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Abstract

Alport syndrome is the result of mutations in any of three type IV collagen genes, COL4A3, 

COL4A4, or COL4A5. Because the three collagen chains form heterotrimers, there is an absence 

of all three proteins in the basement membranes where they are expressed. In the glomerulus, the 

mature glomerular basement membrane type IV collagen network, normally comprised of two 

separate networks, α3(IV)/α4(IV)/α5(IV) and α1(IV)/α2(IV), is comprised entirely of collagen 

α1(IV)/α2. This review addresses the current state of our knowledge regarding the consequence of 

this change in basement membrane composition, including both the direct, via collagen receptor 

binding, and indirect, regarding influences on glomerular biomechanics. The state of our current 

understanding regarding mechanisms of glomerular disease initiation and progression will be 

examined, as will the current state of the art regarding emergent therapeutic approaches to slow or 

arrest glomerular disease in Alport patients.

Introduction

Alport syndrome is a basement membrane disorder that presents with delayed onset and 

progressive glomerular disease associated with progressive sensorineural hearing loss and 

sometimes with retinal flecks, anterior lenticonis, and rarely with aortic aneurism [1]. It is 

caused by mutations in type IV collagen genes with approximately 80% of cases associated 

with mutations in the COL4A5 gene (X-linked) and the remaining cases associated with 

mutations in either the COL4A3 or COL4A4 genes. Due to the fact that all three of the 

encoded type IV collagen α-chains are required to form the heterotrimeric protomers, 

debilitating mutations in any of these type IV collagen genes results in the complete absence 

of the α3(IV)/α4(IV)/α5(IV) network in the GBM. The resulting mature GBM in Alport 

syndrome is thinner and has only α1(IV)/α2(IV) networks.

Type IV collagen networks are the structural foundation for all basement membranes. There 

are six different genes encoding type IV collagen chains designated COL4A1-COL4A6 [2]. 
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The encoded proteins, α1(IV)-α6(IV), form heterotrimers (protomers) with compositions 

pre-determined by precise interactions of the carboxy-terminal globular NC1 domains [3,4]. 

Protomer assembly is initiated via NC1 domain interactions [5]. Assembly of the type IV 

collagen network occurs via protomer interactions at the NC1 domains and at the amino-

terminal 7S domains. While these associations are almost always between protomers with 

the same type IV collagen chain composition, smooth muscle basement membrane is an 

exception, where α1(IV)/α2(IV) protomer NC1 domains interact with α5(IV)/α6(IV) 

protomer NC1 domains [6]. Protomers comprised of two α1(IV) chains and one α2(IV) 

chain are found in all basement membranes, while protomers comprised of one each α3(IV) 

α4(IV) and α5(IV) or two α5(IV) chains and one α6(IV) chain have a more limited tissue 

distribution. The density of disulfide interchain crosslinks is significantly greater in 

networks comprised of α3(IV)/α4(IV)/α5(IV) protomers compared to networks comprised 

of α1(IV)/α2(IV) protomers, suggesting these networks impart distinct biomechanical 

properties to the basement membranes where they are found [7] A summary of the chain 

associations to form protomers and network assembly are provided in Figure 1. An up to 

date summary of the mutations that cause Alport syndrome can be found in the Leiden Open 

Variant Database which is accessible at http://www.lovd.nl/3.0/home. While there are no 

mutational “hot spots” it is notable that there is indeed an association between the severity of 

the mutation and the severity of the disease [8,9]. Missense mutations that result in glycine 

substitutions are generally associated with a less severe form of the disease, while out of 

frame deletions, stop codons, and other mutations that result in chain termination are 

generally associated with the more severe phenotypes. It was recently shown that a glycine 

substitution mutation resulted in the activation of unfolded protein response and ER stress, 

suggesting that this class of mutations might be amenable to therapeutic approaches using 

chemical chaperones [10].

The glomerular basement membrane in mature mammals actually contains two separate 

networks of type IV collagen. The sub-endothelial GBM is comprised of α1(IV)/α2(IV) 

networks, while the thicker sub-epithelial layer is comprised of α3(IV)/α4(IV)/α5(IV) 

networks [7,11]. Collagen α1(IV)/α2(IV) is synthesized by endothelial cells, mesangial 

cells, and podocytes of immature glomeruli, while collagen α3α4α5(IV) originates solely 

from podocytes [12]. The GBM together with the fenestrated endothelium and the slit 

diaphragms contribute to the filtration barrier of the glomerulus to albumin. These 

components are essential for the permselectivity of the glomerular capillary wall [13].

How the change in GBM type IV collagen composition may influence Alport 

glomerular pathology

Direct effects

This change in GBM type IV collagen composition is what causes the delayed onset and 

progressive glomerular disease in Alport syndrome, however mechanistically how the 

change elicits the initiation and drives the progression of the disease is less clear. A recent 

study employed super resolution microscopy to imply that the α3(IV)/α4(IV)/α5(IV) 

network in normal GBM is too distant from the podocyte pedicle interface to interact with 

the network, while in Alport mice the α1(IV)/α2(IV) network is proximal enough to interact 
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with podocyte receptors [14]. Thus the change in type IV collagen composition might be 

expected, under this scenario, to directly influence cell signaling in podocytes via 

engagement of type IV collagen receptors (summarized in Figure 1), or due to the loss of 

cell signaling due to the absence of type IV collagen α3/α4/α5 mediated effects. Two such 

collagen receptors are expressed on podocytes; the discoidin domain receptor 1 (DDR1) and 

integrin α2β1 [15,16]. While α2 integrin-deficient mice show no renal phenotype, DDR1-

deficient mice show areas of the GBM with isodense thickening and foot process effacement 

associated with proteinuria [17,18]. The phenotype in these mice takes 9 months to develop, 

however, suggesting its influence on glomerular homeostasis is mild in wild type mice. 

Alport mice that are also deficient in DDR1 showed improved renal function and a 50% 

increase in lifespan, while Alport mice haploinsufficient for DDR1 survived 29% longer 

suggesting that this receptor does indeed influence the progression of Alport glomerular 

disease, apparently in a dose specific manner [19]. It is however unclear whether this effect 

is due to deletion of DDR1 in podocytes or in other glomerular cell types. Integrin α2-

deficient Alport mice resulted in milder renoprotection with only marginally improved GBM 

ultrastructure and a 20% increase in lifespan [20]. Integrin α2-deficient mice also show 

attenuated progression for other renal disease models, including injury with adriamycin and 

partial ablation [21]. In these models, the type IV collagen composition of the GBM is 

normal, suggesting that the effects of α2β1 integrin deletion in Alport mice might not 

involve aberrant collagen signaling.

Indirect effects

While it is logical to assume that podocytes exposed to a different type IV collagen network 

might have altered collagen receptor signaling, and that this change might contribute to 

podocyte dysfunction associated with Alport glomerular disease progression, it is naïve to 

presume that Alport syndrome is a podocyte-centric disease. The GBM in Alport mice/

humans before the onset of proteinuria is much thinner than normal GBM. As mentioned 

above, the α1(IV)/α2(IV) networks are much less crosslinked than α3(IV)/α4(IV)/α5(IV) 

networks [7]. The structure of the capillary loop is stabilized by the attachment of the GBM 

to the mesangium/mesangial matrix at the mesangial angles combined with the elastile 

nature of the GBM and the structural reinforcement of the podocyte pedicles, attached to the 

GBM via integrin mediated adhesion, and slit diaphragms [22]. These structural components 

create counterforces to the expansile forces of high capillary pressure. When any one of 

these structural components is compromised, it would be expected that all three glomerular 

cells would be subjected to elevated biomechanical strain. Such a scenario for Alport 

glomeruli is predicted by modeling studies [23], and implied by direct measurements of 

glomerular deformability using glomeruli from preproteinuric Alport mice [24]. Such 

appears to be the case in Alport mice, where elevated blood pressure following treatment 

with L-NAME salts resulted in accelerated progression of the disease with earlier onset and 

faster progression of proteinuria associated with more severe ultrastructural defects in the 

GBM [25]. Conversely, treatment of Alport mice with the angiotensin converting enzyme 

inhibitor ramipril slowed the progression of the disease and doubled the lifespan of Alport 

mice [26]. It should be noted that in the latter study the connection with reduced blood 

pressure was not established, although our lab has since demonstrated that ramipril treatment 

does in fact significantly lower blood pressure in these mice [27]. An interesting correlate to 
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the influences of biomechanical strain on the glomerular capillary tuft is the CD151 

knockout mouse. CD151 is a co-receptor for laminin binding integrins, including integrin 

α3β1, and functions to enhance integrin adhesion strength [28]. Podocyte integrin α3β1 

adhesion to laminin 521 in the GBM is essential to glomerular health, and disruption of this 

interaction results in total foot process effacement and post-natal renal failure in mice 

[29,30]. CD151-null mice develop renal disease with GBM dysmorphology and a molecular 

pathology that is strikingly similar to Alport mice [31,32]. Like Alport mice, CD151 

knockout mice respond to elevated blood pressure with accelerated glomerular disease, and 

to lower blood pressure with slowed glomerular disease [33]. Thus, the CD151 phenotype 

provides a second example where compromising the structural integrity of the glomerular 

capillary tuft results in delayed onset progressive glomerular disease. The fact that this 

model is strikingly similar in so many ways to Alport glomerular disease suggests a role for 

biomechanical stress as a potential important underlying driver of glomerular pathogenesis 

in Alport syndrome.

What we know about the mechanism of Alport glomerular disease onset

Alport syndrome is a delayed onset and progressive disease. Before the onset of proteinuria, 

the GBM in both Alport mice and humans is thinner than normal GBM, but has very few 

areas where the characteristic irregular thickening and splitting is observed [34]. Thus, 

despite the fact that the GBM has abnormal type IV collagen composition at birth, the renal 

glomerulus in Alport syndrome functions “normally” for a while, several years in humans. 

This fact has important implications with regard to the mechanism of disease initiation. If 

we can identify what triggers disease onset, we can devise therapeutic approaches to delay 

or prevent the triggering mechanism. One clue as to what this might be is the fact that 

ramipril treatment significantly delayed the onset of proteinuria in Alport mice and 

prolonged the lifespans of both mice and humans with Alport syndrome [26,35]. Ramipril 

inhibits the renin-angiotensin-aldosterone system (RAAS), which regulates blood pressure 

via the vasoconstrictive properties of angiotensin II. Thus, blockade or RAAS would be 

expected to reduce glomerular blood pressure, which is why RAAS blockade reduces 

proteinuria and slows renal disease progression for a large number of renal diseases [36]. 

The RAAS system is complex, and angiotensin II can have a number of direct effects in 

addition to vasoconstriction, including induction of chemokines and reactive oxygen species 

and well as extracellular matrix homeostasis [37]. Beyond its effects on blood pressure, 

these influences need to be considered when evaluating the renoprotective effects of RAAS 

blockade on Alport renal disease. Along these lines, angiotensin II has been found to be up-

regulated in Alport mice, while expression of angiotensin 1–7 was reduced. In addition, both 

angiotensinogen and renin expression levels were increased in Alport mice [37]. This 

modulation of the renin/angiotensin components must also be considered when evaluating 

the molecular effects of RAAS blockade on Alport renal pathology.

Conversely, as mentioned, hypertension is associated with early onset proteinuria, faster 

progression of GBM dysmorphology, and maladaptive gene expression in Alport glomeruli 

[25]. This work, combined with the RAAS blockade work, suggests that biomechanical 

strain may play an important role in the earliest events of Alport glomerular disease. The 

question is how, given that all three glomerular cell types are subjected to biomechanical 
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forces. Which cell type(s) might be responsible for strain-mediated damage was unclear. A 

clue was published 16 years ago where it was described that laminin 211, a laminin normally 

restricted to the mesangial matrix, was accumulating in a punctate and progressive manner 

in the GBM of Alport mice, dogs, and humans [38,39]. Deletion of a mesangial cell specific 

integrin, integrin α1β1, attenuated the accumulation of laminin 211 in the GBM [38]. These 

observations suggested that the source of GBM laminin 211 in Alport glomeruli might be 

mesangial cell processes that are invading the subendothelial spaces. This was shown to be 

likely the case using a mesangial cell-specific marker, integrin α8 [40]. The process of 

mesangial filopodial invasion of the glomerular capillaries was blocked by preventing the 

activation of CDC42, suggesting that these processes are filopodia. In this same manuscript 

it was also demonstrated that CD151 knockout mice show mesangial invasion of the 

glomerular capillaries, suggesting that CDC42 activation is mediated by biomechanical 

strain. Whether this was a direct effect of mesangial cell stretching or some indirect 

mechanism was unclear.

It was previously shown that CDC42 can be activated in cultured mesangial cells by treating 

the cells with endothelin-1 [41]. CDC42 activation induces actin cytoskeletal rearrangement 

and the formation of filopodia [42]. When cultured primary mesangial cells are treated with 

endothelin-1 they form drebrin-positive actin microspikes [27]. Drebrin is functionally 

involved in the clustering of actin during filopodia formation [43]. Blocking CDC42 

activation in vivo prevented the accumulation of integrin α8 immunopositivity in the 

glomerular capillaries, implying that this pathway is essential for mesangial filopodial 

invasion [40].

The cellular source of endothelin-1 in Alport glomeruli appears to be the glomerular 

endothelial cells. Endothelial cell expression of endothelin-1 is significantly higher in Alport 

glomeruli (and urine) compared to wild type glomeruli. In Alport glomeruli, but not wild 

type glomeruli, endothelin-1 expression is further up-regulated by hypertension in pre-

proteinuric mice from both the 129sv autosomal Alport mouse model and the C57Bl/6 X-

linked Alport mouse model [28]. The formation of mesangial filopodia can be blocked both 

in vivo and in vitro using small molecule inhibitors for the endothelin A receptor [27].

One consequence of mesangial filopodial invasion of the GBM is the progressive deposition 

of mesangial proteins, including laminin α2, in the GBM. A functional consequence of 

laminin α2 in the GBM is the activation of focal adhesion kinase (FAK) in glomerular 

podocytes, which results in activation and nuclear translocation of the NFkappaB 

transcription factor resulting in a pro-inflammatory response [44]. NF-kappaB activation 

was linked to a broad spectrum of maladaptive gene dysregulation in podocytes, including 

cytokines, chemokines, growth factors, and metalloproteinases [44]. Blocking FAK 

activation normalizes maladaptive gene regulation, reduces proteinuria, and prevents GBM 

destruction in the mouse model. Consistent with this, it was recently shown that deletion of 

p53 resulted in the acceleration of Alport glomerular disease progression [45]. Given that 

p53 is a repressor for NF-kappaB activation [46], its deletion might influence the activation 

state of NF-kappaB, exacerbating expression of NF-kappaB-responsive gene expression. It is 

worth noting that the podocyte receptor activated by laminin α2 remains unknown.
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What we know about Alport renal disease progression

The glomerulus

Early on it was recognized that Alport glomerular disease progression was associated with 

elevated expression of TGF-β1 and ECM proteins in podocytes [47]. Inhibiting TGF-β1 

using a soluble receptor decoy prevented irregular thickening of the GBM, but not podocyte 

foot process effacement, proteinuria, or lifespan [38]. Elevated expression of matrix 

metalloproteinases in Alport glomeruli was also reported, and inhibition of MMPs by way of 

either genetic ablation or broad spectrum small molecule inhibitors attenuated progression of 

the glomerular disease progression and improved lifespan [48,49]. These effects were 

blunted if the drugs were administered after glomerular disease had already progressed, 

suggesting that early intervention is necessary. Genetic ablation of MMP-9 alone, which is 

significantly elevated in Alport glomeruli, had no effect on Alport glomerular disease 

progression [50]. The GBM in Alport syndrome is more susceptible to proteolysis than wild 

type GBM, suggesting that the elevated MMP expression may indeed result in GBM damage 

[51]. Irregularly thickened regions of the Alport GBM are also abnormally permeable, which 

might be expected if the GBM were proteolytically damaged [52]. Inhibition of bone 

morphogenetic proteins (BMPs) by way of uterine sensitization associated gene 1 (USAG-1) 

reduced MMP expression and attenuated glomerular disease progression in Alport mice, 

providing additional evidence that MMPs influence Alport glomerular disease [53].

There is emerging evidence that ER stress in podocytes might contribute to glomerular 

disease progression for missense mutations that result in aberrant protein folding [10]. This 

evidence is based primarily on the observed induction of unfolded protein related markers in 

podocytes overexpressing a COL4A3 cDNA containing a missense mutation known to be 

associated with Alport syndrome.

The interstitium

All glomerular diseases, including Alport syndrome, result in interstitial fibrosis, however 

the functional link between glomerular disease and tubulointerstitial injury is not clear. It has 

long been proposed that proteinuria directly and progressively damages tubulointerstitial 

cells and activates pro-inflammatory pathways [54]. Genetic deletion of albumin in Alport 

mice does indeed ameliorate renal disease and extend lifespan; however the primary site of 

albumin-induced injury in this study appeared to be glomerular podocytes [55].

Some studies do suggest that targeting mechanisms of tubulointerstitial fibrosis might 

improve overall renal function in Alport mice. Function blocking and genetic ablation 

studies for αvβ6 integrin, which is induced in cortical tubular epithelial cells in Alport mice, 

ameliorated renal disease progression, improved glomerular architecture, and increased 

lifespan [56]. Anti-microRNA-21 oligonucleotides markedly improved glomerular function 

and interstitial disease and increased lifespan in Alport mice. This effect was attributed to 

reducing miR-21-mediated reactive oxygen species generation and reducing inflammatory 

signaling in the tubulointerstitium [57]. Increased miR-21 expression in both glomerular and 

tubular portions of Alport kidneys makes it difficult to parse out just where the 

renoprotective effects of anti-miR-21 therapy are dominant. Lastly, the BMP-7 negative 
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regulator, USAG-1, is expressed primarily in the macula densa of the distal tubules, which 

are contact with mesangial cells. Ablation of USAG-1 in Alport mice ameliorated the 

disease, suggesting crosstalk may exist between kidney tubules and the glomerulus [53].

Interstitial fibrosis is associated with the progressive accumulation of both leukocytes and 

myofibroblasts. In Alport mice, monocytes were found to promote myofibroblast 

accumulation and to secrete TGF-β1. Blocking TGF-β1 activity prevented myofibroblast 

accumulation and fibrosis, but not tubular atrophy, suggesting the latter may be dominantly 

influenced by the presence of interstitial leukocytes [58]. Mice treated with TGF-β1 

blockade did not show improved proteinuria or lifespans, suggesting a disconnect between 

interstitial fibrosis and glomerular pathology in the mouse model. Removal of monocytes by 

treatment of Alport mice with clodronate did not prevent myofibroblast accumulation, 

suggesting monocytes aren’t the only source of TGF-β1 in the fibrosing Alport kidney [59]. 

These clodronate-treated Alport mice showed no improvement in disease progression of 

lifespan, suggesting that treatments aiming to prevent monocyte accumulation in Alport 

kidneys would not be clinically beneficial, as was suggested by earlier work using 

neutralizing antibodies to collagen XIII [60]. T-cells and B- cells also accumulate in the 

interstitium of Alport mice. By producing Rag-1 deficient Alport mice, lymphocytes were 

depleted. These mice showed significantly reduced fibrosis, and like those treated by TGF-

β1 blockade, no improvement in glomerular disease or lifespans [61]. This latter study 

combined with the clodronate depletion studies suggests that the lymphocytes, rather than 

the monocytes, might be a dominant driver of TGF-β1 mediated fibrosis in the mouse 

model.

Therapeutic approaches for Alport renal disease

Because the primary deficiency in Alport syndrome is the absence of type IV collagen 

α3/α4/α5 networks, the obvious primary approach to therapy is to replace the collagen 

network by introducing a functioning gene to the glomerular podocytes or by replacing the 

genetically defective podocytes with genotypically normal ones through a stem cell 

mediated approach. Indeed, gene therapy for the X-linked form of the disease was 

considered not long after the gene was identified. Adenovirus mediated gene transfer was 

achieved in 85% of glomeruli in pigs using a GFP reporter construct [62]. When this 

approach was attempted using the full length COL4A5 cDNA, however, the transduction 

efficiency was too low to be considered clinically viable [63]. In this study they did achieve 

expression of the collagen α5(IV) protein in the GBM, providing some level of proof of 

concept. No further attempts at gene therapy to treat Alport syndrome have been reported 

since.

As proof that gene replacement is indeed a viable approach, a yeast artificial chromosome 

containing the human COL4A3/4A4 locus was introduced to the COL4A3 knockout mice. 

These mice expressed a human/mouse chimeric type IV collagen network in the GBM that 

functionally rescued the phenotype [64]. A more elegant version of this approach was later 

used, employing a tetracycline inducible promoter to drive the murine full length COL4A3 

cDNA under control of the nephrin promoter. These investigators showed that re-expression 

of the collagen α3/α4/α5 network, even after glomerular disease was allowed to progress 
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somewhat, provided significant rescue with reduced proteinuria and increased lifespan. The 

GBM did continue to display some ultrastructural damage in these same mice [65]. This 

latter study is of particular importance, since it suggests that a gene therapy or stem cell 

based approach to re-expression of the network would likely work in patients after the 

initiation of the disease. This implies broader therapeutic utility in the general patient 

population than approaches that significantly protect renal function only if applied before the 

onset of proteinuria.

An alternate approach to gene therapy aiming to restore the normal type IV collagen 

network to the GBM in Alport syndrome is by way of stem cell therapy. This approach was 

first applied with limited success using bone marrow derived stem cells [66] where 

investigators were able to show biochemically that stem cells contributed to expression of 

basement membrane collagens in isolated glomeruli from treated Alport mice. Mesenchymal 

stem cell therapy reduced interstitial fibrosis but did not delay disease progression in this 

same model [67]. Interestingly, stem cells from amniotic fluid delayed the progression of the 

disease, but these cells did not contribute to the formation of GBM basement membrane 

collagens. This suggests that the cells can exert a therapeutic benefit without physically 

integrating into the glomerular structures, presumably by secretion of beneficial cytokines 

and/or growth factors [68]. A cell based therapy using either bone marrow, peripheral blood, 

or embryonic stem cells was able to restore de novo expression of the α3(IV) chain in the 

GBM, improve the phenotype and increase lifespan in COL4A3-deficient mice, although 

these phenotypic improvements were marginal [69]. Although stem cell therapy has shown 

some promise, the therapeutic benefits demonstrated thus far have been somewhat 

disappointing. Additional refinements of these methodologies are needed if this approach is 

to emerge as therapeutically viable.

Final thoughts

The very best way to treat Alport renal disease is to introduce a functional collagen to 

replace the one damaged by genetic mutation. The studies from Jeff Miners group [65] show 

that this can be highly beneficial even when the collagen chain is expressed after the onset of 

renal disease in the mouse model. This might be accomplished by gene therapy or a stem 

cell based approach, however the technology development in these two areas suggests that 

such a therapy is a long way off. In the meantime, chemical chaperones might provide such 

a therapy for patients with specific missense mutations. About 40–50% of Alport patients 

have missense mutations and 90% of disease causing missense mutations are Glycine 

substitution [70]. It is clearly important that we understand the molecular mechanisms 

underlying glomerular disease onset and progression, which are currently coming to light. 

Already such pursuits have produced therapies in various stages of pre-clinical work and 

even clinical trials (as is the case for anti-miR-21 therapy). All emergent targeted therapies 

should be tested both on their own as well as in combination with ACE inhibitors, as ACE 

inhibition is the current standard of care for patients with Alport syndrome.
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Highlights

This review addresses glomerular basement membrane pathology in the context of Alport 

syndrome. It aims to provide an up to date analysis of the current state of our knowledge 

regarding the pathobiology of Alport glomerular disease with special emphasis on the 

role of the GBM collagens.
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Figure 1. 
Assembly of type IV collagen networks in basement membranes. Panel A. There are 6 

different collagen α-chains that assemble via specific NC1 domain interactions into three 

distinct heterotrimeric protomers. The protomers further assemble into the basement 

membrane superstructure via NC1 and 7S domain interactions. Interchain disulfide 

crosslinks provide further stability to the network. Modified from Hudson et al. [4] with 

permission.
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Figure 2. 
Ultra-high resolution fluorescence microscopy predicts that the type IV collagen network in 

the Alport GBM is proximate enough to engage collagen receptors on the podocyte pedicles, 

while the type IV collagen network in wild type mice is not. Two known collagen receptors 

expressed in podocytes are DDR1 and integrin α2β1, both of which have been shown to 

influence Alport disease progression in mouse models.

Cosgrove and Liu Page 16

Matrix Biol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Model for Alport glomerular disease initiation. The changes in GBM composition result in 

elevated biomechanical strain on all glomerular cells. In the endothelial cells, this results in 

elevated expression of endothelin-1, which activates the endothelin A receptors on 

mesangial cells. ETAR signaling in mesangial cells results in the activation of the small 

GTPase CDC42 which induces the formation of filopodia (shown in red) at the mesangial 

angles. These filopodia invade the sub-endothelial aspect of the GBM and deposit mesangial 

proteins in the GBM, including laminin α2 (shown in green). Laminin α2 activates focal 

adhesion kinase (*FAK) in the podocyte pedicles, which in turn activates NFkappaB, 

resulting in nuclear translocation and activation of pro-inflammatory genes.
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