Rho 
GTPases. Kidney Int 81: 1075-85, 2012. 
210. Zhu L, Jiang R, Aoudjit L, Jones N and Takano T: Activation of RhoA 
in podocytes induces focal segmental glomerulosclerosis. J Am Soc Nephrol 22: 
1621-30, 2011. 
211. Buday L, Wunderlich L and Tamas P: The Nck family of adapter 
proteins: regulators of actin cytoskeleton. Cell Signal 14: 723-31, 2002. 
212. Inoue T, Yaoita E, Kurihara H, Shimizu F, Sakai T, Kobayashi T, 
Ohshiro K, Kawachi H, Okada H, Suzuki H, Kihara I and Yamamoto T: FAT is a 
component of glomerular slit diaphragms. Kidney Int 59: 1003-12, 2001. 
213. Ciani L, Patel A, Allen ND and ffrench-Constant C: Mice lacking the 
giant protocadherin mFAT1 exhibit renal slit junction abnormalities and a partially 
penetrant cyclopia and anophthalmia phenotype. Mol Cell Biol 23: 3575-82, 2003. 
214. Tanoue T and Takeichi M: Mammalian Fat1 cadherin regulates actin 
dynamics and cell-cell contact. J Cell Biol 165: 517-28, 2004. 
215. Shirato I, Sakai T, Kimura K, Tomino Y and Kriz W: Cytoskeletal 
changes in podocytes associated with foot process effacement in Masugi nephritis. 
Am J Pathol 148: 1283-96, 1996. 
216. Ichimura K, Kurihara H and Sakai T: Actin filament organization of foot 
processes in rat podocytes. J Histochem Cytochem 51: 1589-600, 2003. 
217. Hirao K, Hata Y, Ide N, Takeuchi M, Irie M, Yao I, Deguchi M, Toyoda 
A, Sudhof TC and Takai Y: A novel multiple PDZ domain-containing molecule 
interacting with N-methyl-D-aspartate receptors and neuronal cell adhesion 
proteins. J Biol Chem 273: 21105-10, 1998. 
218. Wood JD, Yuan J, Margolis RL, Colomer V, Duan K, Kushi J, 
Kaminsky Z, Kleiderlein JJ, Sharp AH and Ross CA: Atrophin-1, the DRPLA gene 
product, interacts with two families of WW domain-containing proteins. Mol Cell 
Neurosci 11: 149-60, 1998. 
219. Ihara KI, Nishimura T, Fukuda T, Ookura T and Nishimori K: 
Generation of Venus reporter knock-in mice revealed MAGI-2 expression patterns 
in adult mice. Gene Expr Patterns: 2012. 
220. Funke L, Dakoji S and Bredt DS: Membrane-associated guanylate 
kinases regulate adhesion and plasticity at cell junctions. Annu Rev Biochem 74: 
219-45, 2005. 
221. Caruana G: Genetic studies define MAGUK proteins as regulators of 
epithelial cell polarity. Int J Dev Biol 46: 511-8, 2002. 
222. Zmajkovicova K, Jesenberger V, Catalanotti F, Baumgartner C, Reyes 
G and Baccarini M: MEK1 is required for PTEN membrane recruitment, AKT 
regulation, and the maintenance of peripheral tolerance. Mol Cell 50: 43-55, 2013. 
223. Tsunoda S, Sierralta J, Sun Y, Bodner R, Suzuki E, Becker A, Socolich 
M and Zuker CS: A multivalent PDZ-domain protein assembles signalling 
complexes in a G-protein-coupled cascade. Nature 388: 243-9, 1997. 
224. Lehtonen S, Ryan JJ, Kudlicka K, Iino N, Zhou H and Farquhar MG: 
Cell junction-associated proteins IQGAP1, MAGI-2, CASK, spectrins, and alpha-



 

62 

actinin are components of the nephrin multiprotein complex. Proc Natl Acad Sci U 
S A 102: 9814-9, 2005. 
225. Balbas MD, Burgess MR, Murali R, Wongvipat J, Skaggs BJ, Mundel 
P, Weins A and Sawyers CL: MAGI-2 scaffold protein is critical for kidney barrier 
function. Proc Natl Acad Sci U S A: 2014. 
226. Tossidou I, Teng B, Drobot L, Meyer-Schwesinger C, Worthmann K, 
Haller H and Schiffer M: CIN85/RukL is a novel binding partner of nephrin and 
podocin and mediates slit diaphragm turnover in podocytes. J Biol Chem 285: 
25285-95, 2010. 
227. Song C, Hu CD, Masago M, Kariyai K, Yamawaki-Kataoka Y, 
Shibatohge M, Wu D, Satoh T and Kataoka T: Regulation of a novel human 
phospholipase C, PLCepsilon, through membrane targeting by Ras. J Biol Chem 
276: 2752-7, 2001. 
228. Freichel M, Vennekens R, Olausson J, Stolz S, Philipp SE, 
Weissgerber P and Flockerzi V: Functional role of TRPC proteins in native 
systems: implications from knockout and knock-down studies. J Physiol 567: 59-
66, 2005. 
229. Hinkes B, Wiggins RC, Gbadegesin R, Vlangos CN, Seelow D, 
Nurnberg G, Garg P, Verma R, Chaib H, Hoskins BE, Ashraf S, Becker C, Hennies 
HC, Goyal M, Wharram BL, Schachter AD, Mudumana S, Drummond I, Kerjaschki 
D, Waldherr R, Dietrich A, Ozaltin F, Bakkaloglu A, Cleper R, Basel-Vanagaite L, 
Pohl M, Griebel M, Tsygin AN, Soylu A, Muller D, Sorli CS, Bunney TD, Katan M, 
Liu J, Attanasio M, O'Toole J F, Hasselbacher K, Mucha B, Otto EA, Airik R, 
Kispert A, Kelley GG, Smrcka AV, Gudermann T, Holzman LB, Nurnberg P and 
Hildebrandt F: Positional cloning uncovers mutations in PLCE1 responsible for a 
nephrotic syndrome variant that may be reversible. Nat Genet 38: 1397-405, 2006. 
230. Jefferson JA and Shankland SJ: Familial nephrotic syndrome: PLCE1 
enters the fray. Nephrol Dial Transplant 22: 1849-52, 2007. 
231. Takemoto M, Asker N, Gerhardt H, Lundkvist A, Johansson BR, Saito 
Y and Betsholtz C: A new method for large scale isolation of kidney glomeruli from 
mice. Am J Pathol 161: 799-805, 2002. 
232. Saleem MA, O'Hare MJ, Reiser J, Coward RJ, Inward CD, Farren T, 
Xing CY, Ni L, Mathieson PW and Mundel P: A conditionally immortalized human 
podocyte cell line demonstrating nephrin and podocin expression. J Am Soc 
Nephrol 13: 630-8, 2002. 
233. Jeff Gentry LL, Robert Gentleman, Seth Falcon, Florian Hahne, 
Deepayan Sarkar and Kasper Daniel Hansen: Rgraphviz: Provides plotting 
capabilities for R graph objects. R package version 2.4.1. 
234. Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL and 
Pachter L: Differential analysis of gene regulation at transcript resolution with RNA-
seq. Nat Biotechnol 31: 46-53, 2013. 
235. He B, Ebarasi L, Hultenby K, Tryggvason K and Betsholtz C: Podocin-
green fluorescence protein allows visualization and functional analysis of 
podocytes. J Am Soc Nephrol 22: 1019-23, 2011. 



 

 63 

236. Betsholtz C, He L, Takemoto M, Norlin J, Sun Y, Patrakka J and 
Tryggvason K: The glomerular transcriptome and proteome. Nephron Exp Nephrol 
106: e32-6, 2007. 
237. He L, Sun Y, Patrakka J, Mostad P, Norlin J, Xiao Z, Andrae J, 
Tryggvason K, Samuelsson T, Betsholtz C and Takemoto M: Glomerulus-specific 
mRNA transcripts and proteins identified through kidney expressed sequence tag 
database analysis. Kidney Int 71: 889-900, 2007. 
238. Takemoto M, He L, Norlin J, Patrakka J, Xiao Z, Petrova T, Bondjers 
C, Asp J, Wallgard E, Sun Y, Samuelsson T, Mostad P, Lundin S, Miura N, Sado 
Y, Alitalo K, Quaggin SE, Tryggvason K and Betsholtz C: Large-scale identification 
of genes implicated in kidney glomerulus development and function. EMBO J 25: 
1160-74, 2006. 
239. Yabuta Y, Ohta H, Abe T, Kurimoto K, Chuma S and Saitou M: TDRD5 
is required for retrotransposon silencing, chromatoid body assembly, and 
spermiogenesis in mice. J Cell Biol 192: 781-95, 2011. 
240. Smith JM, Bowles J, Wilson M, Teasdale RD and Koopman P: 
Expression of the tudor-related gene Tdrd5 during development of the male 
germline in mice. Gene Expr Patterns 4: 701-5, 2004. 
241. Oliveira-Brett AM, Vivan M, Fernandes IR and Piedade JA: 
Electrochemical detection of in situ adriamycin oxidative damage to DNA. Talanta 
56: 959-70, 2002. 
242. Hsieh SC, Lo PK and Wang FF: Mouse DDA3 gene is a direct 
transcriptional target of p53 and p73. Oncogene 21: 3050-7, 2002. 
243. Brosh R, Sarig R, Natan EB, Molchadsky A, Madar S, Bornstein C, 
Buganim Y, Shapira T, Goldfinger N, Paus R and Rotter V: p53-dependent 
transcriptional regulation of EDA2R and its involvement in chemotherapy-induced 
hair loss. FEBS Lett 584: 2473-7, 2010. 
244. Haupt Y, Maya R, Kazaz A and Oren M: Mdm2 promotes the rapid 
degradation of p53. Nature 387: 296-9, 1997. 
245. He L, Sun Y, Takemoto M, Norlin J, Tryggvason K, Samuelsson T and 
Betsholtz C: The glomerular transcriptome and a predicted protein-protein 
interaction network. J Am Soc Nephrol 19: 260-8, 2008. 
246. Sablina AA, Budanov AV, Ilyinskaya GV, Agapova LS, Kravchenko JE 
and Chumakov PM: The antioxidant function of the p53 tumor suppressor. Nat Med 
11: 1306-13, 2005. 
247. Faria G, Cardoso CR, Larson RE, Silva JS and Rossi MA: 
Chlorhexidine-induced apoptosis or necrosis in L929 fibroblasts: A role for 
endoplasmic reticulum stress. Toxicol Appl Pharmacol 234: 256-65, 2009. 
248. Cao Y, Hao Y, Li H, Liu Q, Gao F, Liu W and Duan H: Role of 
endoplasmic reticulum stress in apoptosis of differentiated mouse podocytes 
induced by high glucose. Int J Mol Med 33: 809-16, 2014. 
249. Nishi H, Inagi R, Kato H, Tanemoto M, Kojima I, Son D, Fujita T and 
Nangaku M: Hemoglobin is expressed by mesangial cells and reduces oxidant 
stress. J Am Soc Nephrol 19: 1500-8, 2008. 
250. Antonini E, Brunori M and Myoglobin in Their Reactions with Ligands. 
Science 178: 296, 1972. 



 

64 

251. Burmester T, Ebner B, Weich B and Hankeln T: Cytoglobin: a novel 
globin type ubiquitously expressed in vertebrate tissues. Mol Biol Evol 19: 416-21, 
2002. 
252. Trent JT, 3rd, Watts RA and Hargrove MS: Human neuroglobin, a 
hexacoordinate hemoglobin that reversibly binds oxygen. J Biol Chem 276: 30106-
10, 2001. 
253. Pesce A, Bolognesi M, Bocedi A, Ascenzi P, Dewilde S, Moens L, 
Hankeln T and Burmester T: Neuroglobin and cytoglobin. Fresh blood for the 
vertebrate globin family. EMBO Rep 3: 1146-51, 2002. 
254. smith.E: Health and disease as influenced by the daily, seasonal and 
other cyclic changes in the human system. 1861. 
255. Bass J: Circadian topology of metabolism. Nature 491: 348-56, 2012. 
256. Chabre M, Antonny B, Bruckert F and Vuong TM: The G protein 
cascade of visual transduction: kinetics and regulation. Ciba Found Symp 176: 
112-20; discussion 121-4, 1993. 
257. Whitaker CM and Cooper NG: The novel distribution of 
phosphodiesterase-4 subtypes within the rat retina. Neuroscience 163: 1277-91, 
2009. 
258. Watanabe G, Saito Y, Madaule P, Ishizaki T, Fujisawa K, Morii N, 
Mukai H, Ono Y, Kakizuka A and Narumiya S: Protein kinase N (PKN) and PKN-
related protein rhophilin as targets of small GTPase Rho. Science 271: 645-8, 
1996. 
259. Nakamura K, Fujita A, Murata T, Watanabe G, Mori C, Fujita J, 
Watanabe N, Ishizaki T, Yoshida O and Narumiya S: Rhophilin, a small GTPase 
Rho-binding protein, is abundantly expressed in the mouse testis and localized in 
the principal piece of the sperm tail. FEBS Lett 445: 9-13, 1999. 
260. Burridge K and Wennerberg K: Rho and Rac take center stage. Cell 
116: 167-79, 2004. 
261. Vicente-Manzanares M, Ma X, Adelstein RS and Horwitz AR: Non-
muscle myosin II takes centre stage in cell adhesion and migration. Nat Rev Mol 
Cell Biol 10: 778-90, 2009. 
262. Akilesh S, Suleiman H, Yu H, Stander MC, Lavin P, Gbadegesin R, 
Antignac C, Pollak M, Kopp JB, Winn MP and Shaw AS: Arhgap24 inactivates 
Rac1 in mouse podocytes, and a mutant form is associated with familial focal 
segmental glomerulosclerosis. J Clin Invest 121: 4127-37, 2011. 
263. Blattner SM, Hodgin JB, Nishio M, Wylie SA, Saha J, Soofi AA, Vining 
C, Randolph A, Herbach N, Wanke R, Atkins KB, Gyung Kang H, Henger A, 
Brakebusch C, Holzman LB and Kretzler M: Divergent functions of the Rho 
GTPases Rac1 and Cdc42 in podocyte injury. Kidney Int 84: 920-30, 2013. 
264. Scott RP, Hawley SP, Ruston J, Du J, Brakebusch C, Jones N and 
Pawson T: Podocyte-specific loss of Cdc42 leads to congenital nephropathy. J Am 
Soc Nephrol 23: 1149-54, 2012. 
265. He B, Osterholm AM, Ojala JR, Andersson AC and Tryggvason K: A 
remote cis-acting variant at 3q links glomerular NCK1 to diabetic nephropathy. 
PLoS One 8: e56414, 2013. 



 

 65 

266. Jones N, New LA, Fortino MA, Eremina V, Ruston J, Blasutig IM, 
Aoudjit L, Zou Y, Liu X, Yu GL, Takano T, Quaggin SE and Pawson T: Nck proteins 
maintain the adult glomerular filtration barrier. J Am Soc Nephrol 20: 1533-43, 
2009. 
267. Nawy T: Single-cell sequencing. Nat Methods 11: 18, 2014. 
 
 
 
 
 
 


