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Abstract

Primary vesicoureteral reflux (VUR) is a common pediatric condition due to a developmental
defect in the ureterovesical junction. The prevalence of VUR among individuals with connective
tissue disorders, as well as the importance of the ureter and bladder wall musculature for the anti-
reflux mechanism, suggest that defects in the extracellular matrix (ECM) within the ureterovesical
junction may result in VUR. This review will discuss the function of the smooth muscle and its
supporting ECM microenvironment with respect to VUR, and explore the association of VUR
with mutations in ECM-related genes.
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Introduction

The ureterovesical junction (UVJ) is a critical structure in the urinary tract. It protects the
low-pressure upper urinary tract from the intermittent high pressure in the bladder. The UVJ
allows passage of urine into the bladder and prevents retrograde flow towards the kidneys
when it is transiently occluded during micturition. Occlusion of the UVJ requires an
adequate length to the distal end of the ureter-the intravesical ureter (1\VU), an oblique angle
of ureter entry into the bladder, and a properly developed smooth muscle and extracellular
matrix microenvironment capable of compressing the ureteral orifice. Abnormalities in any
of these elements, or in the three-dimensional structure of the bladder that encompasses
these elements, results in backward flow of urine towards the upper urinary tract—
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vesicoureteral reflux (VUR). A specific example of the importance of the bladder can be
seen in the Hutch bladder diverticulum that arises in the IVVU and co-occurs with VUR.

Clinical spectrum of VUR and reflux nephropathy

VUR is a congenital urinary tract defect associated with the anomalous development of the
UVJ, and is observed in ~1 % of general population, and in at least 30 % of children
presenting with urinary tract infection [1-3]. However, the prevalence of VUR is likely
underreported due to the invasive nature of the test used for diagnosis: the voiding
cystourethrogram. VUR is highly heritable and a number of genes and susceptibility loci
have been identified [3]. In addition to the genetic heterogeneity of the disorder, it is also
phenotypically heterogeneous and loosely classified as primary and secondary VUR.
Primary VUR is due to a defect in the intravesical ureter such that it is not occluded during
voiding. Secondary VUR occurs as a result of elevated intravesical pressure that is typically
seen in the presence of anatomical bladder obstruction (posterior urethral valves) or
functional bladder obstruction (heurogenic bladder).

Both primary and secondary VUR can occur as an isolated finding, or as part of a syndrome.
Syndromic VUR is the presence of VUR with other congenital and multiorgan defects
including congenital anomalies of the kidney and the urinary tract (CAKUT) and hereditary
connective tissue disorders (Table 1). The fact that VUR is observed in some connective
tissue disorders suggests that derangements in extracellular matrix (ECM) may impair the
function of the UVJ and/or the bladder. This is particularly of interest because of our recent
findings that mutations in an ECM gene, tenascin XB (7AXB), result in familial and
sporadic cases of VUR [4, 5].

In severe cases of VUR, recurrent pyelonephritis leads to parenchymal injury and fibrotic
scarring of the kidney, known as reflux nephropathy (RN) [6-9]. Congenital reflux
nephropathy has also been coined and refers to RN in the context of VUR with a congenital
renal malformation, and is often observed in the absence of pyelonephritis. RN is a major
cause of end-stage renal disease (ESRD), accounting for 10-15 % of all children who
require long-term dialysis and renal transplantation [10, 11]. RN is defined histologically by
the presence of interstitial infiltration with chronic inflammatory cells, tubular basement
membrane thickening, tubular cell atrophy with dilation of tubules, medial and intimal
thickening of arteries and arterioles, and fibrosis surrounding glomeruli and tubules [12-14].
The fibrosis is mediated by myofibroblasts that appear to arise from a diverse range of
precursor cell types including epithelial cells, endothelial cells, smooth muscle cells, and
pericytes, and in response to inflammatory cytokines such as transforming growth factor-pg1
(TGF-p1) [15, 16]. It is worth mentioning that while a number of fate-mapping studies have
been conducted to elucidate the source of myofibroblasts in renal fibrosis, this has not been
done in a model of RN. TGF-B1 is a key mediator in the pathogenesis of renal fibrosis and is
known to be released by myofibroblasts, tubular epithelial cells, as well as activated
leukocytes in response to infection [15, 17-23]. TGF-B1 mediates the renal fibrotic response
in many ways: it stimulates excessive production of ECM, it impairs degradation of ECM,
and it induces epithelial-mesenchymal transition (EMT) to generate fibroblasts during
progression of fibrosis. Interestingly, a recent study has shown that TNXB can promote

Pediatr Nephrol. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tokhmafshan et al. Page 3

EMT when its C-terminus binds to the TGF-B1 latency complex, resulting in the activation
of TGF-B1 signaling (Fig. 1b) [22, 24, 25].

Natural history of VUR

Longitudinal studies have shown that ~50-65 % of cases of non-syndromic primary VUR
undergo spontaneous resolution with age [26—29]. Not much is known about the mechanism
leading to this resolution, however the elongation of the intravesical ureter (0.5 cm at birth
vs. 1.5-2.5 cm in adulthood) due to somatic growth has been offered as an explanation for
the improved function of the UVJ [30-32]. Alternatively, morphological changes in the
bladder and ureter smooth muscle layer and its supporting ECM microenvironment could be
the basis for why VUR resolves over time.

Histology of the UVJ in VUR

The UVJ in humans has three distinct layers: the urothelium, the lamina propria, and the
musculature layer. The urothelium is the innermost mucosal layer of the UVJ, and consists
of a highly elastic and impermeable transitional epithelium. The urothelium includes the
umbrella cell, the intermediate, and the basal cell layer [33, 34]. A single layer of
multinucleated hexagonal-shaped cells, known as the umbrella cells, is directly exposed to
urine and contributes to structural plaques seen by scanning electron microscopy. The
umbrella cells express a specialized multi-protein complex of transmembrane glycoproteins
known as uroplakins. Their function is not yet fully understood, however they maintain the
permeability barrier of the uroepithelium, they regulate bladder contractions, and they play a
role in closure of the UVJ [33, 34]. Glycosaminoglycans (GAGs) are ECM components that
cover the apical surface of the urothelium and create a water barrier due to their high affinity
to water. The GAG layer prevents the adherence of ions, proteins, microcrystals, and
bacteria to the epithelium [35-38]. Below the urothelium is a thin layer of loose connective
tissue known as the lamina propria. This layer is highly compressible and rich in afferent
and efferent nerve endings as well as fibrillary collagens. Moving basally, smooth muscle
fascicles are detected towards the outer edges of lamina propria; they then fuse to form a
well-differentiated smooth muscle (SM) layer. The SM layer is uniform in thickness, and is
longitudinal, unlike the rest of the ureter that contains both circular and longitudinal muscle
bundles [39, 40]. The longitudinal muscles at the UVJ intercalate with the inner longitudinal
muscle fibers of the detrusor. A combination of these fibers and the middle circular, and
outer longitudinal muscle fibers of the detrusor form the roof of the UVJ. In contrast, the
floor of the UVJ is made only from the inner circular and outer longitudinal layers of the
detrusor. The specific arrangement of the detrusor and ureter muscle bundles is vital in
providing firm support to the intravesical ureter and in preventing VUR [32, 41].

Histological studies of resected segments of UVJs from patients with reflux reveal the
presence of severe atrophy and degeneration in the musculature with replacement by
collagenous matrix. This perturbs the muscle: collagen ratio from the normal 1:0.3 to 1:3
[42-47]. The marked increase in the amount of collagen present is predicted to increase the
stiffness of the SM layer and impair the occlusion of the UVJ. The ECM undergoes dynamic
changes in its structure and composition as part of normal tissue homeostasis and repair, a
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process known as ECM turnover. As an example, collagen deposition is regulated by de
novo synthesis and proteolytic degradation via a group of enzymes known as matrix
metalloproteinases (MMPs). In states of health, the activity level of MMPs is low, while in
disease and inflammatory states, increased activity is observed [48-50]. UVJs from patients
with VUR show signs of pathological changes in the ECM as indicated by an increase in the
expression of MMPs and the profibrotic cytokine TGF-B1 [45]. The same study noted that
the expression levels of a number of growth factors critical to the growth and homeostasis of
the SM layer (i.e., vascular endothelial growth factor (VEGF), insulin-like growth factor
(IGF), and nerve growth factor (NGF)) were significantly lower in refluxing UVJs as shown
by immunohistochemistry [45]. Other ECM changes that were noted included an increase in
the expression of a tenascin, Tenascin C, fibronectin, and tetranectin within the smooth
muscle layer of refluxing UVJs compared to control UVJs [45]. Refluxing UVJs show a
decrease in density of capillaries due to a reported decrease in VEGF expression [44].

Surgical treatment of VUR

Ureteric re-implantation surgery and injection of a bulking compound in the submucosal
layer at the orifice of the ureter are surgical techniques that correct VUR. The objective of
ureteral re-implantation surgery is to lengthen the intravesical ureter. Introduction of bulking
agents into the UVJ involves submucosal injection of biocompatible bulking agents
including collagen is cross-linked with glutaraldehyde for injection, autologous fat, silicone,
chondrocytes, and most commonly dextranomer/hyaluronic acid (Dex/HA). It is
hypothesized that these compounds prevent VUR by elevating and narrowing the ureteral
orifice. Post-injection, histological studies of human and animal UVJ segments show that
both Dex/HA and collagen implants lead to histopathological changes in the ECM [51-57].
These changes include fibroblast invasion, collagen deposition, an increase in a-smooth
muscle actin (a-SMA) surrounding the Dex/HA microspheres, and a foreign-body
inflammatory response (granulation). The changes in the ECM microenvironment are
predicted to increase the tensile forces at the UVJ and prevent VUR in addition to the
structural narrowing of the ureteral orifice that is created by the presence of the bulking
agent.

Molecular composition and biomechanical properties of the ECM

The biomechanical properties of a tissue dictate its response to internal or external forces
and are specified by the composition of the extracellular matrix (ECM) microenvironment.
Three important biomechanical properties are tensile strength, compliance, and recoil.
Tensile strength refers to a tissue’s resistance to deformation, tearing or rupture when
distended (i.e., stretched), and is defined by the amount, the organization, and the types of
collagen that are present. Compliance is the ability of a tissue to distend with pressure, and
is inversely related to a tissue’s tensile strength and stiffness. Recoil refers to a tissue’s
ability to regain its original shape and dimension after an internal or external force is
removed, and is defined by the quantity and the quality of elastic fibers. Aside from the
collagens and elastin, the ECM consists of many other secreted glycoproteins (e.g.,
fibronectin, fibrillins, laminins), enzymes that post-translationally modify these components
(e.g., lysyl oxidase), and proteinases that cleave peptide bonds (e.g., metalloproteinases) and
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facilitate ECM turnover [58]. The combination of these macromolecules within each tissue
type is unique, and is determined during development through a dynamic biochemical and
biophysical dialogue between various cellular components. A second category of ECM
components consists of matricellular proteins such as thrombospondins and tenascins (i.e.,
Tenascin-C and Tenascin-XB) that regulate the formation or deposition of ECM components
(i.e., collagen and elastin), and that modulate cell function through cell-matrix interactions.
Of particular interest with respect to VUR is Tenascin-XB (TNXB), which is the largest
member of the tenascin family of glycoproteins.

Collagen fibrils and tensile strength

Collagens are the best-characterized components of the ECM due to their great abundance in
the body (~30 % of total protein). There are 28 types that are classified based on their ability
to form fibrils into fibrillary and non-fibrillar collagens [58, 59]. Type I, 11, I11, V, XI, XXIV,
and XXVII are all fibril-forming collagens with types I, I11, and VV most relevant to the
urinary tract and the connective tissue disorders described in Table 1.

Each collagen molecule is composed of a triple helix of three polypeptide chains called a-
chains. While the a-chains have some degree of structural similarity (i.e., they are all made
of repeating Gly-Pro-X, where X can be any amino acid), their differences distinguish the
types of collagen [59-62]. Collagen molecules can be homotrimers (i.e., triple helices made
of the same a-chains), or heterotrimers. The trimers are organized into supramolecular
structures that are tissue-specific and define each tissue’s biomechanical properties.
Collagen fibrils are assembled from triple helices as mixtures of two or more types of fibril-
forming collagens. The initiation of fibrillogenesis, as well as the thickness of the fibrils, is
regulated by type V and type XI collagens [59-65]. As fibrillogenesis proceeds, two types of
fibrils are formed: thick fibrils with larger cross-sectional area, and thin fibrils with smaller
cross-section and better ability to form bonds with adjacent fibrils [59-61]. Thick fibrils
have more tensile strength while thin fibrils provide higher resistance to distension.

Type | collagen, as the major contributor to tensile strength of tissues, forms thick fibrils and
is expressed in most connective tissue. Type 11 collagen forms thinner fibrils than type I, has
greater distensibility, and is therefore enriched in relatively elastic tissues such as lungs and
blood vessels. Type 111 collagen forms heterotypic fibrils with type I collagen, and is crucial
for type | fibril formation [59-62, 65-67]. Type V collagen is much less abundant, its major
role is to regulate fibrillogenesis including the control of fibril size and diameter.

Elastic fibers and recoil response

Elastic fibers endow tissues with the ability to regain their original shape and dimension
when undergoing repeated cycles of stretching [68—70]. Elastic fibers consist of an inner
core of cross-linked elastin surrounded by microfibrils that are made of fibrillin. The
deposition and cross-linking of elastin onto the fibrillin microfibrils is facilitated by
members of the fibulin family (i.e., fibulin-4 and fibulin-5).

The protein tropoelastin, encoded by the elastin gene (ELN), is the fundamental component
of elastin. The newly translated tropoelastin monomers are secreted into the extracellular
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environment where they are cross-linked to form elastin [70-72]. The ELN gene is
expressed as early as 17 weeks of gestation, and is highly expressed in the first few years of
life, allowing further development and growth of tissues in need of elastic recoil. At later
ages, the expression of ELNis down-regulated, consistent with the observation that tissues
lose their recoil properties over a lifespan [70, 73].

Fibrillins are a family of secreted glycoproteins with fibrillin-1 as their most abundant
isoform [74, 75]. The precise mode of assembly of fibrillin microfibrils is unknown, but they
are arranged as parallel bundles of four to eight fibrillin molecules that are joined in series in
a head-to-tail manner [76]. The fibrillin microfibrils form a scaffold for the deposition of
elastin; therefore perturbations in their synthesis will impair elastic fiber assembly [71, 76].
Fibrillin microfibrils play a key role in the regulation of TGF-p1 signaling in elastic tissues
such as lungs and arteries. A number of proteins associated with fibrillin microfibrils bind
and sequester TGF-p1 to prevent downstream signaling [70, 77, 78].

Fibulins are a family of seven secreted glycoproteins that interact with a variety of different
ECM components and function in cell adhesion, migration, and proliferation. Fibulin-4 and
-5 are crucial to elastic fiber assembly as they facilitate the deposition and cross-linking of
elastin within the fibrillin microfibril scaffold [71, 79, 80]. Fibulin-5 is required for the
development of the vasculature and the neural crest and down-regulates the transcription of
TGF-B1 [80].

Tenascin-XB and tissue biomechanics

TNXB is a large protein with five distinct domains: a signaling domain, four heptad repeats,
18.5 epidermal growth factor (EGF)-like repeats, 32 fibronectin type 111 (FNIII) repeats, and
a fibrinogen (FBG)-like globular domain at its C-terminus [81]. The heptad repeats facilitate
the trimerization of TNXB, while the FNIII repeats endow it with conformational flexibility
to physically contact other ECM components [82, 83] (Fig. 1). Like many other ECM
components, TNXB has a cellular and molecular attachment site flanked by the arginine-
glycine-asparagine sequence known as the RGD-motif. TNXB interacts with type I, 11, V,
XII, and X1V collagens via its EGF-like and FNIII repeats as well as its FBG-like domain
[82-87]. Evidence that these interactions with collagens are functionally important has been
revealed through the study of mutant mouse models and humans with mutations in 7AXB.
Tnxb™~ mice, and humans with heterozygous and homozygous mutations in 7AVXB, have
hyperextensible skin [88-94]. Analysis of the skin of affected mice and humans has revealed
that the collagen fibrils within the skin are not tightly packed, but spaced further apart, and
this is associated with a decrease in the expression of type | collagen [92, 94-97]. In
addition, there is a reduction in the quantity and quality of the elastic fibers that appear
slender and fragmented. This is not surprising, given the fact that TNXB has been shown to
interact with tropoelastin, the main component of elastic fibers, through its C-terminal
region that includes the last few FNIII repeats and the FBG globular domain [98, 99]. In
summary, TNXB influences the biomechanical properties of tissues by regulating the
formation and stability of both collagen fibrils and elastic fibers.
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In addition to its functions in tissue architecture, TNXB has regulatory roles in cell
attachment, matrix turnover, and in the bioavailability of TGF-1. In vitro studies have
shown that TNXB, like other members of the tenascin family, has anti-adhesive properties
and can cause cell detachment [100, 101]. Both in vivo and in vitro studies have shown that
TNXB can negatively regulate matrix metalloproteinases (MMPs), and therefore modulate
ECM turnover [102, 103]. TNXB interacts with vascular endothelial growth factor B
(VEGF-B) through its FN Il repeats, and this promotes endothelial cell proliferation [25,
104]. Finally, TNXB has been shown to modulate the bioavailability of TGF-B1 through
activation of the latent form of TGF-B1 [25].

Biomechanical components of the ureter and the bladder

The ureter is a fibro-muscular tube that propels urine from the kidneys to the bladder
through wave-like muscular contractions or peristalsis, the amplitude and frequency of
which depends on the urine volume. As part of peristalsis, the ureteral wall exhibits
multidirectional tensile strength and recoil. With every contractile wave, the urine bolus is
pushed forward, distending the ureteral wall, while simultaneously, proximal to the bolus,
the wall recoils back to its original shape and dimension. The smooth muscle layer drives the
contractile wave and provides structural support, while collagen fibrils within the lamina
propria and the connective sheath surrounding the smooth muscle regulate the tension within
the ureter wall through repeated cycles of uncoiling and recoiling of the collagen fibrils. The
limited data available on the collagen composition of the human ureter indicates the
presence of both type I and type I11 collagen fibrils [105]. Biomechanical studies have
shown that the ureter has higher tensile strength along its longitudinal axis perhaps due to
the presence of more longitudinally oriented collagen fibrils within the lamina propria layer
[106-108].

Recoil is required by the ureter in two contexts: to restore the distended portion of ureter that
contains the urine to its original shape and to reopen the tubular lumen after it has been
occluded during a peristaltic wave. The integrity and abundance of elastic fibers facilitates
the recoil of the ureter wall. Elastic fibers are detected within the urothelium, the lamina
propria, and the smooth muscle layer [109].

The intravesical portion of the ureter (IVU) lacks circular muscles, and therefore is unable to
generate peristaltic waves. The passage of urine through the IVU depends on the pressure
gradient between the extravesical portion of the ureter and the IVU. Because the IVU is
narrower than the extravesical ureter, maintaining low pressure within the 1VU is dependent
on low resistance, which is determined by the composition and amount of collagens.

Tensile and recoil properties are also critical to the function of the bladder that undergoes
repeated cycles of filling and emptying. The continuous distension of the bladder during
filling (i.e., storage phase), and its recoil during emptying (i.e., voiding phase) depends on
the integrity of the detrusor muscle bundles as well as the tensile properties of the fibrillary
collagens and the recoil properties of the elastic fibers. Indeed, biomechanical studies have
shown that lamina propria, which is rich with collagen fibrils and elastic fibers, is
responsible for bearing most of the mechanical load of the bladder (i.e., resistance,
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compliance, and recoil) [110-112]. Biochemical and histological studies have shown that in
the normal human bladder, the collagen composition is approximately 75 % type | collagen
fibrils and 25 % type 111 collagen fibrils [113]. The thick type I collagen fibrils provide
tensile strength and resistance against deformation, while the thinner type 111 collagen fibrils
facilitate compliance and distension. As with the ureter, the elastic fibers of the bladder
facilitate its recoil post-micturition.

For urine to flow freely across the 1\VU and into the bladder, the pressure of the bladder
during the storage phase must remain low. The occlusion of the IVVU upon completion of the
storage phase and initiation of the voiding phase depends on the contraction of the detrusor
muscle and the transiently higher pressure inside the bladder.

Ehlers—Danlos syndrome and mutations in fibrillary collagens

Ehlers—Danlos syndrome (EDS) encompasses a spectrum of monogenic disorders primarily
affecting the skin, the ligaments, the joints, blood vessels, and internal organs [114, 115].
EDS is currently classified into six subtypes, most of which have been associated with
mutations in genes that encode fibrillary collagens or the enzymes involved in post-
translational modification of these proteins [115].

Classical types of EDS are associated with mutations in genes encoding either the a.1- or
a2-chains of type V collagen. Vascular type EDS is caused by mutations in the gene
encoding the al-chain of type Il collagen. The arthrochalasia type, characterized by hip
dislocation, is caused by mutations in the genes encoding either the al- or a2-chain of type
| collagen [115].

Much of what is known about the ECM derangements in connective tissue disorders
including EDS has been gathered through skin biopsies and fibroblast cultures. These
studies have revealed that most EDS subtypes exhibit disrupted collagen fibrillogenesis, as
indicated by irregular and loosely packed collagen fibrils [116-119].

The most commonly reported urinary tract phenotype among individuals with various types
of EDS is bladder diverticula; there are at least 30 reported cases [118, 120-136]. Some
reports describe cases of recurrent upper urinary tract infections (UTIs), urinary
incontinence, VUR, and reflux nephropathy [118, 120-123, 125-127, 134, 136]. No large-
scale studies have been conducted to investigate the incidence of bladder diverticula and
VUR amongst patients with EDS.

Joint hypermobility and fibrillary collagen perturbations due to mutations

in TNXB

Generalized joint hypermobility is seen in~ 40 % of school-age children depending on race,
ethnicity, and gender, and is diagnosed using criteria established by Beighton (1998) [137-
142]. Generalized joint hypermobility is also seen in many heritable connective tissue
disorders including Marfan syndrome and joint hypermobility type EDS (HT-EDS). HTEDS
is characterized by joint laxity, recurrent joint dislocations, musculoskeletal pain, as well as
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soft velvety skin that is slightly hyperextensible [143]. There are no specific clinical criteria
to distinguish between generalized and EDS type hypermobility, therefore, many clinicians
believe they arise from the same mechanism [144, 145]. This is of particular interest because
of the high prevalence of individuals who have both joint hypermobility and VUR. Van
Eerde et al. studied 50 children with VUR and found that they had a fourfold greater
likelihood of having joint hypermobility than age-matched controls without VUR [146].
These results have been echoed by Pournasiri et al., Beiraghdar et al., and Adib et al., who
demonstrated that patients with joint hypermobility have an increased likelihood of having
VUR compared to the general population [147-149].

HT-EDS is reported to have an autosomal dominant mode of inheritance, with variable
penetrance and incomplete expressivity influenced by sex [150]. While the major fibrillary
collagens (i.e., type I, 111, and V) have been ruled out as candidate genes by linkage studies,
a subset of patients with HTEDS have been found to harbor heterozygous or homozygous
mutations in the ECM glycoprotein, Tenascin-XB [89, 97]. We recently identified a large
extended pedigree with autosomal dominant inheritance of VUR and joint hypermobility
due to missense mutations in 7A/XB [4]. We then screened children with familial and non-
familial primary VUR and identified rare variants in 7AXB in 9 % of familial cases (5/57)
and 4 % of sporadic cases [5]. These results suggest that VUR may commonly occur in the
presence of joint hypermobility and that Tenascin-XB and other ECM genes that are
regulated by 7AV.XB are all candidate genes that could explain these combined phenotypes.

Cutis laxa, Marfan syndrome, and Williams syndrome, and mutations in

elastic fiber components

Cutis laxa is a genetically heterogeneous group of rare connective tissue disorders (incidence
of ~1:400,000) characterized by the presence of sagging and inelastic skin [151]. The
autosomal dominant form is caused by mutations in elastin (ELN) or more rarely in fibulin 5
(FBLN5) and presents later in life, typically with the following features: inelastic and
redundant skin, aged appearance, high forehead, large ear lobes, cardiac disease, and
pulmonary disease including bronchiectasis and emphysema [151]. The autosomal recessive
form of cutis laxa is caused by mutations in fibulins, namely fibulin-4 and -5 genes, and
presents in early childhood with a number of features including: severe cardiac disease (i.e.,
aortic aneurysm), pulmonary emphysema, inguinal and umbilical hernias, gastro-esophageal
reflux, and diverticula formation in the intestines [151]. Most children with the recessive
form of cutis laxa die in early childhood or before puberty from cardiac or pulmonary failure
[151]. Urinary tract defects are described in a number of case series and include VUR and
bladder diverticula [152-155]. Pathogenic mutations of FBLN4and FBLN5result in
abnormal protein folding that prevents secretion of the protein so that is not available to
cross-link elastic fibers. This leads to a shortage of elastic fibers and a reduction in tissue
recoil [151, 152].

Marfan syndrome is a common (prevalence of ~1:10,000) multisystem disorder
characterized by musculoskeletal (e.g., hypermobility), cardiovascular, and ocular
abnormalities. Dominantly inherited mutations in fibrillin-1 are the cause of this syndrome
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and alter the stability of the protein, resulting in its enhanced degradation [75, 156, 157].
The reduction in fibrillin-1 protein impairs the formation of the fibrillin microfibrils that
form the scaffold to assemble the elastic fibers [75, 156, 157]. From case series, urinary tract
phenotypes have been reported in Marfan syndrome and include: voiding dysfunction,
bladder diverticula, and VUR [158-160].

Williams syndrome is a common (prevalence of ~1:10,000) disorder caused by the
hemizygous deletion of a specific region of chromosome 7 that removes 26 to 28 genes,
depending on the size of the deletion [161, 162]. The large deletion typically includes the
elastin gene (ELN), which accounts for the connective tissue and cardiovascular phenotypes
noted with the disorder. The haploinsufficiency for the elastin gene results in 50 % less
elastin protein, a reduction in the formation of elastic fibers, and impaired recoil for all
tissues. Affected individuals exhibit varying ranges of intellectual disability, unique
personality characteristics, distinctive facial features, cardiovascular and joint problems, as
well as fragile and sagging skin. The urinary tract phenotypes reported for this syndrome are
bladder diverticula and VUR. Amongst the connective tissue disorders discussed in this
review, Williams syndrome is the only one with larger-scale case series that have
systematically screened patients for urinary tract phenotypes. A combined total of 213
patients with a variety of urinary tract phenotypes have been evaluated of which 20 % have
bladder diverticula and 7 % have VUR [163-167].

Making connections: how biomechanical anomalies of the ureter and the

bladder can cause VUR

The normal physiological function of the urinary tract requires a delicate balance of tensile
strength and recoil that is mediated by the composition and abundance of collagen fibrils and
elastic fibers. In the setting of a genetic predisposition or an acquired injury that perturbs the
balance, urinary tract defects will arise. An increase in tensile strength could arise from an
increase in the production and deposition of fibrillary collagens, particularly type I fibrils.
This could arise in the setting of fibrosis with activation of the TGFp1 signaling pathway.
An increase in tensile strength in the ureter is predicted to result in high resistance and an
increase in the intraureteral pressure that could impede the flow of urine into the VU by
diminishing the amplitude of the contractile wave. In the IVU, the increased stiffness would
impair its closure and promote VUR. Within the bladder, the decrease in bladder wall
compliance would result in higher bladder pressures with filling that would diminish the
pressure gradient between the 1VVU and the bladder, thereby promoting VUR. High
resistance in the bladder would also result in high-pressure voiding that could predispose to
the formation of diverticula.

A decrease in tensile strength could arise from a decrease or derangement in type | collagen
fibrils as seen in classic, arthrochalasia, and hypermobility type EDS. In the ureter, a
decrease in tensile strength is predicted to result in less resistance to distension and a
reduction in intraureteral pressure. Because type 111 collagen forms heterotypic fibrils with
type |, a reduction in type | collagen could result in an adaptive increase in production of
type Il fibrils. An increase in type Ill fibrils could increase the distensibility of the ureter
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and impede its ability to withstand repeated cycles of distension and recoil as part of the
contractile wave, giving rise to megaureter [105]. In the IVVU, a decrease in tensile strength
coupled with an increase in distensibility would lead to an over-stretched lumen that would
not be completely occluded and therefore prone to VUR. In the bladder, the loss of tensile
strength and the increase in distensibility could promote the formation of bladder diverticula,
like the Hutch diverticulum, and could also promote VUR secondary to ineffective closure
of the IVU.

A decrease in recoil could arise from a deficiency in elastic fibers due to a genetic origin
from loss-of-function mutations in the genes encoding tropoelastin, fibrillin, and fibulin, as
seen in cutis laxa, Marfan, and Williams syndrome or secondary to injury. A decrease in
recoil is predicted to impair contractile waves along the ureter and predispose to megaureter.
In the IVU, the loss of recoil is expected to maintain a patent VU even during voiding and
promote VUR. In the bladder, impaired recoil would result in a distended and deformed
bladder and a predisposition to the formation of diverticula and potentially VUR.

The high prevalence of joint hypermobility in children with VUR could reflect a decrease in
tensile strength and/or a decrease in recoil in both the joints and the UVJ. Indeed, mutations
in TANNXB result in a decrease in tensile strength as well as perturbed recoil and explain some
cases of VUR with joint hypermobility. We would speculate that mutations in other ECM
genes that affect tensile strength or recoil are also candidate genes that warrant investigation
in affected families.

Conclusions

Our current understanding of urinary tract phenotypes among individuals with connective
tissue disorders is limited by the few published case reports and series that describe small
numbers of patients. Based on what is known about the ECM composition and
biomechanical properties of the IVU and the bladder, we would predict that the association
of VUR and bladder diverticula with hereditary connective tissue disorders is much more
prevalent than reported. We would recommend that future research needs to focus on
systematic assessment of patients with hereditary connective tissue disorders to determine
the frequency of urinary tract defects in this population. Future research should also identify
and evaluate patients with VUR and joint hypermobility so that this phenotype can be better
defined in terms of prevalence, genetic risk factors, and long-term prognosis.
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Fig. 1.
a Schematic representation of human tenascin-XB (TNXB) protein monomer and its major

domains. SPX refers to a serine/prolinerich region in the FN 111 repeats thought to be
important in phosphate homeostasis. RGD motif refers to the tri-peptide arginine, glycine,
and asparagine sequence known to be a cell attachment site. b Model of interaction of
TNXB with various ECM components. TNXB exists as a trimeric supramolecule and
interacts with multiple components of the ECM. It has been shown to interact with fibrillary
collagens through its EGF-like domains, FN Il repeats, and FBG-like domain. At its C-
terminus, TNXB interacts with tropoelastin, the major component of elastic fibers. TNXB
modulates bioavailability of TGFB1 (/ight purple) through interaction with the latency-
associated peptide
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Extracellular matrix syndromes with VUR as a urinary tract phenotype
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Renal and urinary tract

Syndrome Inheritance Gene Characteristic features phenotypes
Cutis laxa Autosomal dominant, ELN FBLN4, Lax and inelastic skin, vascular VUR, bladder diverticula
Autosomal recessive FBLN5 anomalies, gastrointestinal diverticula,
ATPEVOAZ, abdominal hernia, genital prolapse

Ehlers-Danlos  Autosomal dominant,
Autosomal recessive

Marfan Autosomal dominant

Williams Autosomal dominant

ATP7A, EFEMP2

ADAMTSZ, COL-I-
Al, COL-I-A2,
COL-Ill-A1, COL-
VAL, COL-V-AZ,
PLODI, TNXB

FBN1

ELN

Hyperextensible skin, joint
hypermobility, poor wound healing, easy
bruising and scarring, molluscoid
pseudotumors, subcutaneous spheroids,
muscle hypotonia

Increased height, disproportionately long
limbs and digits, anterior chest
deformity, joint laxity, vertebral column
deformity, highly arched palate

Cardiovascular defects, mental
retardation, joint, skin, and facial
abnormalities

VUR, bladder diverticula

VUR, bladder diverticula

VUR, bladder diverticula,
Renal artery stenosis,
agenesis, ectopia

VUR vesicoureteral reflux
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