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1. Introduction
Polycystic kidneys diseases (PKD) are a group of monogenic kidney disorders that lead to
cyst development in the kidneys. Polycystic kidney diseases are a common indication for
renal transplantation and dialysis and a leading cause of end-stage renal disease (ESRD).
There are two types of PKD, the autosomal dominant type called ADPKD with an
estimated prevalence rate of 1:400-1:1000 worldwide (Torres & Harris, 2009) and
autosomal recessive PKD (ARPKD) with an estimated prevalence rate of 1:10,000-1:20,000.
ADPKD is the most common form of PKD, whereas ARPKD is the most lethal form and
affects newborns. ADPKD is attributed to several mutations in one or both of the two
genes PKD1 and PKD2, whereas ARPKD is attributed to mutations in the PKHD1 gene.
The protein products of PKD1 and PKD2 are transmembrane proteins called polycystin 1
and polycystin 2 respectively, whereas the protein product of PKHD1, also a
transmembrane protein is termed as fibrocystin. In ADPKD, the cysts arise throughout the
nephron segments, whereas in ARPKD, cysts arise from the collecting duct as fusiform
dilatations. In addition to kidney cysts, PKD patients generally also exhibit liver disease.
Abnormalities in electrolyte secretion (Yamaguchi et al., 1997), EGF and cAMP dependent
cell proliferation (Hanaoka and Guggino (2000); Richards et al., 1998), cell-matrix
interaction (Ramasubbu et al., 1998; Wilson et al., 1992) and planar cell polarity (Fisher et
al., 2006; Patel et al., 2008) have all been attributed to the disease mechanism of PKD.
However, the exact cause of cystogenesis is yet unknown. Following Dr. Grantham’s
seminal work showing abnormal fluid secretion in ADPKD (Grantham, 1993),
considerable progress has been done in that area (Magenheimer et al., 2006). Our
understanding of the role of cAMP in cystogenesis has led to the development of high
potency antagonists to vasopressin V2 receptors as therapeutic agents for ADPKD, which
are currently undergoing clinical trials. There has been a great interest in understanding
the role of primary cilia in PKD cystogenesis since several of the PKD associated proteins
have been reported be localized to primary cilia in addition to other locations in the
kidney epithelia (Yoder at al., 2002; Wang et al., 2007). However, the role of abnormal
extracellular matrix in cystogenesis has not been pursued rigorously. This review will
explore the current and past work that has been undertaken in this area.
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2. Early observations of ECM abnormalities in PKD
The first observations of basement membrane abnormalities in PKD were observed as
early as 1970 (Darmady et al., 1970). In 1980, Dr. Grantham and colleagues investigated 20
ADPKD cysts from five patients morphologically using electron microscope and observed
that the basement membranes of PKD cysts were highly variable in appearance (Cuppage
et al., 1980). Some were of reasonably normal thickness, whereas others were thickened or
extensively laminated. Also, they observed that nearly every cyst had an abnormal
basement membrane. In 1986, Patricia Wilson and her colleagues observed that human
PKD epithelial cells in culture exhibited an extremely abnormal basement membrane
morphology consisting of some banded collagen and numerous unique blebs or spheroids
(Wilson et al., 1986). These blebs stained with ruthenium red, suggesting a proteoglycan
component. After performing echocardiographic investigations on 160 ADPKD patients,
130 unaffected family members and 100 control subjects Hossack et al., concluded that
cardiovascular abnormalities frequently accompanied PKD and suggested that PKD may
be systemic disorder caused by abnormal extracellular matrix (Hossack et al., 1988). Using
a murine model of congenital polycystic kidney disease, Ebihara et al., observed that that
the components of the peri-cystic basement membrane appeared to diminish with time
(Ebihara et al., 1988). Using mRNA measurements, they observed that in normal kidneys,
mRNA levels for the B1 and B2 chains of laminin (currently the beta and gamma chains),
were maximal at birth, and at 1 week for the alpha 1(IV) chain of collagen IV. With all
three chains, the levels then rapidly declined. In contrast, mRNA for the collagen alpha
1(IV) chain in congenital polycystic kidneys was half normal 1 week after birth and then
increased. Laminin B1 and B2 chain mRNAs were 80% of normal at 1 week but were
maintained at that level. They concluded that there exists an abnormal regulation of
basement membrane gene expression in congenital polycystic kidney disease. In 1992,
Yashpal Kanwar and his colleagues observed altered synthesis and intracellular transport
of proteoglycans by human ADPKD cyst derived epithelia (Jin et al., 1992). In a Kidney
International article in 1993, Jim Calvet critically reviewed the question of whether the
extracellular matrix abnormality is a primary defect in PKD (Calvet, 1993). Some early
investigations suggested that tubular dilation could result from a loss of basement
membrane tensile strength or to increased elasticity and that a tubular basement
membrane was a primary defect in PKD. However, when basement membrane elasticity
was measured directly by physical viscoelastic tests, it was determined that normal and
cystic basement membranes were equally compliant. Jim Calvet also reviewed the results
from two PKD model systems namely the cpk and pcy models. Primary epithelial cultures
of cpk kidneys showed increased incorporation of 35Smethionine into collagen IV
(approximately twofold) and into laminin. In human ADPKD kidneys, there is increased
collagen IV mRNA level, particularly at end-stage. In the pcy mouse, laminin and collagen
IV mRNA levels are somewhat increased in the early stages and more significantly
elevated in the latter stages of the disease. Based on these results, it was suggested that a
change in basement membrane collagen synthesis may not be a major factor in the
initiation of cysts; the change is small and does not occur uniformly in early cyst
formation. This review suggested that changes in ECM gene expression are more
significant only at end-stage and therefore may be due to a late-stage compensatory
response of the kidney to repair its tubular morphology.
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3. Recent studies
In 2003, Joly et al., investigated nine ADPKD kidneys retrieved from patients with end-stage
renal failure and one ADPKD kidney harvested before the onset of renal failure Joly et al.,
2003). Using immunostaining, they showed that Laminin-332 and integrin 4 (a ligand of
laminin-332) are aberrantly expressed in the pericystic ECM of ADPKD kidneys.
Furthermore, using real-time PCR studies performed on the RNA extracted from primary
cultures of the cystic epithelia derived from ADPKD kidneys as well as from PKD kidney
tissues, they confirmed the abnormal expression of integrin 4 and laminin 2 in ADPKD.
The same authors presented a more rigorous study on the role of abnormal expression of
laminin-332 in ADPKD cystogenesis (Joly et al., 2006). They demonstrated that ADPKD
primary cultures synthesized and secreted laminin-332 which was then incorporated into
the ECM of cysts that developed in matrigel cultures of these cells. Their studies also
showed that addition of various amounts of laminin-332 in the 3D culture system enhanced
cyst formation, as assessed by the number of cysts per optic field at day 7, whereas addition
of laminin-332 function blocking antibody (D4B5) drastically reduced the number of cysts
formed at day 7 by 73 ± 9%. Also, they showed that in monolayers, purified laminin-332
induced ERK activation and proliferation of ADPKD cells, and function-blocking antilaminin 2 antibody reduced the sustained ERK activation induced by epidermal growth
factor stimulation. Using real time PCR, western blotting and immunostaining, we have
demonstrated that laminin-332, particularly laminin 2, is abnormally expressed in the PCK
rat model of ARPKD (Vijayakumar et al., 2011). The abnormal expression of laminin-332 is
not only observed in the cystic structures, but in the precystic collecting ducts also
suggesting a possible role for aberrant laminin-332 expression in PKD cystogenesis.
A definitive role of ECM in PKD cystogenesis was established by Jeff Miner and his
colleagues (Shannon et al., 1996). They generated a hypomorphic mutation in laminin 5, a
major tubular and glomerular basement membrane component that is important for
glomerulogenesis and ureteric bud branching by inserting a PGKneo cassette in an intron of
the laminin 5 (Lama5) gene. Lama5neo represents a hypomorphic allele as a result of
aberrant splicing. Lama5neo/neo mice exhibited PKD, proteinuria, and death from renal
failure by 4 wk of age, whereas the mice that totally lack Lama5 die in utero with multiple
developmental defects. At 2d of age, Lama5neo/neo mice exhibited mild proteinuria and
microscopic cystic transformation. By 2 wk, cysts were grossly apparent in cortex and
medulla, involving both nephron and collecting duct segments. Tubular basement
membranes seemed to form normally, and early cyst basement membranes showed normal
ultrastructure but developed marked thickening as cysts enlarged. Overall, Laminin alpha5
protein levels were severely reduced as a result of mRNA frameshift caused by exon
skipping. This was accompanied by aberrant accumulation of laminin-332 (laminin-5) in
some cysts.
Recently, Ian Drummond and his colleagues have shown that in zebrafish, combined
knockdown of the PKD1 paralogs pkd1a and pkd1b resulted in dorsal axis curvature,
hydrocephalus, cartilage and craniofacial defects, and pronephric cyst formation at low
frequency (10-15%) (Mangos et al., 2010). Dorsal axis curvature was identical to the axis
defects observed in pkd2 knockdown embryos. Combined pkd1a/b, pkd2 knockdown showed
that these genes interact in axial morphogenesis. Dorsal axis curvature was linked to
notochord collagen overexpression and could be reversed by knockdown of col2a1 mRNA
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or chemical inhibition of collagen crosslinking. pkd1a/b- and pkd2-deficient embryos
exhibited ectopic, persistent expression of multiple collagen mRNAs, suggesting a loss of
negative feedback signaling that normally limits collagen gene expression. Knockdown of
pkd1a/b also dramatically sensitized embryos to low doses of collagen-crosslinking
inhibitors, implicating polycystins directly in the modulation of collagen expression or
assembly. Embryos treated with PI3 kinase inhibitors wortmannin or LY-29400 also
exhibited dysregulation of col2a1 expression, implicating phosphoinositide 3-kinase (PI3K)
in the negative feedback signaling pathway controlling matrix gene expression. They
suggested that pkd1a/b and pkd2 interact to regulate ECM secretion or assembly, and that
altered matrix integrity may be a primary defect underlying ADPKD tissue pathologies.
Patricia Wilson and colleagues have recently implicated the role of focal adhesions in
cystogenesis (Israeli et al., 2010). By comparing ARPKD cells, normal age matched human
fetal (HFCT) cells and HFCT cells with 85% fibrocystin-1 silencing, they observed that
fibrocystin-1-deficient cells had accelerated attachment and spreading on collagen matrix
and decreased motility. Also, the fibrocystin-1-deficient cells were associated with longer
paxillin-containing focal adhesions, more complex actin-cytoskeletal rearrangements, and
increased levels of total 1-integrin, c-Src, and paxillin.

4. ECM and PKD fibrosis
One of the features of PKD, particularly ADPKD is the high variability in the age of onset of
renal functional decline and the severity of disease progression. This variability has been
attributed to mutations in other disease modifier genes (second hit) as well as epigenetic
factors. Even if ECM abnormalities fail to be the primary PKD defect, it is almost certain that
they play an important role in disease progression by contributing to renal fibrosis.
Although there is not much known about the contribution of renal fibrosis in PKD disease
progression, a recent review by Jill Norman presents a comprehensive and convincing
argument to focus on this area of investigation (Norman, 2011). In this review, it is pointed
out that in ADPKD, expansion of cysts and loss of renal function are associated with
progressive fibrosis. Similar to the correlation between tubulointerstitial fibrosis and
progression of chronic kidney disease (CKD), in ADPKD, fibrosis has been identified as the
most significant manifestation associated with an increased rate of progression to ESRD. It is
important to note that although fibrosis in CKD has been studied extensively, little is known
about the mechanisms underlying PKD fibrosis. In this review, she concludes that the
current data indicate that fibrosis associated with ADPKD shares at least some of the
“classical” features of fibrosis in CKD (increased interstitial collagens, changes in MMPs,
overexpression of TIMP-1, over-expression of PAI-1 and increased TGFβ) and points out
that there are also some unique and stage-specific features. Based on the review of current
literature, she suggests that epithelial changes appear to precede and to cause changes in the
interstitium. It is also proposed that the development of fibrosis in ADPKD is a biphasic
process with alterations in the cystic epithelia followed by changes in the interstitial
fibroblasts and that reciprocal interaction between these cell types precipitate a progressive
accumulation of ECM in the interstitial compartment. Since fibrosis is a major component of
ADPKD it follows that preventing or slowing fibrosis should retard disease progression
with obvious therapeutic benefits.
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5. Conclusion
New studies cited in this review bring back the focus on the role ECM in PKD cystogenesis
and fibrosis. Current results such as the study showing laminin alpha 5 hypomorphic
mutation leads to cystic kidneys in mice, abnormal expression of laminin-332 in cysts and
precystic tubules of PCK rat kidneys and aberrant expression of laminin-332 and integrin
beta 4 in human ADPKD tissues, all point to the possible role of abnormal ECM in PKD
cystogenesis. However it is possible that the mechanism that causes cyst formation is
something other than the primary ECM defect and that the abnormal ECM observed in PKD
aids in the progression of the disease by contributing to the mechanisms of fibrosis.
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