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Abstract

Cell-extracellular matrix (ECM) interactions are essential for tissue development, homeostasis, 

and response to injury. Basement membranes (BMs) are specialized ECMs that separate epithelial 

or endothelial cells from stromal components and interact with cells via cellular receptors, 

including integrins and discoidin domain receptors. Disruption of cell-BM interactions due to 

either injury or genetic defects in either the ECM components or cellular receptors often lead to 

irreversible tissue injury and loss of organ function. Animal models that lack specific BM 

components or receptors either globally or in selective tissues have been used to help with our 

understanding of the molecular mechanisms whereby cell-BM interactions regulate organ function 

in physiological and pathological conditions. We review recently published work on animal 

models that explore how cell-BM interactions regulate kidney homeostasis in both health and 

disease.
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Basement membranes (BM) are specialized sheet-like extracellular matrix structures which 

lie beneath epithelial or endothelial cells. In addition to providing mechanical stability, BMs 

regulate essential cell functions, including cell polarity, proliferation, apoptosis, and matrix 
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synthesis/remodeling. These effects are mediated by the integrin, discoidin, and 

dystroglycan transmembrane family receptors.

The kidney is formed by functional units called nephrons, which consist of the glomerular 

filtering unit and specialized tubules that reabsorbs and secretes the filtrate. In the 

glomerulus, there is a specialized BM called the glomerular BM (GBM) that separates 

endothelial cells from podocytes and is an essential component of the glomerular filtration 

barrier. In the tubules, there is a BM that separates monolayer of tubular epithelial cells from 

the stroma. Defects of these BM components as well as the cellular receptors required for 

cells to interact with these BMs have been associated with kidney diseases. This review 

highlights recent findings on animal models with perturbations in BM components or 

cellular receptors that have significantly contributed to our understanding of kidney disease.

Basement membrane components in healthy and diseased kidney

The main BM components are collagen IV, laminins, nidogen, and heparan sulfate 

proteoglycans (see below for details on their structure). BMs in the glomerulus provide 

support for mesangial cells and the GBM is a physical separation between endothelial cells 

and podocytes. The GBM contains specific isoforms of BM components, such as the 

α3α4α5 collagen IV network, laminin-521, and agrin (reviewed in (Borza and Pozzi, 2012; 

Miner, 2012; Pozzi et al., 2009; Suh and Miner, 2013)). Mutations in genes encoding some 

of the key GBM components cause severe kidney abnormalities, which underscore their 

importance for tissue development, homeostasis, and response to injury. In this regard, 

mutations in collagen IV or laminin cause Alport and Pierson syndromes in humans, 

respectively. The availability of mice either lacking or carrying mutated BM components has 

allowed investigation of the molecular mechanisms whereby these matrices regulate 

glomerular and tubular kidney function. We will review only the most recent findings related 

to these mouse models as the renal phenotype of some of these mice has already been 

extensively reviewed (Abrahamson, 2012; Cosgrove et al., 2007; Gross and Kashtan, 2009; 

Kashtan and Segal, 2011; Suh and Miner, 2013).

The Alport mouse models of kidney disease

Collagen IV, the major component of BMs, is a triple helical protein which contains a short 

7S domain at the N-terminal, a long collagenous domain that occupies the midsection of the 

molecule; and a non-collagenous (NC) domain positioned at the C-terminal (Hudson et al., 

2003). There are six genetically distinct α chains (α1–α6), which assemble into 3 specific 

hetero-trimeric molecules; the α1α1α2, α3α4α5 and α5α5α6 protomers. These protomers 

form three distinct networks by dimerization via NC1-to-NC1 interactions and by 

tetramerization via 7S-to-7S domain interactions (Hudson et al., 2003). In the adult kidney, 

the α1α1α2 network is found primarily in the mesangium of the glomerulus and in the 

tubular BM; the α3α4α5 network is mainly present in the GBM; and the α5α5α6 network in 

the Bowmans capsule (Hudson et al., 2003).

Mutations in either COL4A3, COL4A4 or COL4A5 chains that result in absence of 

α3α4α5(IV) network and persistence α1α1α2(IV) networks in the GBM cause Alport 

syndrome (Figure 1). The α1α1α2(IV) network which is not as highly cross-linked or 
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resistant to proteases as α3α4α5(IV) network provides less mechanical stability and is 

insufficient to maintain normal kidney function. Patients present with either macroscopic or 

microscopic hematuria, thickening and splitting of the GBM and many will ultimately 

develop end stage glomerulosclerosis. Mice deficient in COL4A3 (Cosgrove et al., 1996; 

Miner and Sanes, 1996), COL4A4 (Arnold et al., 2011), COL4A5 (Rheault et al., 2004) and 

COL4A3/COL4A4 (Lu et al., 1999) recapitulate human pathology, but the disease 

penetrance is highly strain-dependent (Cosgrove et al., 2007). For instance, COL4A3-null 

mice reach end-stage renal failure (ESRF) around 66 days of age on the 129X1/SvJ 

background, while on the C57BL/6J background, the mean age at ESRF was 194 days of 

age, which suggests the existence of modifier genes that influence disease progression 

(Andrews et al., 2002). Strain-specific ectopic expression of the α5α5α6(IV) network in the 

GBM of C57/BL6 but not 129X1/SvJ COL4A3-null mice may also contribute to the milder 

Alport renal phenotype on the C57Bl/6 genetic background (Kang et al., 2006).

Although the defects in Alport syndrome are attributed largely to a defective GBM, it has 

been proposed that the unfolded protein response of ER stress in podocytes induced by 

defective collagen IV chains might also contribute to the pathogenesis. In support of this, a 

COL4A3 chain carrying the G1332E mutation overexpressed in podocytes in vitro or 

expressed in vivo in mice caused chain retention in the endoplasmic reticulum (ER). This 

resulted in activation of unfolded protein response-related markers of ER stress and the 

development of an Alport syndrome phenotype (Pieri et al., 2014). Interestingly, 

heterozygous COL4A3-G1334E mutations are seen in patients with thin GBM disease (Pieri 

et al., 2014).

Recently, a mouse model for Alport was reported where the collagen α3α4α5(IV) network 

is synthetized and incorporated into the GBM but is abnormal and produced at low levels 

resulting in Alport like lesions (Korstanje et al., 2014). These mice, identified in a colony of 

NONcNZO recombinant inbred mice, arose through a spontaneous mutation, localized to 

chromosome 1, which results in skipping of the COL4A4 exon 30 but maintains the mRNA 

reading frame and generates of a shorter α4(IV) chain. As abnormal collagen α3α4α5(IV) is 

also found in a subset of Alport patients, this mouse represents an excellent model to 

analyze how abnormal collagen IV structure and assembly leads to Alport syndrome.

Generation of COL4A3-null mice has allowed not only investigation of the mechanisms 

responsible for Alport syndrome but also testing of potential therapies. In this context, 

COL4A3-null mice engineered to express an inducible human α3(IV) chain in the podocytes 

formed an α3α4α5(IV) network in the GBM with intact podocyte foot process architecture, 

reduced glomerulosclerosis, albuminuria, and a longer lifespan (Lin et al., 2014). Thus, the 

α3(IV) chain produced by podocytes is sufficient to promote proper collagen network 

formation in the GBM. In other studies, intracardial injection of amniotic fluid stem cells in 

COL4A5-null mice before the onset of proteinuria delayed the progression of glomerular 

sclerosis and prolonged animal survival (Garcia et al., 2013). This protective effect was due 

to recruitment and activation of anti-fibrotic and pro-tissue remodeling M2 macrophages, 

rather than stem cells differentiating into podocyte-like cells or collagen α5(IV) chain 

production. Finally, miR-21 silencing in COL4A3-null mice has been shown to improve 

survival and to reduce glomerulosclerosis, interstitial fibrosis, tubular injury and 
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inflammation (Gomez et al., 2015). This protective effect was due to reduced TGF-β-

induced fibrogenesis and inflammation in glomerular and interstitial cells as well as 

improved mitochondrial function in both glomerular and tubular cells. This study suggests 

that inhibition of miR-21 represents a potential therapeutic strategy for chronic kidney 

diseases including Alport nephropathy.

Laminins and mouse models of glomerular kidney disease

Laminins (LM) are large heterotrimeric glycoproteins that are essential for BM assembly. 

Each trimer is composed of one α, one β, and one γ chain (Colognato and Yurchenco, 2000) 

and there are currently five α, four β, and three γ chain genes described in vertebrates which 

can assemble into 15 different heterotrimers (reviewed in (Miner, 2008)). Many of the 

laminin chains are expressed during kidney development under strict temporal control. For 

instance, LM-111 is expressed in the presumptive GBM, LM-511 and LM-521 in the semi-

mature GBM, and LM-521 is the sole trimer present in mature GBM (reviewed in (Miner, 

2008)).

The importance of LM-521 in the GBM is demonstrated by the fact that patients carrying 

null mutations in the LAMB2 gene develop Pierson syndrome characterized by mesangial 

sclerosis and diffuse alterations of the GBM (Zenker et al., 2004). Consistent with this 

finding, mice lacking the LAMβ2 chain develop massive proteinuria and glomerular 

sclerosis (Noakes et al., 1995) (Figure 1).

In addition to LAMB2 null mutations, certain LAMB2 missense mutations, including 

C321R cause congenital nephrotic syndrome. To determine how this mutation leads to 

glomerular disease, a Lamβ2-null mice expressing the rat C321R-LAMB2 was generated 

(Chen et al., 2013). During the first postnatal month, C321R-LAMB2 attenuated proteinuria 

in LAMB2 null mice in a dose-dependent fashion, however as the mice aged they developed 

proteinuria and renal failure. This phenotype occurs because the C321R mutation leads to 

improper secretion of LM-521, podocyte ER stress and apoptosis. The finding that in vitro 

treatment with chemicals that facilitate protein folding and trafficking increased the 

secretion of the mutant LAMB2 (Chen et al., 2013), suggests that therapies which improve 

protein folding might be beneficial for the treatment of mild forms of Pierson syndrome. 

These data are very similar to those described for mice harboring the COL4A3-G1334E 

mutation and support the hypothesis that ER stress is a general mechanism of podocyte 

injury in mice harboring point mutations in BM proteins that cannot be properly secreted.

One feature of patients with Pierson syndrome and the Lamb2-null mice is ectopic 

expression of the LAMβ1 chain in the GBM. However, the expression of this chain is only 

marginally increased and fails to compensate for the loss of LAMβ2. Interestingly, LamB2-

null mice engineered to express high levels of LAMβ1 selectively in podocytes are spared 

from the development of nephrotic syndrome and show a greatly extended lifespan (Suh et 

al., 2011). The finding that the levels of LAMβ1 inversely correlates to albuminuria and 

defects in the GBM, suggest that maneuvers to increase LAMβ1 expression in patients with 

LAMβ2 null mutations could ameliorate the severity of nephrotic syndrome.
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Laminins and renal epithelial cell homeostasis

In addition to its function in BM assembly, laminins interact with the cellular receptor 

integrins to provide polarity cues and to control cell function. We recently reported that 

kidney collecting duct cells interact with LM-332, a major component of kidney tubular 

BMs, via integrin α3β1. This interaction is key in promoting integrin α3β1-dependent Akt 

activation and tubular cell function. Interestingly, K63-linked polyubiquitination, but not the 

classical PI3K, is necessary for promoting LM-322/integrin α3β1-dependent cell signaling 

required for the proper development of the collecting system (Yazlovitskaya et al., 2015). 

Using MDCK cells grown as hollow cysts in Matrigel, Bryant and colleagues has recently 

identified a molecular switch mechanism controlling polarity orientation whereby ECM 

signals through a integrin β1/FAK/p190RhoGAP complex to promote trafficking of 

podocalyxin from a basal to an apical membrane position thus allowing lumen formation 

(Bryant et al., 2014). Thus, interactions between BM components and tubular cells play a 

key role in governing the proper development, polarization, and lumen formation of kidney 

tubules (Figure 1).

Nidogens and heparan sulfate proteoglycans in kidney homeostasis

Nidogen-1 and nidogen-2 are widely expressed in BMs, interact with both laminins and 

collagen IV, and are hypothesized to function as a bridge between the two networks. 

However, nidogen-1 or nidogen-2 deficient mice are normal with no obvious kidney defects. 

Interestingly, deletion of both nidogen-1 and nidogen-2 results in mice that die shortly after 

birth, although their BMs only show mild abnormalities (Bader et al., 2005).

Proteoglycans like agrin and perlecan contain heparan sulfate polysaccharide side chains 

covalently attached to a core protein. Because heparan sulfate side chains are negatively 

charged, proteoglycans serve in conferring the GBM a net negative charge. Surprisingly, 

podocyte-specific deletion of agrin alone or in combination with loss of perlecan, the two 

predominant proteoglycans in GBM, does not affect the GBM structure (Goldberg et al., 

2009). These studies indicate that unlike collagen IV and laminins these proteins do not play 

a role in the maintenance of the kidney BMs at both physiological and pathological levels.

Basement membrane modifying enzymes in health and disease

In addition to mutation and/or loss of key BM components, loss of enzymes required for 

posttranslational modification of BM components affects tissue mechanical stability and are 

implicated in tissue biogenesis and maintenance. Collagen IV forms a network that is 

stabilized by a sulfilimine bond between the alpha chains (Vanacore et al., 2009). This bond 

is catalyzed by peroxidasin, a BM-bound extracellular heme-peroxidase that requires 

bromine as a key cofactor for its activity (Bhave et al., 2012; Fidler et al., 2014; McCall et 

al., 2014). Loss or mutation in peroxidasin has been associated with disorganized collagen 

IV networks and torn BMs in drosophila (Bhave et al., 2012), neuronal developmental 

defects in C. Elegans (Lee et al., 2015) and severe ocular defects in mice (Yan et al., 2014) 

(Figure 1). The finding that peroxidasin expression is increased in a murine model of kidney 

fibrosis and is organized into a fibril-like network suggests that it promotes matrix formation 

in response to injury (Peterfi et al., 2009). Whether increased peroxidasin expression 

contributes to physiological or pathological fibrogenic response is unclear. Thus, the 
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development of a mouse lacking peroxidasin in selective part of the kidney is needed to 

determine the role of this crosslinking enzyme in kidney repair following injury.

Integrins in healthy and diseased kidney

Integrins are transmembrane receptors for extracellular matrix components which consist of 

non-covalently associated α and β subunits. There are 18α and 8β subunits in mammals, 

which form 24 unique heterodimers (Fu et al., 2012) with distinct specificities for the ECM. 

In this chapter will focus on integrins that function as receptors for major BMs components 

namely collagen IV and laminins.

In addition to their function of anchoring cells to ECM, integrins are signaling molecules 

which regulate cell migration, differentiation, proliferation, and survival under both 

physiological and pathological conditions (Askari et al., 2009). Integrins modulate these 

diverse cellular functions by interacting with the cytoskeleton of the cell and by mediating 

bi-directional cell signaling from the outside of the cell inwards and from the inside of the 

cell outwards (Fu et al., 2012). Thus, integrins act as a bridge for cells to bind to and 

transduce signals from the ECM into the cell as well as for cells to modify the extracellular 

environment. The observation that the expression of some of the integrin family members is 

altered in the course of kidney diseases, has initiated studies to analyze the contribution of 

these matrix receptors in kidney function in physiological and pathological conditions. 

Generation of mice lacking integrin subunits in selective kidney cells has contributed to our 

understanding of the role these matrix receptors play in kidney homeostasis in health and 

disease. Collagen receptors, α1β1 and α2β1, and laminin receptors α3β1 and α6β1 are 

highly expressed in kidney (Mathew et al., 2012). As global deletion of the integrin β1 

subunit leads to embryonic lethality at peri-implantation stage (Fassler and Meyer, 1995), 

the role of this subunit in kidney homeostasis has been made possible only by the recent 

generation of the integrin β1fl/fl mice. This, together with Cre technology, has enabled 

specific deletion of the β1 integrin in various kidney cells at early and late stages of 

development.

Integrin β1 in glomerular homeostasis

Selective deletion of the β1 subunit in the podocytes by crossing the β1fl/fl mice with the 

podocin-Cre mice has resulted in mice with podocyte abnormalities and proteinuria at birth, 

despite a grossly normal GBM (Pozzi et al., 2008) (Figure 2). Following the advent of 

glomerular filtration, these mice show progressive podocyte loss as well as capillary loop 

and mesangium degeneration with little evidence glomerulosclerosis (Pozzi et al., 2008). By 

3 weeks of age the mice develop severe end stage renal failure characterized by both 

tubulointerstitial and glomerular pathology (Pozzi et al., 2008). In contrast to this data, 

Kanasaki and colleagues showed that deleting the β1 subunit in the podocytes by crossing 

the β1fl/fl mice with the nephrin-Cre mice results in detectable proteinuria on day 1 and 

death within a week of birth (Kanasaki et al., 2008). The kidneys of these mice exhibit 

normal glomerular endothelium, but show severe GBM defects with multilaminations and 

splitting including podocyte foot process effacement (Pozzi et al., 2008). The difference in 

phenotype in these two studies may be because: 1) the nephrin-Cre promoter is stronger than 

Borza et al. Page 6

Curr Top Membr. Author manuscript; available in PMC 2016 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the podocin-Cre; 2) the use of different mouse backgrounds; 3) partial deletion of the β1 

subunit due to incomplete efficiency of the Cre; 4) long half-life of the β1 subunit protein, 

despite complete efficiency of the Cre; and 4) compensation by non β1 containing integrins. 

Despite these differences, these two studies demonstrate that podocyte β1 integrin is critical 

for postnatal development and maintaining the structural integrity of the glomerulus, 

especially the filtration barrier.

Integrin β1 in tubular cell homeostasis

Integrin β1 is also required for the development of the ureteric bud. Deletion of the integrin 

β1 subunit using a hoxb7-cre mouse, expressed in the UB at E10.5, results in a severe 

branching morphogenesis with decreased nephron formation and death at 4–6 weeks of age 

(Zhang et al., 2009). Interestingly, deleting the β1 subunit in the collecting ducts at E18.5 

using an aquaporin-2-cre mouse did not result in developmental defects although the mice 

were more susceptible to injury (Zhang et al., 2009). This results show that integrin β1 is 

required for governing cell growth and branching during the early stages of UB development 

and structural integrity of the collecting duct at later stages of UB development (Zhang et al., 

2009) (Figure 2). Recently, we showed that the integrin β1 controls the fate of kidney 

proximal and distal epithelial cells by regulating the composition and function of tight and 

adherent junctions. Deletion of the integrin β1 subunit in proximal tubules using the γGT-cre 

mouse (expressed in proximal tubules at P10) has minimal impact in kidney morphology, but 

results in isosmolar diuresis under basal conditions and an inability to concentrate urine 

following water deprivation (Elias et al., 2014). This defect is due to the fact that deleting 

the integrin β1 subunit in proximal tubular cells converts them from a “loose” to a “tight” 

epithelium with features similar to those seen in distal tubular cells (Figure 2). Thus, this 

study suggests that cell-matrix interactions might regulate terminal differentiation and 

function of polarized epithelial cells.

Integrins α1β1 and α2β1 in glomerular homeostasis

While deletion of integrin β1 subunit eliminates multiple integrin heterodimers, availability 

of mice lacking specific integrin α subunits has allowed investigation of the contribution of 

specific alpha subunits to kidney function in health and disease. Integrins α1β1 and α2β1 are 

the two major collagen binding receptors in the kidney. Both integrins can bind collagen IV; 

however deleting these two major receptors does not affect normal glomerular development 

(Chen et al., 2002; Gardner et al., 1996; Holtkotter et al., 2002). By contras both integrins 

play an important role in regulating ECM production and degradation in the course of 

kidney fibrosis(Borza and Pozzi, 2012; Pozzi et al., 2009) (Figure 2).

Integrin α1β1, which binds with high affinity to collagen IV, is expressed by podocytes, 

endothelial cells and mesangial cells of the glomerulus (Korhonen et al., 1990; Voigt et al., 

1995). This receptor is associated with renal disease and is overexpressed in the proliferating 

mesangium in glomerulonephritis (Kuhara et al., 1997; Shikata et al., 1995). In addition, 

integrin α1 antibodies reduced scarring in rat models of glomerular injury by inhibiting 

integrin α1β1-dependent (VLA-1) leukocyte function (Cook et al., 2002). This is likely due 

to the inability of leukocytes to traffic to the sites of injury. Despite this beneficial effect of 

inhibiting VLA-1 in a model of glomerulonephritis, mice lacking the integrin α1 subunit 
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appear to develop more glomerulosclerosis than wild type mice in multiple models of 

glomerular injury (Chen et al., 2004; Yu et al., 2012; Zent et al., 2006). These results can be 

explained by the fact that integrin α1β1 is a negative regulator of collagen synthesis as this 

receptor is required to sense extracellular collagen levels and downregulate both endogenous 

collagen I and collagen IV synthesis (Gardner et al., 1999). Consistent with these findings, 

integrin α1-null mice develop worse glomerulosclerosis than wild type mice. Interestingly, 

integrin α1-null mesangial cells produce more pro-fibrotic ROS than wild type cells which 

lead to decreased cell proliferation and increased glomerular collagen IV accumulation 

(Chen et al., 2007). Thus, integrin α1β1 negatively modulates glomerulosclerosis by either 

directly altering collagen production or by negatively regulating the production of ROS, 

which in turn control collagen turnover and ultimately fibrosis. In vitro studies have 

demonstrated that integrin α1β1 negatively controls ROS production by downregulating the 

activation state of the pro-fibrotic epithelial growth factor (EGF) receptor (Chen et al., 

2007), and it does so by controlling the levels and phosphorylation state of caveolin-1, a 

scaffolding protein involved in receptor signaling and localization (Borza et al., 2010; Chen 

et al., 2010).

Thus, integrin α1β1 is a negative regulator of collagen production and its engagement is 

beneficial in the setting of fibrosis.

Integrin α2β1 is another collagen IV receptor, although it binds this ligand with lower 

affinity than integrin α1β1. Like integrin α1β1, integrin α2β1 is expressed by mesangial cells 

and podocytes (Borza et al., 2008; Chen et al., 2004). Expression of integrin α2β1 increases 

in the kidneys of patients with diabetic nephropathy (Jin et al., 1996) and rapidly progressive 

glomerulonephritis (Baraldi et al., 1995). However, whether increased expression of this 

collagen receptor contributes to or counteracts the development of glomerulosclerosis, is 

unclear. Integrin α2-null mice develop mild proteinuria at 6 months of age and mild 

glomerular damage due to increased expression of the pro-fibrotic transforming growth 

factor (TGF)-β and connective tissue growth factor (CTGF) (Girgert et al., 2010). Although 

this result suggests that integrin α2β1 is a negative regulator of glomerulosclerosis, in vitro 

studies with non-renal cells suggest that integrin α2β1 is a positive regulator collagen I and 

ROS synthesis (Honore et al., 2003; Ivaska et al., 1999). Furthermore, crossing the 

COL4A3-null mice, a mouse model of Alport disease, with the integrin α2-null mouse 

results in increased survival, improved renal function and decreased glomerular matrix 

deposition and scarring (Rubel et al., 2014). We investigated the role of integrin α2β1 in 

glomerulosclerosis and found that integrin α2-null mice developed significantly less 

proteinuria and glomerulosclerosis than wild type mice following adriamycin-mediated 

injury (Borza et al., 2012). In agreement with the observation that loss of integrin α2β1 plays 

a protective role in glomerular injury, treatment of wild type mice with a selective integrin 

α2β1 inhibitor (Miller et al., 2009) decreases albuminuria and glomerular injury following 

adriamycin injection (Borza et al., 2012). The pro-fibrotic role of integrin α2β1 can be 

explained by the fact that binding of this receptor to collagen I induces activation of Stat3 a 

latent transcription factor involved fibrotic diseases (Chuang and He, 2010; Pechkovsky et 

al., 2012). Consistent with this finding, genetic deletion or inhibition of integrin α2β1 blocks 

integrin/collagen interactions thus resulting in decreased Stat3 activation with consequent 

decreased collagen IV deposition and amelioration of glomerular damage (Borza et al., 
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2012). Thus, integrin α2β1 positively regulates collagen IV synthesis thus contributing to 

glomerular injury and its inhibition is beneficial in the setting of fibrosis.

Integrin α1β1 in tubular homeostasis

As mentioned above, selective deletion of the integrin β1 subunit in proximal or distal 

tubules of the nephron identified a role for this subunit in cell fate, proliferation, branching, 

and response to injury (Zhang et al., 2009). In addition, the laminin receptor integrin α3β1 

has been shown to play a role in collecting system development of the kidney (Yazlovitskaya 

et al., 2015). The role of the BM collagen binding integrins integrins to tubular homeostasis 

is unknown. We recently found that integrin α1-null mice develop more tubulointerstitial 

fibrosis than wild type mice after unilateral ureter obstruction-mediated injury (Chen et al., 

2014) (Figure 2). This effect was due to increased activation of pro-fibrotic signaling 

downstream of TGF-β receptor II in integrin α1-null mice or collecting duct cells. 

Interestingly, we found that integrin α1β1 counteracts activation of TGF-β receptor II-

mediated pro-fibrotic signaling by negatively regulating the tyrosine phosphorylation levels 

of TGF-β receptor II (Chen et al., 2014). This protective effect is mediated by selective 

integrin α1β1-dependent recruitment and activation of the tyrosine phosphatase TCPTP. 

Although this study was focused on kidney injury, given the widely expression of integrin 

α1β1, TCPTP, and TGF- β receptor II, this finding suggests that integrin α1β1/TCPTP-

mediated prevention of tyrosine phosphorylation of TGF-β receptor II might be viewed as a 

valid tool to control unwanted activation of TGF-β signaling, in situations such as 

inflammation cancer and fibrotic diseases.

Integrin α3β1 and glomerular homeostasis

Integrin α3β1 is highly expressed by podocytes and facilitates tight binding to the GBM in 

order to maintain a functional filtration barrier (Sachs et al., 2012; Sachs et al., 2006). 

Global deletion of the integrin α3 subunit in mice results in abnormalities in glomerular 

development and alterations in the GBM and integrin α3-null mice die soon after birth 

(Kreidberg et al., 1996). In contrast, deletion of the same subunit specifically in podocytes 

leads to massive proteinuria caused by focal glomerulosclerosis and disorganization of the 

GBM (Sachs et al., 2006) (Figure 2). Together with the kidney phenotype of the mice 

lacking the integrin β1 subunit in podocytes (see above), these studies indicate that integrin 

α3β1 is the major receptor required to maintain the glomerular filtration barrier. More 

importantly, the phenotypes of α3-deficient mice have recently been validated in humans 

where severe renal abnormalities and premature death are associated with absence or 

mutations of the integrin α3 subunit (Has et al., 2012; Nicolaou et al., 2012; Shukrun et al., 

2014; Yalcin et al., 2015). The importance of integrin α3β1 in the maintenance of podocyte 

stability is also demonstrated by the finding that podocyte expression of the integrin α3 

subunit in patients with primary focal segmental glomerulosclerosis is significantly lower 

than in normal controls, and the expression of this subunit negatively correlates with the 

degree of glomerular sclerosis score (Chen et al., 2006). Thus, analysis of patients with 

mutations in integrin α3 which result in lethality and α3-deficient mice indicate that integrin 

α3β1 is crucial for basement membrane organization and kidney function.
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A possible mechanism whereby integrin α3β1 controls podocyte stability is via its 

interaction with the tetraspanin protein CD151 (Sachs et al., 2012), which mediates integrin 

α3β1-dependent adhesion. Interestingly, CD151-null mice show severe alterations of the 

GBM consisting of massive thickening and splitting and consequent kidney failure (Baleato 

et al., 2008; Sachs et al., 2006), thus mimicking the phenotype of mice lacking the integrin 

α3 subunit in podocytes (Sachs et al., 2006). Selective deletion of CD151 in mouse 

podocytes results in redistribution of integrin α3β1 from diffuse/strong focal adhesions to 

large/weak focal adhesions thus decreasing binding to laminin substrata (Sachs et al., 2012). 

Consistent with this in vitro finding, in vivo podocyte-specific deletion of CD151 results in 

proteinuria, podocyte loss, and glomerular nephropathy (Sachs et al., 2012). Thus, CD151 is 

a crucial modifier of integrin-mediated adhesion of podocytes to the GBM and plays a 

critical role of tight adhesion of podocytes to the GBM for maintaining glomerular integrity 

(Pozzi and Zent, 2012). Overall, diseases associated with mutations in integrin α3β1, CD151 

and the laminin β2 suggest a key role for laminins and their principal receptors in normal 

glomerular function.

Non-integrin receptors in kidney homeostasis

In addition to integrins, cells interact with BMs through non-integrin receptors like 

dystroglycan, syndecans and discoidin domain receptors (DDR).

Dystroglycan is a at transmembrane receptor that consists of two subunits: the α subunit 

which binds BM components like laminin and the β subunit which binds to cytoskeletal 

proteins. This receptor is highly expressed in the muscle and skeletal muscle-targeted 

deletion of dystroglycan or fukutin, an enzyme required for dystroglycan processing, results 

in muscular dystrophy in mice (Beedle et al., 2012; Cohn et al., 2002). Interestingly, 

dystroglycan is also expressed at high levels in podocytes; however, podocytes-specific 

deletion of this receptor does not result in significant renal abnormalities either at baseline or 

following injury (Jarad et al., 2011). This study clearly indicates that, unlike the muscle, 

dystroglycan is not a primary receptor in kidney glomerular cells, and other BM receptors 

contribute to glomerular homeostasis.

In contrast to the studies described above, a role for the transmembrane heparan sulfate 

proteoglycan syndecan-4 in promoting injury of proximal and collecting tubular cells was 

recently described. In tubular cells, syndecan-4 interacts with the extracellular matrix 

crosslinking enzyme transglutaminase type 2 (TG2). This interaction is necessary for cell 

surface trafficking, localization, and activity of TG2 (Scarpellini et al., 2009). Interestingly, 

loss of syndecan-4 protects mice from injury-induced tubular interstitial fibrosis due to 

reduced TG2 activation and excessive crosslinking and accumulation of extracellular matrix 

(Scarpellini et al., 2014) (Figure 3). Although this study suggests that preventing 

syndecan-4/TG2 interaction or inhibitingTG2 action might be beneficial for the treatment of 

kidney fibrosis, the picture is complicated by the multiple-functional properties of TG2. In 

addition to its role in promoting matrix crosslink, TG2 promotes clearance of necrotic cells 

and plays a protective role in promoting hepatic repair following injury (Nardacci et al., 

2003). Thus, targeting TG2 in fibrosis and/or injury seems to be highly tissue specific.
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DDR1 and DDR2 are receptor tyrosine kinases that bind to and are activated by collagen. 

While both DDRs bind to fibrillar collagens, only DDR1 binds collagen IV and will be 

discussed further in this chapter. DDR1 is composed of an extracellular Discoidin (DS) 

homology domain which contains the collagens binding site, a DS-like domain, an 

extracellular juxtamembrane region which contains N- and O-glycosylation sites and matrix 

metalloproteinase cleavage sites, a transmembrane domain which mediates collagen-

independent receptor dimerization, a large intracellular juxtamembrane region which 

contains tyrosines that may serve as docking sites upon phosphorylation and an intracellular 

tyrosine kinase domain (reviewed in (Borza and Pozzi, 2013)). DDR1 is expressed at low 

levels in healthy adult kidney but DDR1 expression increases in patients with lupus nephritis 

and Goodpasture's syndrome as well as in a mouse model of crescentic glomerulonephritis 

(Kerroch et al., 2012). Similarly, DDR1 expression increases in the glomeruli of rats that 

have undergone partial renal ablation (Lee et al., 2004) and in tubules of mice undergone 

unilateral ureteral obstruction (Guerrot et al., 2011) suggesting that DDR1 plays a role in 

renal injury. Older DDR1-null mice show focal swelling of the GBM and mild proteinuria 

(Gross et al., 2004) suggesting that DDR1 might play a protective role in the maintenance of 

kidney homeostasis. However, extensive analysis of DDR1-null mice in several mouse 

models of kidney injury indicated that compared to wild type mice DDR1-null mice have 

increased survival, improved renal function, as well as reduced fibrosis and inflammation 

(Flamant et al., 2006; Gross et al., 2010; Guerrot et al., 2011; Kerroch et al., 2012). 

Moreover, DDR1-null mice show reduced macrophage infiltration following kidney injury 

suggesting that DDR1 contributes to kidney damage and fibrosis by promoting inflammatory 

responses (Guerrot et al., 2011; Kerroch et al., 2012) (Figure 3).

Conclusions

In this review, we highlighted recent findings supporting the role of ECM components and 

integrins in regulating kidney function. The availability of transgenic mice has allowed us to 

recapitulate the features of some human kidney diseases and, in some cases, diseases were 

identified because phenotypes were initially identified in animals.

Selective molecular targeting of matrix components and their receptors has proven to be 

problematic in kidney disease. In this regard, although forced expression of LAMβ1 in 

podocytes ameliorates feature of Pierson syndrome in LAMβ2-null mice (Suh et al., 2011) 

and injection of amniotic stem cells or silencing microRNA ameliorates renal damage in a 

mouse model of Alport syndrome (Garcia et al., 2013), whether forced expression of 

LAMβ1 or stem cell therapy can be achieved in humans to treat these devastating diseases is 

unclear. Finally, although we provide evidence that activation of the integrin α1β1/TCPTP 

plays a key role in protecting from glomerular and tubular fibrosis, the generation and tissue-

targeted delivery of integrin α1β1 and TCPTP activators might not be easy to achieve. 

Despite these difficulties, the current mouse models available have clearly strengthened our 

understanding of how integrins and BM components not only control kidney function, but 

also can be targeted to selectively reduce and ideally prevent kidney diseases.
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Figure 1. 
Schematic representation of the nephron highlighting the contribution of some basement 

membrane components in glomerular and tubular homeostasis.

GBM, glomerular basement membrane; NC, non-collagenous.
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Figure 2. 
Schematic representation of the nephron highlighting the contribution of some basement 

membrane-binding integrins in glomerular and tubular homeostasis.
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Figure 3. 
Schematic representation of the nephron highlighting the contribution of non-integrin 

binding receptor in glomerular and tubular homeostasis.
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