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Abstract

While traditionally the function of the extracellular matrix and the basement membrane was
considered to be providing structural support, it is now clear that this only covers one aspect
of its multiple functions. This is also illustrated by our growing knowledge of the role of collagen
IV, a major component of basement membranes, in development, health and disease. With
the extracellular matrix and collagen IV increasingly being recognised as key players in a
growing number of diseases from stroke and vascular defects to kidney disease, deafness
and eye abnormalities, it is paramount that we increase our fundamental understanding of
these complex molecules ranging from their biosynthesis to their role in human disease.
Recently, exciting progress has been made in delineating the mechanisms by which mutations
in collagen IV cause disease, and these are being exploited to develop mechanism-based
treatments. Yet many important questions remain that need addressing to develop treatments

for diseases associated which collagen IV.



1. Introduction

The vertebrate genome encodes 28 types of collagen, which is the most abundant protein of
the human body, of which type IV collagen is evolutionarily the most ancient [1-3]. Collagen
IV is a major protein component found almost exclusively in the basement membrane (BM),
constituting up to 50% of its protein mass, although recent evidence from Drosophila has

proposed a non-BM mediated role in adipocyte adhesion [4].

The BM is a specialized sheet like structure in the extracellular matrix (ECM), present in almost
all tissues. BMs underlie epithelial and endothelial cell layers, surround adipocytes [5, 6],
neurons [7], skeletal muscle fibres [8], cardiomyocytes [9] and smooth muscle cells [10], and
are present in the synaptic cleft of neuromuscular junctions [11, 12]. BMs have several
important functions, including compartmentalizing tissues, providing structural support and
modulating cell behaviour, signalling and tissue repair [13-15]. For a more in depth review on
BM function, we direct the reader to [16, 17]. Major BM components are laminin, nidogen, the
heparan sulfate proteoglycan perlecan, and collagen of which collagen IV is the major type
[18]. In vertebrates laminin is required for initial BM assembly and collagen IV recruitment [19,
20] although recent elegant data from C. elegans showed this may not apply to all BMs [21].
Collagen IV is necessary for BM maintenance and nidogens act as a bridge between laminin
and collagen IV [18, 20, 22]. Perlecan is the predominant proteoglycan and its deposition is

dependent on collagen IV in at least some BMs [23].

Each BM has its own composition and combined with the interactions of these BM components
with cells and other secreted proteins (e.g, growth factors), allows BMs to carry out their
different functions. Thus, each BM is uniquely tailored. The importance of BM and collagen IV
for biology and physiology is illustrated by the diseases associated with alterations in the BM
and collagen IV. In general, these are rare severe multisystemic disorders for which treatments
are urgently needed. However, it is also becoming clear that the BM and collagen IV play an

important role in common forms of disease in the general population [24-31].


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/basement-membrane

Here we will provide an overview of collagen IV biology and focus primarily on Mendelian
disorders due to collagen IV mutations. Collagen IV also has been analysed in a wide
spectrum of pathologies including fibrosis, diabetes, cardiomyopathy to name but a few. While

some of these will be mentioned, these are not the focus of this review.

2. Collagen IV

In 1966 Dr. Nicholas Kefalides described collagen IV in vertebrates while studying extracted
glomerular basement membranes from dogs as a glycoprotein with abnormal levels of
hydroxyproline and hydroxylysine [32]. He and others subsequently identified the end of
collagen IV protomers are not cleaved in contrast to fibrillary collagens [33, 34]. Since then
collagen IV has remained the topic of intense research ranging from its fundamental
biochemistry, gene and protein structure function, as well as its expanding role in

pathophysiology and disease.

The transition from single cell organisms to multicellular tissues necessitated a cellular
microenvironment [2, 35] which was provided by the ECM. The spongin variant of collagen IV
was a primordial component [36] and enabled ECM assembly and genesis of multicellular
tissues [1-3]. Ctenophora represent one of the earliest branching extant animal phyla in which
a BM and collagen IV have been identified, and their features are comparable between non-
bilaterian and bilateria animal phyla [2, 37-39]. In contrast, related unicellular groups do not
encode collagen IV [2]. Remarkably, ctenophores express up to twenty collagen IV genes [2],
compared to six in vertebrates, illustrating conservation and adaptation dating back >0.5 billion

years [40, 41].

3. Gene organisation and regulation

In vertebrates three pairs of paralogous genes (COL4A1, COL4A2, COL4A3, COL4A4,
COL4A5 and COL4A6), encode the collagen IV alpha chains a1(IV)-a6(IV) (Figure 1).
The genes are arranged in a head-to-head configuration separated by a communal promoter

and transcribed in opposite directions [42-47]. COL4A1 is paired with COL4A2, COL4A3 with



COL4A4, and COL4AS with COL4A6 (Figure 1). The alpha chains interact to generate three
collagen IV protomers, ala1a2(lV), a3a4a5(lV) and a5a5a6(1V), that form the different
collagen IV networks in the BM.

This genomic organisation is the result of three independent duplication events in evolution
following the duplication and inversion of the ancestral COL4A1 gene to give rise to COL4A2
[46]. The next duplication resulted in the COL4A3/COL4A4 pair with the final duplication
generating the more closely related COL4A5/COL4A6 [46]. Based on intron-exon structure
and protein sequences the a-chains can be divided into the a1(lV) group containing a1(IV),

a3(IV), and a5(1V), and the a2(IV) group with a2(IV), a4(IV) a6(IV) [48].

3.1 COL4A1 and COL4A2

The COL4A1 and COL4A2 genes consist of 52 and 48 exons respectively, and are located in
a ~370 kB locus on human chromosomal region 13934 and mouse chromosome 8.
Throughout the 1980s and 1990s experiments using plasmid expression systems provided
the first insights into the regulation of COL4A71 and COL4A2 transcription. COL4A1 and
COL4A?2 are separated by a mere 127 nucleotides, in which there is a bi-directional promoter
(Figure 1) [42, 49]. The promoter has a palindromic sequence with an A/T intense region 30
base pairs (bp) upstream from the transcription start site and accordingly lacks the usual TATA
box [42, 49, 50]. The promoter contains three key elements, found also in other BM proteins:
a CT box, a CCAAT box and GC box, that bind the transcription factors CTCBF, CCAAT
binding protein and Sp1 respectively [42, 49, 51, 52] (Figure 1). The bi-directional promoter
can be considered as a small region of two overlapping gene specific promoters [52] that are
not transcriptionally active [42]. Transcription depends on gene specific enhancers in introns
1 of COL4A1 and COL4AZ2 that promote binding of CTCBF, CCAAT binding protein and Sp1
[42, 51, 52] in the short promoter [52]. These cis-acting enhancers act cooperatively and
competitively [53], perhaps in part, by causing steric hindrance, enabling gene specific

transcription. There is also a silencer in intron 3 of COL4A2 that affects transcription of both



genes [53, 54] (Figure 1). These cis- and trans-acting elements enable a tightly controlled
regulation of transcription with different levels of transcriptional activity of COL4A1 versus
COL4A2. This correlates with a ~2:1 ratio of COL4A1 versus COL4A2 mRNA levels reflecting
ala1a2(lV) composition [53, 55]. Collagen 1V is also transcriptionally regulated by members
of the Smad family (including Smad1 and Smad2) and DDR1 [56-58], but their binding sites

remain poorly defined.

COL4A1/COL4A2 expression is also regulated post-transcriptionally including by binding of
micro-RNAs (miR) to the 3’'UTR of COL4A1 including miR-29 [59, 60]. The miR-29 family
consists of miR-29a, b, and c. In vitro COL4A1 mRNA levels were regulated by miR-29c [61],
which is also active in endothelial cells [62]. However, our knowledge regarding the post-

transcriptional regulation of collagen IV expression by non-coding RNAs remains poor.

3.2 COL4A3 and COL4A4

The COL4A3 and COL4A4 genes are located on human chromosomal region 2q36, and in
mice on chromosome 1 [63, 64]. They are located in a ~314 kB locus, are transcribed in
opposite direction and separated by a 164 bp bi-directional promoter (Figure 1). Similar to
COL4A1/COL4A2, the promoter contains a CpG island, GC boxes, CTC boxes and a CCAAT
box, and no TATA box (Figure 1). COL4A3 and COL4A4 compromise of 52 and 48 exons
respectively but two alternative first exons have been described for COL4A4, which can give

rise to two COL4A4 isoforms [47].

3.3 COL4A5 and COL4A6

The COL4A5 and COL4A6 genes consist of 51 and 46 exons respectively and are found on
the X chromosome within a single ~510 kB locus in humans (Xq22) and mice [46, 65, 66].
Their promoter is more complex and larger (~1400 bp) than for COL4A1/COL4A2 and
COL4A3/C0OL4A4, as COL4A6 has two promoters (Figure 1). This enables a tissue specific
COL4AG6 expression including divergent expression from COL4A5 [67, 68]. The two promoters

lead to usage of two transcription start sites generating two alternative transcripts with different
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first COL4A6 exons, and two a6(1V) isoforms with different signal peptides [45, 68, 69]. As for
the other gene pairs, the promoter has characteristics of those for housekeeping genes

including the absence of the TATA box and presence of CCAAT, CTC and GC boxes (Figure

1).

It should however be noted, that in part due to the complex organisation of the different loci
and the large size of the introns, our knowledge of the regulation of gene expression at the

transcriptional level remains incomplete.

4. Collagen IV protein domain structure and biosynthesis

Seminal rotary shadowing electron microscopy experiments revealed that collagen IV proteins
have a rod-like structure with a length of ~400 nm in which a central triple helical collagen
domain of around ~330 nm is book-ended by two globular domains that, in contrast to fibrillar
collagens, remain attached in the mature protein [70] (Figure 2). Collagen IV a-chains have
similar domain structures and 50—-70% homology at the amino acid level. Each a-chain, a rope
like structure, consists of a short N-terminal ~120 amino acid 7S domain, a central collagenous
triple helical domain (~1400 residues), and a C-terminal globular non-collagenous (NC) 1
domain (~230 residues) (Figure 2) [70-75]. The collagen domain, the defining feature of all
collagens, is made up of a 3 amino acid repeat (Gly-Xaa-Yaa) in which every third residue is
a glycine, and Xaa and Yaa can be any residue. Each chain also has functional subdomains
and potential binding sites for interacting proteins [75]. The NC1 domains contain a cryptic
peptide that can be released upon proteolytic cleavage. Following the initial identification of
the anti-angiogenic fragment tumstatin from a3(IV) [76], it became apparent that similar anti-
angiogenic fragments (24-28 kDa) can be released from the other a-chains [77]: arresten from
a1(lV), canstatin from a2(1V), tetrastatin from a4(1V), pentastatin from a5(1V), and hexastatin

from a6(1V) [77-83].

In contrast to archetypical fibrillar collagens, the collagen domain contains 21-26 interruptions

of the Gly-Xaa-Yaa triplet repeat [44, 46 Parkin, 2011 #202, 84-88]. It has been proposed that



all collagens have evolved from a single 54 bp ancestral exon and that alternative splicing
leading to incorporation of intronic sequences has generated these interruptions to the Gly-
Xaa-Yaa repeat [89, 90]. The interruptions vary in length from 1 to 24 nucleotides and while
their sequence is relatively poorly conserved between a-chains, their positions are highly
conserved [91]. These interruptions provide flexibility to collagen IV to form a network, while
also enabling proteolytic cleavage of the triple helix or serve as cell binding sites [73]. The
interruptions have also been proposed to strengthen lateral association between chains by

enabling intra-chain crosslinking [92-94].

As with all secreted proteins, during translation the nascent polypeptide is translocated into
the endoplasmic reticulum (ER) via transient signal peptides. In the ER, three collagen IV o-
chains interact to form a triple helical molecule called a protomer. Six different chains can
theoretically form 56 different combinations of triple helices, however only three heterotrimers
exist: atla1a2(lV), a3a4a5(1V) and a5a5a6(1V). The formation of protomers begins at the C-
terminal NC1 domain and in a zip like fashion the a-chains wrap around each other to form a
triple helix through to the N-terminal 7S domain. Following protomer folding and secretion in

ECM, protomers self-assemble into a three-dimensional network (Figure 2).

4.1 NC1 domains and initiation of protomer folding

The collagen IV NC1 domain is a globular ~13 nm domain [70], ~229 amino acid residues for
a1(IV) and a2(1V), that is highly conserved in evolution (~95% identity) and between a-chains
[44, 95-97]. The first stage of protomer formation is the interaction between NC1 domains of
three a-chains [98]. The 12 cysteine residues within the NC1 domains from intra- and inter-
chain disulphide bonds made by protein disulfide isomerase (PDI). The intrachain bonds form
a knot to give a compact NC1 domain structure similar to a 4 leaf clover [99]. The interchain
bisulfide bonds are important for alignment of the three a-chains before triple helix formation.
Recognition motifs within the NC1 domain of an a-chain establishes protomer composition by
selecting which a-chain it will bind to. This includes domain swapping interactions whereby
each domain extends a [3-hairpin motif into a corresponding docking site located in the variable

10
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region 3 (VR3) of the NC1 domain of the adjacent a-chain [100]. Non-covalent interactions
occur between the VR3 and the (-hairpin that determine chain specificity. For example, the
a2(lV) chain B-hairpin loop binds to the a1(lV) VR3 to initiate alala2(lV) formation
(Sundaramoorty et al 2002; Than et al 2002) whereby the reduced affinity of a2(IV) for a2(IV),
as compared to a1(lV), drives the 2:1 a-chain composition [100]. For a3a4a5(lV) and

a5a5a6(1V) this is driven by a4(lV) and a6(1V) respectively [100, 101].

The NC1 domain also prevents inappropriate intracellular cross linking/network formation and
initiates extracellular network assembly. This is related to the difference in chloride (CI)
concentration between inside the cell (~12 mM) and the ECM (~100 mM) [102]. The low
intracellular CI- concentration leads to the formation of an intrachain salt bridge between
residue Arg76 and Asp78 (and to a lesser extent Glu40) that blocks protomer oligomerisation
[103]. Once exposed to the higher extracellular CI- concentration the salt bridge destabilises

to enable initiation of network formation in the ECM [103].

4.2 Post-translational modification of collagen IV a-chains

The accurate intracellular assembly and folding of collagens requires a large set of proteins
and much of what we know has been obtained through analysis of fibrillar collagens (see also
Chapter 2 in this book by Sergey Leikin and co-authors). Over the years, excellent reviews
[104-106] have covered this topic in depth and we will provide a brief collagen IV orientated
overview. It should be noted that much of the folding and secretion of collagen IV remains
unclear, and this represents a knowledge gap that needs to be addressed to increase our

fundamental understanding of biology and diseases in which collagen IV is implicated.

Multiple enzymes, co-factors and chaperones are implicated in the successful assembly and
secretion of collagen IV. Following the interaction between NC1 domains, triple helix formation
occurs which is dependent on the Gly-Xaa-Yaa repeat. This protein folding requires post-
translational modification of the single unfolded a-chains (Figure 3). Within the Gly-Xaa-Yaa

repeat, Xaa and Yaa can be any residue but most often are proline (~28%) and hydroxy-
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proline (38%) respectively [107]. Proline can be hydroxylated at the fourth or third carbon of
the proline ring by the enzymes prolyl4-hydroxylase (P4H) and prolyl3-hydroxylase (P3H)
respectively (Figure 3) [107-110]. This hydroxylation provides thermal stability to the triple

helix by promoting electrostatic interactions [107].

Vertebrates have three isoforms of P4H and P3H (P3H1-P3H3). P4H is composed of two sub-
units (a and ) whereby PDI makes up the 8 subunit [109] (Figure 3). The importance of proline
hydroxylation has become clear through phenotypes of model organisms deficient for the
hydroxylases C. elegans deficient for P4H are embryonic lethal with defects similar to worms
with mutations in Emb-9 (COL4A1 ortholog) [111], while in mice heterozygous P4hat
deficiency caused embryonic lethality and defective collagen IV assembly [112]. Interestingly,
mutations in the catalytic domain of P4H1 cause a connective tissue/myopathy disorder

affecting tendon, bone, muscle and eye with reduced collagen IV staining in muscle BMs [113].

P3H acts on proline in the Xaa position of the collagen repeat (Gly-Xaa-HyP) after prolyl-4-
hydroxylation has occurred. Isoform 1 of P3H (P3H1) together with cyclophilin B and cartilage-
associate protein (CRTAP) forms a protein complex with chaperone activity [114], and
mutations in these proteins cause recessive osteogenesis imperfecta [106]. Prolyl-3-
hydroxylation causes a slight decrease in thermal stability [114] and is involved in mediating
interactions with other ECM components including nidogen in the BM [115-117]. The
expression pattern of P3H2 overlaps to a large extent with that of collagen IV [110] and P3H2
deficient mice develop a myopia-like phenotype with altered collagen IV hydroxylation in the
lens capsule [118]. The absence of overt phenotypes can be explained by a functional
redundancy [117], possibly with P3H3, which has a similar expression pattern [119]. For a

detailed review on proline hydroxylases we refer the reader to [120].

Lysine residues that are at the Yaa position of the collagen triplet can also undergo
hydroxylation by lysyl hydroxylases to provide binding sites for intermolecular collagen
crosslinks, influencing the biomechanical properties of the ECM, and subsequent
carbohydrate attachment (Figure 3) [104]. Mammals have three isoforms of lysyl

12



hydroxylases, LH1-LH3, which are encoded by the genes PLOD1-3 (procollogen-lysine 1, 2-
oxoglutarate 5-dioxygenase). The importance of lysine hydroxylation is underscored by the
embryonic lethality around 9.5 day postcoitum, and aberrant BM and collagen IV secretion in
mice deficient for Lh3 [121]. Defects in collagen processing and secretion also occur in lysyl
hydroxylase deficient worms and cause contraction-induced muscle defects similar to that
observed with collagen IV mutations [122]. In contrast to LH1 and LH2, LH3 is a multi-
functional enzyme that also possesses galactosyl- (GT) and glycosyltransferase (GGT)
activities responsible for modification of hydroxylysine to galactosylhydroxylysyl or
glucosylgalactosylhydroxylysyl, which is fundamental for collagen IV secretion and BM
structure. Very elegant mouse studies determined that the lethality of Lh3 deficient embryos
was due to lack of GT and GGT activities, and not LH activity, highlighting the critical

importance of the glycosyltransferase activities [123].

The clinical importance of galactosylation of hydroxylysine has also become apparent by the
identification of mutations in COLGALT1, which encodes collagen B (1-O)
galactosyltransferase 1, in patients with cerebral small vessel disease (Miyatake et al 2018).
Intriguingly, the clinical characteristics correspond with COL4A71 syndrome and functional
analysis in cell lines supported that the mutations affect a1(IV) processing [124]. While this
requires validation in vascular cell types and in vivo, and we need to establish if the disease
is due to processing defects of collagen IV alone (as compared to collagen IV and other
collagens), it suggests mutations in collagen modifying enzymes may contribute to COL4A1

syndrome.

4.3 Collagen triple helix folding

Collagen triple helix formation commences following binding between NC1 domains. The a-
chains wrap around each other in C to N-terminal direction to generate the central triple helical

collagen domain whereby the glycine residue is located in the centre of the helix. Areas that
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have formed a triple helix will cease to be subject to post-translational hydroxylation and

glycosylation.

For triple helix formation to occur all proline residues require to be in trans conformation but
proline occurs in nascent collagen polypeptide in a cis or trans conformation. Peptidylprolyl
isomerases (PPlases) mediate this conformational change and mutations in the PPlases
Cyclophilin B, FK506 binding protein, and parvulins [125] cause the classical collagen disorder

osteogenesis imperfecta [106], illustrating the importance of PPI for collagen folding.

Several chaperones are also involved in collagen folding. This includes PDI, which has
chaperone activity in addition to its other roles, and Heat Shock Protein 47 (HSP47). HSP47
is a collagen specific chaperone that binds and stabilises collagen IV protomers, amongst
other collagens, in the ER and during their transit to the cis-Golgi [126](see also Chapter 2 in
this book by Sergey Leikin and co-authors). The decrease in pH in the cis-Golgi causes HSP47
to dissociate from the collagen and for it to be recycled back to the ER. Mutations in the gene
encoding HSP47, SERPINH1, cause osteogenesis imperfecta [106] while in mice and cells
deficiency of HSP47 caused accumulation of collagen IV in the ER due to a lower secretion
rate and absence in the BM [127, 128]. The quality of the secreted collagen was also affected
as it has reduced thermal stability and increased sensitivity to protease digestion, supporting
a critical stabilising role for HSP47 [129]. The mouse phenotype (including lethality at 11.5 day
postcoitum) was very similar to mice deficient for alala2(lV) [20]. These data elegantly
underscore the importance of the HSP47 for collagen IV processing and secretion, and the

“quality” of secreted collagen (Figure 3).

4.4 Transport from the intracellular to the extracellular space

The regulation of the secretion of large cargos such as collagens has received increased
attention over the past decade with very elegant and paradigm shifting papers [130-133]. This
is a very active and fast moving area of collagen and cell biology research. Much of this

research has centred on collagen | and collagen VIl although effects on collagen IV secretion
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have been documented [134]. For a more detailed overview we refer the reader to Chapter 2

in this book by Sergey Leikin and co-authors in this book and [135].

Collagen IV translocates from the rough ER via the ERGIC (ER Golgi Intermediate
Compartment) to the Golgi for secretion to the ECM. Smaller proteins are secreted via coat
protein complex Il (COPII) secretory vesicles that are generated at ER exit sites (ERES) and
have a diameter of 60—90 nm [135]. However, collagens are extraordinarily large semi-rigid
proteins (e.g. collagen IV ~ 400nm) too big for normal COPII vesicles. Thus, their transport
necessitates specialized transport vesicles to accommodate these large cargos. An important
role for Transport and Golgi organization 1 protein (TANGO1, also called MIA3) has been
identified [130], as its deletion in mice leads to intracellular accumulation of collagen VII and
other collagens including type IV. TANGO1 can recruit collagens via its luminal SH3 domain,
and in parallel its cytoplasmic domain recruits other proteins to form extended COPII vesicles
[130, 135, 136]. Recent evidence revealed a role for HSP47 in this process by acting as an
anchor molecule between the SH3 domain of TANGO1 and collagens, allowing packaging of
collagen molecules in the growing carrier (Figure 3). The cytoplasmic domains of TANGO1
interact with Sec23A/Sec24C, the outer molecules of COPII vesicles. This brings collagen into
contact with the COPII vesicle to allow them to grow sufficiently to accommodate the cargo
and subsequently transport the cargo from the ERES to the ERGIC vesicles [135]. Recent
data however identified an alternative but not mutually exclusive mechanism that does not
involve large carriers, but whereby collagen accumulates at the ERES in a TANGO1-COPII
dependent manner and then flows more directly between ER and GOLGI [135]. This is made
possible through proposed fusion of membranes of the ERES and ERGIC adopting a tunnel

like structure [132, 135, 137].

4 5 Extracellular network formation

Following secretion the NC1 domains of two protomers associate end-to-end forming an NC1
hexamer, and the 7S domains of four protomers form a 7S tetramer, giving rise to a lattice
style collagen IV network (Figure 2).
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The increased extracellular chloride concentration in the ECM “breaks” the Arg76-Asp78 intra-
chain salt bridge in the NC1 domains, and Arg76 is re-orientated towards an opposing NC1
trimer. Six salt bridges are formed across two NC1 trimers between Arg76 residue, and Glu175
and Asn187 from the other protomer [138, 139]. Additionally each bound chloride ion directly
engages six electrostatic interactions per hexamer [103]. Combined, this allows for two
protomers to bind, and the structural integrity of the NC1 hexamers is further strengthened by
a sulfilimine covalent bond between methionine 93 and hydroxylysine 211 of opposing NC1
trimers. This sulfilimine bond is catalysed by peroxidasin [140] and is fundamental to the
structural integrity and tensile force of the collagen IV scaffold as illustrated by distorted BM,

tissue morphology and lethality in drosophila due to loss sulfilimine bonds [139, 141].

Following collagen IV dimer formation, four protomers bind through their N-terminal 7S
domains at an angle to generate the lattice configuration of the network (Figure 2). The 7S
domains, which consists of a lysine and cysteine rich region and a triple helical region, interact
in a parallel and anti-parallel fashion [99]. Disulfide bonds between the 5 cysteine residues as
well as lysine—hydroxylysine crosslinking ensures resistance against proteolytic cleavage by
enzymes such as collagenase, and provides mechanical stability. The lysine—hydroxylysine
crosslinking is performed by lysyl oxidase-like-2 (LOXL2) [139, 142], which has also been

implicated in angiogenesis [143].

The site of collagen IV production can be distant from the site of incorporation into the BM
and/or cells that do not reside on the BM also contribute to the BM by secretion of its
components [144]. Consequently a mechanism that can delay extracellular assembly and
maintain collagen IV folding might be employed. Secreted Protein Acidic and Rich in Cysteine
(SPARC) is a matricellular glycoprotein that binds collagens [145, 146] and can function as an
extracellular chaperone to ensure proper spatial folding of collagen IV before incorporation
into the BM [23, 147, 148]. This is supported by data from Drosophila and C. elegans whereby
SPARC knockdown and deficiency, respectively, led to local inappropriate accumulation of

collagen IV rather than diffusion to distal sites [23, 149, 150]. These studies suggest SPARC
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is important for allowing collagen 1V to diffuse from sites of production and assemble on the
surfaces of distal tissue. Recent studies have however suggested that this mechanism may

only apply to maintenance of existing BM rather than for de novo BM assembly [144].

5. Collagen IV receptors

Besides providing structural support, collagen IV also plays a role in cell biological processes
including cell differentiation, survival, and migration, mediated by the interactions of collagen
IV with cells. Collagen IV binds multiple cells types such as endothelial cells, hepatocytes,
platelets, keratinocytes, pancreatic cells, mesangial, as well as tumour cells [151-157]. The

collagen receptors can be divided into integrin and non-integrin receptors.

5.1 Integrin receptors

Integrin receptors provide critical mechanosensing functions and convert the spatiotemporal
information from the ECM into cellular signalling through the formation of integrin adhesion
complexes (IAC) [158]. These transmembrane glycoproteins exist as noncovalent
heterodimers made up of a and 8 subunits [159]. There are 18 a and 8 3 subunits that combine
to form 24 receptors with different binding and expression patterns. The integrin protein family
can be divided into RGD-binding integrins and collagen-binding integrins [160]. The B1
subgroup of integrins are the main collagen receptors, particularly a1f1 and a2B1, and
although these can both bind collagen IV, a1B1 does so with a greater affinity [161]. Decreased
expression of either of these receptors led to a decrease in adhesion and migration (a1p1),
and adhesion and morphogenesis (a2B31) [162, 163]. B1 integrin has also been implicated in
recruiting collagen IV to some BMs in C. elegans [21]. Other collagen IV binding integrins
include a3B1, a10B1, and a11pB1, but their functional significance and role remains unclear
[164-166]. Altered integrin signalling has been put forward as a potential mechanism in Alport
syndrome [167], and for some mutations in HANAC syndrome that are located close to CB3

domain of a1(lV), a major integrin binding site [73, 168-171].
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5.2 Non-integrin receptors

The discoidin domain receptors (DDR1 and DDR2) are type 1 transmembrane tyrosine kinase
proteins that are activated by the triple helix found in some collagens [172]. DDR1 can be
activated by most collagens, such as collagen I-IV and VIII, whilst DDR2 by collagen I, II, llI
and V but not IV [173]. Several lines of evidence have highlighted a role for DDR1 in collagen
IV biology. DDR1 knock-out mice develop renal defects including thickening of the glomerular
BM (GBM) and proteinuria, that also occur in Alport syndrome due to collagen IV mutations
[174]. Interestingly, recent evidence indicates a novel unexpected role for DDR1 in mediating
collagen IV transcription. In fibrosis, following collagen binding, DDR1 is translocated to the
nucleus, where it binds chromatin and drives collagen IV expression [58]. This not only reveals
a novel role for DDR1 but also indicates an additional layer of regulation and complexity

relevant to collagen disease that requires further investigation.

Besides integrins and DDRs, collagen IV can also bind and activate a G-protein coupled
receptor, GPR126, which is essential for Schwann cell myelination, ear canal formation, and
heart development [175]. Finally, collagen IV can bind via its 3-hydroxylated proline residue to
glycoprotein VI [115, 117], an important platelet collagen receptor, and absence of this binding

bas been associated with increased platelet aggregation in mice [115].

6. Collagen IV expression patterns

During vertebrate development ala1a2(lV) is ubiquitously expressed. In mice absence of
alata2(lV) due to deletion of exons 1 of Col4a1 and Col4aZ2, cause embryonic lethality around
10.5-11.5 days postcoitum due to placental defects, and embryos displayed growth retardation
and haemorrhaging [20]. The critical role of ala1a2(1V) is also nicely illustrated by Col4a2
mutant embryos homozygous for a deletion in exon 18. Embryos survived organogenesis but
died by 14.5 days postcoitum and defects occurred in almost every organ [176]. This included
cardiovascular, cardiac, skeletal, lung and endocrine organ defects. The later embryonic
lethality of Col4a1/Col4a2 knock-out embryos can be explained by residual Col4a2 expression
[20, 176], presumably through alternative splicing.
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During embryonic development, in some BMs ala1a2(lV) is replaced by a3o4a5(1V) or
a5a5a6(lV). For example, replacement by a3a4a5(lV) occurs in the GBM [177]. This
developmental switch can also give rise to a mixed network such as in Bowman’s capsule of
the kidney and the lens capsule [178]. Consequently, in adults ala1a2(lV) is present in BMs
of all tissues, whereas a3a4a5(IV) occurs in the glomerular and tubular BM of the kidney, the
alveolar BM of the lung, as well as BM in testis and inner ear cochlea [44]. The a5a5a6(1V)
protomer is expressed in the BM of the bronchial epithelium, the oesophagus, smooth muscle
cells, skin, and Bowman’s capsule of the kidney and the synovia [67, 179]. The tissues that
are affected in patients and mice with mutations in collagen IV reflect the expression patterns
of the different networks. This means that invariably mutations cause complex multi-systemic

syndromes.

7. Collagen IV pathologies

Mutations affecting every a-chain have been described and the first mutation affecting
collagen IV was described in patients with Alport Syndrome (AS). Tables 1 and 2 provide an
overview of the some of the animal models for collagen IV diseases and some of the clinical

features of the Mendelian diseases, respectively.

7.1 COL4A1 syndrome and mutations in COL4A1 and COL4A2

The identification of the first mutations in COL4A1/COL4AZ2 in patients was based on analysis
of Col4a1/Col4a2 mutant mouse models that were generated in large ENU mutagenesis
screens [180-182] (Table 1). This represents a case whereby the mouse models led to the
description of the human disease, which is underscoring the power of these models to

determine disease mechanisms.

COL4A1/COL4A2 mutations cause COL4A1 syndrome, a rare dominant multi-systemic

disorder that cause a wide range of abnormalities affecting the brain, eye, kidney, vasculature
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and muscle (Table 2). However, COL4A1 syndrome remains poorly characterised clinically.
The vast majority of mutations are missense mutations affecting the glycine residues, although
missense mutations have been described in each of the protein domains and affecting the
glycine, Xaa and Yaa residues of the triplet [183]. From mice studies, a general genotype-
phenotype correlation has been established whereby mutations affecting the Xaa or Yaa
residues cause milder disease, and that more C-terminal glycine mutations are associated
with more severe intracerebral haemorrhaging [181, 184]. From patients and mice it has
become apparent that COL4A2 mutations tend to cause a milder disease [182, 185, 186]. This
can be explained by a1a1a2(lV) composition whereby a COL4A2 mutation can affect 50% of
the promoter compared to 75% with a COL4A1 mutation. Non-sense mutations have also
been described [187, 188] as well as mutations in the 3'UTR [60] and copy number mutations
[189, 190]. It has also become apparent that the de novo mutation rate in COL4A1/COL4A2
is high (~40%) [183] which can give rise to apparent sporadic cases. Intriguingly very recently

the first case has been reported of recessive form of COL4A1 disease [191].

We will provide a brief overview of some of the major clinical features of COL4A1 syndrome
(Table 2) but for a more in depth overview of the clinical features, we refer the reader to [183,

192].

7.1.1 Cerebrovascular and cerebral defects in COL4A1 syndrome

Cerebrovascular disease is the predominant feature of COL4A1 syndrome (OMIM
#614519,#175780, #614483) but patients can display a large variability in clinical presentation
and severity due to the large amount of variable expressivity and penetrance of the disease
(Table 2) [183, 185]. The different clinical characteristics of the same mutation can occur within

and between families [183, 185, 186].

A key feature of COL4A1 syndrome is recurrent intracerebral haemorrhage (ICH) but the brain
and cerebrovascular features also cover porencephaly (development of cyst or cavities due to

prenatal or neonatal ICH), white matter defects, and cortical defects (Table 2) [183, 193-195].
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The cortical defects are associated with signs of white matter vascular insult [192], supporting
the vascular involvement in disease pathogenesis. Neuronal migration defects also occur in
Col4a1 mutant mice [196] and cause lissencephaly [197], which can occur in COL4A1
syndrome [183, 192]. The consequences of these defects are varied and severe with (infantile)
hemiparesis, seizures, developmental delay, mental retardation, hydrocephalus, cerebral

palsy, and epilepsy [192, 198].

Many of the cerebral clinical features of COL4A1 syndrome are considered to be due to the
cerebral small vessel disease (CSVD) caused by these mutations [183]. CSVD is a disorder
of the small penetrating capillaries and arterioles and in the general population accounts for
~30% of stroke and is the leading cause of vascular cognitive decline (vascular dementia)

[199, 200].

7.1.2 PADMAL and altered collagen IV levels.

While the majority (~60%) of mutations are missense mutations affecting the collagen triplet
[201], nonsense mutations including splice site mutations and premature termination codon
mutations that lead to reduced collagen IV levels, have also been identified in COL4A1
syndrome associated with haemorrhaging [187, 188]. In contrast, mutations affecting the miR-
29 binding site of the 3' UTR of COL4A1 that increase COL4A1 mRNA levels cause PADMAL
(Pontine autosomal dominant microangiopathy and leukoencephalopathy, also known as
multi-infarct dementia Swedish type; OMIM #618564). PADMAL is characterized by recurrent
ischemic strokes causing lacunar infarcts, leukoencephalopathy, progressive dementia, motor
impairment and spinal cord defects [60, 202, 203]. The different clinical features including
ischemic stroke indicates PADMAL can be considered a clinical sub-entity within COL4A1
syndrome. Intriguingly, duplication and triplication of a genomic region harbouring COL4A1
and COL4A2 have been observed in patients with CSVD including lacunar infarcts [189, 204].
These cerebrovascular defects occur due to alteration in ata1a2(lV) composition and level,

with reduced and increased levels being pathogenic.
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7.1.3 Ocular disease

Besides the vascular BMs, the eye contains BMs in the anterior and posterior structures, and
the lens (Table 2). In mice and patients, mutations in COL4A1/COL4AZ2 affect anterior and/or
posterior ocular structures, and can lead to anterior segment dysgenesis (ASD) and
microphthalmia (OMIM #180000, #175780) [181, 205-209] (Table 1 & 2). The anterior defects
include congenital cataracts, iridocorneal adhesions, ciliary body defects and buphthalmos
[181, 205-207, 209] some of which affecting the ocular drainage structures, causing impaired

vision and glaucoma [210].

In addition to these anterior defects, arterial retinal tortuosity occurs in mouse models and
patients whereby the arteries become tortuous and prone to bleeding [169, 181, 206, 207,
211], potentially causing retinal detachment and (temporary) vision loss. The retinal vascular
defects reflect aspects of the cerebrovascular disease and have been proposed as a potential
biomarker for cerebrovascular disease severity [184, 212]. However not all patients display
ocular defects and there is a large variability in the clinical presentation [183, 213]. This
variability reflects the importance of genetic background and modifiers to the ocular disease,

which has been illustrated by Col4a1 mutant mice on different genetic backgrounds [206, 214].

7.1.4 Neuromuscular disease

Up to one third of COL4A1 syndrome patients present with muscle pathology and myopathy
[186] which also occurs in mice models as demonstrated by centralised nuclei, reduced grip
strength and elevated serum creatine kinase levels [169, 171, 196, 215] (Table 2). The muscle
phenotype can be part of congenital muscular dystrophy [196]; a spectrum of childhood
diseases encompassing muscular, ocular and cerebral malformations whereby patients
develop muscle weakness, hypotonia and in some cases severe myopathy which can be fatal.
COL4A1 mutations have been detected in dominant forms of muscle-eye-brain disease (MEB;
OMIM #175780) and Walker Warburg Syndrome (WWS). In contrast to the more common

recessive diseases forms, ala1a2(lV) associated WWS/MEB is independent of glycosylation
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of dystroglycan [196]. In mice the myopathy was associated with myelination and conductivity
defects in the peripheral nerves [215], but vascular defects were also associated with the
myopathy [171]. In addition, the neuromuscular junction plays a key role in muscle contraction,
and ala1a2(lV) is present in the synaptic cleft, and plays a role in clustering of synaptic
vesicles and nerve terminal maturation [11]. Finally, in C. elegans mutations in Col4a1 and
Col4a2 orthologs (emb-9 and let-2 respectively) result in muscle fibre rupture [216], while in
Drosophila, mutations in Col4a1 or Col4aZ2 orthologs (Cg25c¢ and Viking, respectively) causes
myopathy [217] with defective muscle attachment due to altered collagen IV-integrin signalling
[218]. Combined, these data indicate an intricate and complex mechanisms of the myopathy

with vascular, muscular, and neuronal contributions.

7.1.5 HANAC and kidney defects

In the kidney ala1a2(lV) is expressed in all BMs during development but is replaced by
a3a4a5(lV) in the GBM, and forms a mixed network with a5a5a6(IV) in Bowman’s capsule
[74]. In patients much of the renal component of COL4A1 syndrome, has been characterised
in HANAC syndrome (hereditary angiopathy, nephropathy, aneurysm and cramps; OMIM
#611773) which, similar to PADMAL, has been proposed as a clinical sub-entity of COL4A1
syndrome [169, 170]. HANAC syndrome patients can develop cerebrovascular, eye, kidney
and muscular defects (Table 2), but compared to non-HANAC COL4A1 syndrome patients,
the brain is relatively mildly affected in HANAC syndrome [169, 170, 219]. HANAC is due to
mutations in exons 24 and 25 of COL4A1 in or near the CB3 region of a1(lV), an important
domain for integrin signalling [169, 170], supporting that location of mutations in the a-chain
affects clinical outcome. This is also supported by the mouse model of HANAC syndrome,
harbouring the G498V mutation, which is the only Col4a1 mutant mouse model that is viable

when homozygous mutant [171, 212, 220].

In mice, Col4a1 mutations causes a progressive kidney pathology with early onset defects to

Bowman’s capsule that are associated with MMP activation and activation of the parietal
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epithelial cells and tubular dysfunction [181, 220-222] that could reflect hydronephrosis. The
glomeruli are prone to cyst formation, while subtle defects in the GBM have also been
observed [221, 222]. As these defects occur in multiple mouse models, this indicates they are
not specific to HANAC. COL4A1 mutant mice also develop apparent dysmorphia of the papilla
/ atrophy of the medulla [220, 221] and the recent identification of COL4A71 mutations in
patients with vesicoureteral reflux (VUR), in which urine flows retrograde, from the bladder into
the ureters/kidneys [223], provides a potential mechanism to this apparent hydronephrosis.
These patients were diagnosed with CAKUT (Congenital anomalies of the kidney and urinary
tract) [223], extending the spectrum of features of COL4A1 syndrome and highlighting the
importance of ala1a2(1V) for kidney morphogenesis as well as a developmental origin to some

of these defects.

7.1.6 Additional clinical features in COL4A1 syndrome

In contrast to the vascular, eye, kidney and muscle defects, only few reports have highlighted
a cardiac component to COL4A1 syndrome. Arrhythmia has been noted in HANAC syndrome
and patients that harbour a deletion of a locus containing COL4A1 and COL4A2 develop
congenital cardiac defects [169, 224, 225]. Support for severely reduced ala1a2(lV) levels

causing cardiac defects is also supported by mouse studies [176].

The broad expression pattern of ata1a2(IV) coupled with defects in almost every tissue in
mice deficiency for a2(lV) [176], and the variable expressivity and penetrance of COL4A1
syndrome [183], indicates that mutations may lead to defects in tissues that have so far
remained poorly or uncharacterised. For example BM defects have been observed in the skin
of a patient with a COL4A2 mutation and in oesophagus of Col4a7 mutant mice, but no overt
disease was described in this particular family and mouse respectively [181, 185]. It is
therefore likely that additional clinical features of COL4A1 syndrome will be uncovered, which

will be important for molecular diagnosis and management of patients.

7.1.7 The role of ala1a2(lV) in common disease
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The identification of de novo mutations in apparent sporadic cases [183, 226] suggested that
variants in ala1a2(lV) could occur and contribute to common forms of disease. Analysis of
~100 patients with sporadic ICH identified rare pathogenic mutations in COL4A71 and COL4A2
[227, 228], indicating very rare missense mutations in ala1a2(lV) contribute to sporadic forms
of adult ICH and haemorrhagic stroke. In addition large scale genetic analysis uncovered that
common variants in COL4A1-COL4AZ2 are risk factors for ICH [28, 31, 229] and white matter
hyperintensities [230] in the general population. The proportion of ICH patients in which
collagen |V plays a role as well as the identity and mechanisms of the variants remains
unknown and requires investigation of larger cohorts. First inroads into the frequency of
pathogenic variants in COL4A7 in the general population have been made by Paré and
colleagues who determined that within ~100,000 samples from the Genome Aggregation
Database, the prevalence varies across different ethnicities and was highest in

African/African-American at 0.3% [231].

In addition to stroke, COL4A1 and COL4A2 have also been associated with vascular
calcification, vascular stiffness, coronary artery disease and myocardial infarct in the general
population [24, 26, 27, 232]. In the case of myocardial infarct and coronary artery disease, the
intronic variant in COL4A2 reduced expression. The lower COL4AZ2 levels were associated
with smooth muscle cell apoptosis and the presence of more unstable atherosclerotic plaques,
which are known to increase the risk of myocardial infarct [233]. These data clearly
demonstrate that these genes and the basement membrane are important determinant of

vascular health and physiology.

7.2 Mutations and diseases of a3a4a5(1V) and a5a5a6(1V)

7.2.1 Alport syndrome

Mutations in COL4A3, COL4A4 and COL4A5 affect the a3a4a5(IV) network and cause Alport
syndrome (AS) (OMIM # 301050, # 203780, # 104200) (Table 2). This multi-systemic disease

leads to progressive glomerulonephritis accompanied by sensorineural hearing loss and
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ocular pathology [74, 174]. AS patients display altered thickness of the GBM leading to
progressive splitting, and patients develop haematuria, proteinuria and eventually end-stage
kidney disease. Ocular pathology in AS patients includes a thin fragile lens capsule termed
anterior lenticonus as well as temporal retinal thinning and dot and fleck retinopathy [234]. The
ocular phenotypes can be used for disease diagnosis as their presence correlates with renal

failure before the age of 30 [234].

AS can occur as X-linked Alport syndrome (XLAS) caused by COL4A5 mutations which affect
both a3a4a5(lV) and a5a5a6(1V) networks. Mutations in COL4A3 or COL4A4 cause
autosomal recessive AS (ARAS) and autosomal dominant AS (ADAS) and affect only the
a3a4a5(IV) network [74]. The distribution of these cases is as follows: 80% XLAS, 15% ARAS,
and 5% ADAS, with a combined prevalence of AS of 1-9/100,000 [74]. The inheritance
patterns affect disease severity. XLAS is more severe than autosomal AS, reflecting the
effects on two collagen IV networks. For the autosomal forms, ARAS is more severe than
ADAS whereby early onset end stage renal disease occurs in ARAS, and ADAS patients may
not progress to end stage renal disease [74]. As expected for X-linked disorders, XLAS causes
a more severe disease in males than in females, who can be considered heterozygous
carriers. In females the X chromosome inactivation pattern, which causes a characteristic
mosaic expression pattern of a3a4a6(1V) [235], influences disease severity and results in a

wide range of clinical features.

AS can be caused by deletion, insertion, splice site and missense mutations, and the type of
mutation impacts disease severity and age of onset [236]. Nonsense mutations are associated
with a more severe disease and earlier age of onset, juvenile in the case of COL4A5 mutations,
compared with missense mutations. This establishes that absence or reduced levels of
a3a4a5(IV) are a driving force of disease [74]. The majority of missense mutations affect the
glycine residue in the Gly-Xaa-Yaa repeat [237]. The position of the glycine mutation in the
collagen domain impacts on disease severity with C-terminal mutations being associated with

a more severe disease [236]. ARAS patients can harbour compound heterozygous or
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homozygous COL4A3 or COL4A4 mutations [74, 236]. More recently it has become clear that
AS can also be due to digenic inheritance whereby the two COL4A3-COL4A5 mutations are
located on different or same chromosomes [238-240]. Furthermore, molecular analysis of
ADAS families also provided intriguing data that digenic inheritance may involve non-collagen
IV genes. In this case a COL4A4 mutation, which was insufficient to cause disease by itself in
some pedigree members, was co-inherited with a hypomorphic mutation in LAMAS (laminin
alpha 5 chain) [241], which plays a key role in maintaining the glomerular filtration barrier. The
second mutation may also not be limited to other BM components as a hypomorphic mutation
in NPHS2 (encoding the podocin protein in which mutations cause congenital nephrotic
syndrome) was also found to be co-inherited with a heterozygous COL4A4 mutation [242].
This led the authors to propose a model whereby digenic or even oligogenic inheritance with
other BM components and filtration barrier components should be considered for cases

whereby the pathogenic effects of the collagen IV mutation is milder [241].

Until recently autosomal dominant thin basement membrane nephropathy (TBMN, also known
as familial benign haematuria; OMIM # 141200) was considered a separate entity. However
40% of TBMN patients carry heterozygous COL4A3 or COL4A4 mutations and the clinical
features of haematuria and BM thinning also occur in carriers in families with AS [243].
Furthermore, a similar fraction of ADAS (24%) and TBMN patients (20%) develop end stage
renal disease [244, 245], and heterozygous Col4a3*- mice, which exhibit TBMN, develop
chronic renal failure and have a reduced life expectancy [246]. In light of these findings the

criteria for AS were reconsidered and TBMN is now considered part of AS [247].

During development the GBM consists of ala1a2(lV) and this is gradually replaced by
a3a4a5(lV). The GBM of AS patients contains no a3a4a5(lV) but the embryonic atala2(1V)
chain persists, which is less cross-linked and more susceptible to proteolytic degradation and
damage due to increased urine flow, leading to GBM damage [177]. This disease mechanism
is supported by the structural defects in mature GBM of X-linked Alport’'s syndrome patients

that contains a1a1a2(lV), and filtration defects in Col4a3” mice in areas of the GBM that are
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structurally normal [248]. These differences in network characteristics are also illustrated by
the lack of improved outcome in ARAS patients that have mosaic a5a5a6(1V) expression [249].
However there do appear to be species differences as in the Col4a37 AS mouse model
induced a5a5a6(1V) expression reduced disease severity [250]. These species differences will
complicate translation of findings between mice and patients, which will need to be considered

for disease mechanism-based treatment strategies.

7.2.2. X-linked Alport syndrome with diffuse leiomyomatosis

X-linked Alport syndrome may occur combined with diffuse leiomyomatosis (OMIM #308940),
which is characterized by benign smooth muscle tumours leading to oesophageal dysfunction
and genital leiomyomas [74]. The mutations are deletions that affect COL4A5 and COL4A6
leading to the original hypothesis that absence of a3a4a5(lV) and a5a5a6(lV) causes the
disease [251]. However, this was challenged by deletions extending beyond exon 3 of
COL4A6 that do not cause diffuse leiomyomatosis [252], and by the identification of a deletion
in COL4AS5 that caused AS- diffuse leiomyomatosis [253]. However, in the latter study
COL4A6 expression was not assessed. Moreover recent analysis of deletion breakpoints
within a substantial cohort of AS- diffuse leiomyomatosis patients does support that
inactivation of COL4A5 and COL4A6 is causative [254] and disease could be due to effects

on regulatory elements [254].

7.2.3 Goodpasture Syndrome

Goodpasture syndrome (GP, OMIM # 233450) is an autoimmune disorder in which
autoantibodies attack the GBM leading to glomerulonephritis and pulmonary haemorrhage.
GP is arare disorder (1-2 cases per million per year) [255, 256], however it can be fatal without
medical intervention, whereby patients quickly progress to end stage renal failure. A
combination treatment of plasma exchange and immunosuppression improves renal outcome
and survival time [257]. In GP, autoantibodies target epitopes within the NC1 domain of a3(1V)

and a5(lV) in a3a4a5(lV) in the GBM [243]. These epitopes are normally hidden by the NC1
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hexamer structure, and thus require to be unmasked. Several mechanisms have been put
forward including reactive oxygen species, hexamer structure and stability [258, 259]. While
the exact aetiology remains to be determined, studies suggest a conformational change in
a304a5(1V) results from perturbation of sulfilimine crosslinking of NC1 through the enzyme
peroxidasin, or excess phosphorylation of the NC1 domain by increased expression of
goodpasture binding protein [140, 256, 260]. This would expose the cryptic epitopes only

accessible to the autoantibodies.

Auto-immunity can also be a major complication for AS patients with nonsense mutations that
have undergone a renal transplant. The presence of “foreign” collagen IV chains post-
transplantation can cause anti-GBM nephritis. For ARAS the epitopes are also in the NC1
domain of a3(1V) and a4(1V) [261] whilst for X-linked AS the epitope is in a5(1V) [262, 263].

However unlike in GP, these epitopes are accessible in the NC1 hexamer [263].

Recent genetic data has significantly increased our understanding of the role of a3a4a5(1V)
and a5a506(1V) in biology and disease. For a304a5(1V), mutations in COL4A3 and COL4A4
have been associated with kidney disorders including diabetic kidney disease [264, 265], focal
segmental sclerosis (Voskarides et al 2007) and steroid-resistant nephrotic syndrome [266].
This has been complemented in the identification of altered axonogenesis in zebrafish due to
COL4A5/COL4A6 mutations [267] (Table 1). Excitingly missense mutations in COL4A6 that
affect a glycine residue within the collagen domain have been recently identified as a cause

for non-syndromic hearing loss [268].

8 Disease mechanisms

8.1 Developmental origin to adult disease
A feature of both AS and COL4A1 syndrome are the early onset of the disease and evidence
has been gathered pointing to a significant role for developmental defects or origin for these

diseases.
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For AS the maintenance of the embryonic ala1a2(lV) network in the GBM renders the GBM
susceptible to biomechanical strain [177]. In the case of COL4A1 syndrome, mice and patients
develop ICH at birth or during embryonic development, and congenital or prenatal
porencephaly [180, 182, 204, 226, 269-272)]. The cortical malformation (e.g. lissencephaly)
[192] is also associated with developmental neuronal migration defects [196, 197].
Furthermore induced expression of mutant Col4a1 in a conditional mouse model revealed that
expression of the mutant allele pre-weaning was necessary to induce adult ICH [184] and for

the anterior segment dysgenesis in the eye, around or before 10.5-12.5 days postcoitum [214].

Angiogenesis is the biological process of forming new blood vessels from pre-existing capillary
networks. During sprouting angiogenesis, endothelial cells (EC) degrade the vascular BM,
invade into the surrounding tissue and proliferate in response to angiogenic factors to form
tubes [273, 274]. This process of EC activation, proliferation, and survival is dependent on the
ECM [77]. Altered angiogenesis is known to lead to defects in vascular patterning [274], which
can cause arterial tortuosity syndrome [275], and VEGF (vascular endothelial growth factor)
signalling, a key player in angiogenesis is implicated in retinal vascular tortuosity [276], a
feature of COL4A1 syndrome [181, 206, 207, 211]. Col4a1 mutant mice exhibit increased
levels of pro-angiogenic growth factors including VEGF, and increased angiogenesis in the
brain during embryonic development [184, 211]. This strongly argues for a role of altered

embryonic —post-natal angiogenesis in COL4A1 syndrome.

The mechanisms by which Col4a1 mutations affect angiogenesis remain unclear, but collagen
IV is implicated in the regulation of angiogenesis. For example, endothelial cell migration and
proliferation is modulated by collagen IV [277] with collagen IV levels correlating with the
amount of tube formation, e.g the addition of exogenous collagen IV promoted tube formation
[278]. Collagen IV can also exert anti-angiogenic effects through release of cryptic peptide
[77, 279]. This includes the anti-angiogenic peptide arresten and canstatin, generated by
proteolytic cleavage of NC1 domains of a1(IV) and a2(1V), respectively [77]. These molecules

can bind integrin a4B4, avBs and a.fs, and transmembrane integrin like receptor CMG2
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(capillary morphogenesis gene 2) and may alter angiogenesis by affecting MAPK signalling
[77, 280]. Therefore, the reduced levels of these peptides due to lower levels of collagen IV in
the ECM of Col4a1 mutant mice [180, 184, 206, 221, 270], represents one possible
mechanism by which these mutations affect angiogenesis. In addition collagen IV binds BMP
(bone morphogenic protein) [14, 281], which is a member of the TGFB family of proteins,
known to affect angiogenesis [282]. Thus, effects of the mutation on growth factor signalling

mediated by collagen IV also represent an attractive hyp othesis.

8.2 Cellular origins of collagen IV diseases

Both COL4A1 and Alport syndromes are multi-systemic disorders and the collagen |V proteins
are expressed by multiple different cell types. A key aspect in terms of elucidating disease
mechanism is therefore determining the cellular origin of the disease. This is important as it

will directly establish which cell types will need to be targeted by any treatments.

Using an elegant conditional Col4a7 mutant mouse model, Gould and colleagues identified
that expression of mutant Col4a? in EC or smooth muscle alone is sufficient to cause ICH,
with a more minor effect from expression in astrocytes [184]. Interestingly, altered vascular
function is implicated in CSVD [283] and mutant Col4a1 expression affects endothelial and
vascular function with altered vasodilation of the peripheral vasculature [270]. The smooth
muscle cell defects in Col4a1 mutant mice include hypermuscularisation of the transitional
segment of the vasculature (a segment between arterioles and capillaries), predicted to
increase vascular resistance. Combined with smooth muscle cell apoptosis upstream of this
segment, which weakens the vascular wall, this then, could lead to haemorrhage at this
weakened site [284]. Importantly the same mechanism was observed in sporadic patients with
intracerebral haemorrhage [284]. Combined, these data highlight that both structural and

functional vascular defects may contribute to the vascular disease.

31



The vascular defects also contribute to the myopathy [171] and retinal defects in the eye, while
the lens defects play a key role in the development of the ASD defect in the eye including
increased intra-ocular pressure [211, 214]. This confirms that COL4A1 syndrome is more than
a vascular disorder and thus that the mechanisms of disease will need to be established for

the different cell types and tissues.

For AS recent genetic evidence indicated that induced expression of Col4a3 in EC of Col4a3
"~ 'mice, did not ameliorate disease [285]. This not only indicates that EC do not contribute to
the deposition of the a3a4a5(1V) in the GBM but also that treatments will need to be aimed at

the podocyte.

8.3 Molecular disease mechanisms

Collagen |V is folded in the ER and secreted into the ECM. It is therefore logical to assume
that ECM defects are a key feature of collagen pathologies, either due to reduced levels of
collagen or secretion of mutant protein. It has been shows that delay in protein folding due to
collagen missense mutations can lead to excessive post-translational modification of the
protomer and disease [286, 287] (Figure 3). However missense mutations in secreted protein
can lead to ER retention and ER stress, which can become pathogenic and has been
implicated in several ECM disorders [288-290] (Figure 4).

Thus, conceptually collagen IV mutations could act via ER stress and/or ECM defects. In the
following section we will describe in more detail the different molecular disease mechanisms

of the collagen IV pathologies.

8.3.1 ECM defects and quantity and quality of the collagen network

COL4A1 syndrome

A central feature of mouse models and patients with COL4A1/COL4A2 mutations are BM
structural defects that affect every tissue analysed to date including eye, kidney, muscle and

vasculature [171, 180, 181, 206, 212, 220, 221, 270, 291, 292]. These defects are associated
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with and can be due to severely reduced collagen IV levels in the BM [20, 176, 180, 184, 185,
187, 196, 270]. The reduced level of collagen IV is a clear mechanism for the non-sense
mutations that have been identified in patients [183, 188] (Figure 4). However it also applies
to missense mutations. Analysis of mice and patients cells with Col4a1/COL4A1 or
Col4a2/COL4A2 missense mutations respectively revealed that incorporation of a single
mutant a-chain in ata1a2(1V) is sufficient for the mutant protein to be retained in the ER [171,
180, 185, 206, 220] (Figure 4). The severity of this retention is influenced by the position of
the mutation, whereby in general more C-terminal mutations cause a higher degree of
intracellular retention, and more severe ICH [184, 209]. This indicates that at least in some
genetic backgrounds reduced levels of collagen IV in the BM can cause cerebrovascular
disease. The quantitative difference are not limited to reduced levels however as increased

collagen IV levels can also be pathogenic, for example in PADMAL [60].

Besides these quantitative differences, missense mutations will also affect the quality of the
protomer, providing an additional disease mechanism through possible secretion of mutant
alala2(lV) (Figure 4). For example, the network can be less stable as mutant ala1a2(1V)
displays reduced thermal stability reflected by the temperature sensitive nature of some
phenotypes in C. elegans, Drosophila and cell culture models [209, 216, 218, 293]. The
mutation could also affect a functional domain within the protomer that impacts on a specific
function such as ECM-cell signalling. This could explain how some missense mutations may
cause a severe phenotype despite being located in the N-terminal end of the protein, and
provide a mechanism for some of the clinical variability with COL4A1 syndrome. For example
a N-terminal Col4a1 glycine mutation in mice caused a mild cerebrovascular phenotype but a
severe myopathy, which was associated with altered GPCR signalling leading to the
myelination defects and neuromuscular component of COL4A1 syndrome [209, 215]. Similarly
altered integrin signalling occurs in Drosophila [218] and mice [220], and has been postulated
to play a key role in HANAC [170]. This indicates that aberrant signalling is likely a key feature

of COL4A1 syndrome.
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ECM composition and turnover are key features for the BM to carry out its functional and
biomechanical roles. Proteases such as MMPs and their inhibitors including TIMPs influence
ECM composition and turnover [294]. In kidneys of the HANAC mouse model, the ECM and
Bowman’s capsule defects are associated with increased MMP2/9 activity, which are major
collagen IV degrading MMPs, and activation of the epithelial cells, illustrating effects on altered

cell state [220].

These data illustrate the large variety in qualitative and quantitative effects by which
COL4A1/COL4A2 mutations cause compositional and structural matrix defects in COL4A1

syndrome.

Alport Syndrome

ECM defects are also a constant feature of AS and the increased severity of non-sense
mutations provides compelling evidence for reduced levels or absence of a3a4a5(1V) and
associated structural GBM defects being a major causative mechanism (Figure 4). The
persistence of ala1a2(IV), which is less resistant to proteolytic cleavage [177], also highlights
the altered and reduced biomechanical stability, leading to BM structural defects as the GBM
is unable to deal with the biomechanical strain. In addition to structural defects, the ECM

composition is also altered with aberrant laminin a2 expression [295].

These structural and compositional defects affect cell phenotype within the affected kidney.
They cause endothelin A receptor expression in glomerular cells and an altered more invasive
behaviour of mesangial cells [296]. Podocytes also adopt a more invasive phenotype with loss
of foot processes [297], associated with focal adhesion kinase activation, cytokine (e.g. TGFp)
production indicating an inflammatory state and MMP activation [298], highlighting ECM
remodelling and onset of fibrosis. The observed fibrosis and MMP activation are influenced by
LOXL2 (lysyl oxidase like 2) collagen cross-linking activity [299]. The altered cell phenotypes
and their responses may also be determined in part by altered ECM-cell signalling, for

example via integrins a1p1 and a2f31, as well as DDR receptors [237, 300].
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8.3.2. ER stress as disease mechanism for collagen IV disorders

Missense mutations in secreted protein can affect protein folding such as triple helix formation
in the case of collagen. This can elicit a stress response called ER stress which leads to
activation of a signalling response called the unfolded protein response (UPR). Briefly, the
UPR is a conserved homeostatic response that aims to restore proteostasis, ER homeostasis
and cell function by pausing general protein synthesis, degrading misfolded proteins via a
process called ERAD, and increasing the production of molecular chaperones involved in
protein folding [301]. However, when cells and the UPR fails to reinstate ER homeostasis and
prolonged UPR activation occurs, the UPR triggers apoptosis and can become pathogenic.

For excellent reviews on the UPR and its role in disease we refer the reader to [302, 303].

In terms of COL4A1 syndrome, analysis by ourselves and others identified that in mice with
Col4a1 mutations, reduced secretion and collagen retention were associated with ER stress
and UPR activation in the vasculature [184, 270] (Figure 4). Importantly, an allelic series of
Col4a1 mouse models revealed that ICH severity correlated with levels of ER retention, which
broadly corresponded to the position of the mutation in the collagen domain, rather than
extracellular collagen IV levels [184, 209]. We described that in a family with a COL4A2
mutation, ER stress and not ECM defects was associated with ICH [185]. In this case ECM
defects were detected in an unaffected carrier of the disease [185], providing evidence that
ECM defects per se may not always be sufficient. It should however be noted that not every
glycine mutation induces ER retention and stress, in particular those that are more located
towards the N-terminal end of the collagen domain [184, 209], and that this genotype-
phenotype relation did not apply to the myopathy [209]. There is less information for non-
glycine mutations although a lysine mutation affecting the Yaa position of the collagen triplet
can also induce ER stress in the vasculature [270].

Overall these data highlight a trend with more severe protein folding defects associated with
mutation located towards the C-terminal end of the collagen domain, and indicate that ER

retention and stress can have a strong modifier effect for ICH.
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Comparative analysis between ECM defects and ER stress revealed tissue specific
mechanisms occur as in mice the myopathy and Bowman’s Capsule defects were associated
with ECM defects, and ICH with ER stress [184, 215, 221]. Analysis of the kidney defects also
provided evidence for cell specific mechanism within the same tissue whereby the tubular
disease was associated with ER stress and the defects in Bowman’s capsule with ECM
defects [221]. This may reflect the sensitivity of some cell types or tissues to ER retention
and/or BM defects, but the nature and position of the mutation is also likely to affect this (see
also ECM defects 8.3.1). Mutations affecting the Yaa residue of the collagen repeat and a
mutation in the NC1 domain caused a milder eye disease and ICH, respectively, than glycine
mutations [181, 209].

Overall these data highlight a complexity whereby the nature of the mutation and cell specific
effects combine to cause disease. However, it remains unclear what the relative contribution
of ER stress (and/or ECM) defects to the different COL4A1 disease mechanisms is. Is it
pathogenic or an epiphenomenon? This represents an important knowledge gap to guide

treatment development.

For AS, similar questions are being raised given the presence of missense mutations in X-
linked and autosomal dominant forms of AS. A key advance was made by transfection of a
COL4A3 cDNA containing a glycine mutation in cultured podocyte cell line which revealed ER
stress induction [304]. Importantly, this was confirmed in a novel mouse model harbouring the
same Col4a3 mutation as well as patient podocytes. Intriguingly, the UPR was also activated
when Col4a3 was either knocked-down or over-expressed, suggesting imbalance between
the different collagen IV alpha chains may be sufficient in some cases to induce ER stress
[304]. Investigation of COL4A5 glycine mutations in primary patient dermal fibroblasts
confirmed induction of ER stress and autophagy [305]. However how these intracellular effects

contribute to AS remains unclear.
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8.4 Environmental and genetic modifiers

Investigating genetic and environmental modifiers of disease provides important insight into
disease mechanism and potential therapeutic targets and approaches, but can also inform on
clinical management of patients to reduce risk of disease progression. Genetic analysis of
families and mouse models with COL4A1/COL4A2 mutations support that eye, muscular and
cerebrovascular diseases are dependent on genetic background. In mice the CAST genetic
background was able to effectively suppress the severe defects caused by Col4a1 mutations
[184, 196, 206], while our analysis in patients revealed that a COL4A2 glycine mutation that
causes ICH and porencephaly is also subject to genetic modifiers [185]. The identity of these
modifiers in vertebrates remains unclear although for the ocular disease a locus was identified
on mouse chromosome 1 [206] while it can also involve ER retention and ER stress in patients

[185]. In C. elegans other BM components modify Col4a1/emb9 phenotypes [306].

Data from animal studies also uncovered environmental modifiers on cerebrovascular
disease. This includes vaginal birth as a risk factor with Caesarian delivery reducing neonatal
ICH [291], while exercise and use of blood thinners increased disease severity [184]. In
addition, age can also be considered as a modifier given the age dependent nature of the
kidney disease, vascular dysfunction and cerebrovascular disease [184, 212, 221, 270].

These modifiers underlie the reduced penetrance and clinical variability of COL4A1 syndrome.
This implies that absence of disease in one individual with a particular COL4A1 or COL4A2
variant does not exclude this variant from being pathogenic per se. Consequently, the
contribution of rare COL4A1/COL4A2 variants to disease in the general population may be
higher than anticipated and at least some variants of unknown significance may be

pathogenic.

AS development is also influenced by modifier effects of other BM components. This was
nicely illustrated by inducing a5a5a6(1V) expression in the GBM of Col4a3” mice to reduce
phenotype severity with a delayed age of onset of renal failure [250]. In contrast increased
levels of laminin a5 and a1 exacerbated disease [248], while a laminin [J2 missense variant,
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which was not pathogenic itself, increased progression to kidney failure in Col4a3” mice and

proteinuria in female Col4a5*- mice [307].

In conclusion, the data of AS and COL4A1 syndrome provide compelling evidence that BM,
and potentially other ECM components as well as intracellular pathways can act as genetic
modifiers of collagen IV disorders. This also argues for a more complete sequencing analysis

of BM/ECM components in patients to provide more accurate molecular diagnosis.
9. Therapeutic strategies

Treatment for hereditary disorders can be divided into approaches aimed at managing disease
progression and providing symptom relief, strategies to modulate disease mechanisms and
gene therapy approaches [290] (Table 3). Gene therapy approaches are appealing
conceptually as they are independent of the disease mechanism and provide an actual cure.
However the multi-systemic nature of collagen IV pathologies and the fact that different cell
types underlie the different clinical features, e.g. EC for ICH and lens capsule for ASD defects
in COL4A1 syndrome, complicates the use of these approaches as multiple cell types require

to be targeted.
9.1 Gene therapy and therapies targeting downstream mechanisms

To date the multi-systemic nature of COL4A1 syndrome combined with a very young age of
onset complicates disease management which focuses on symptom relief including a shunt
to drain excess fluid for hydrocephalus, anti-convulsing medicine for seizures etc. Given that
hypertension is the maijor risk factor for haemorrhage [308], blood pressure lowering drugs
can reduce the high risk of stroke. Finally, physical or speech impediments are managed by

physiotherapy and speech therapy respectively.

For AS patients, there has been more success in managing disease progression and
treatment [309, 310]. Following initial small clinical trials targeting the renin angiotensin system
to reduce blood pressure in AS [311-313], a recent large multi-centre phase 3 clinical trial

using ramipril with a follow-up period of 6 years indicated reduced progression of proteinuria,
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lower decline in filtration rate, and slower progression to renal failure in AS children [314]. This
provides compelling data as to the clinical benefit of angiotensin-converting enzyme (ACE)

inhibitors for AS.

Fibrosis is a feature of AS, and many other ECM disorders and several approaches have been
adopted to target fibrosis in AS mouse models. This includes cerivastatin- a HMG-CoA
reductase inhibitor that targets the TGFB1 pathway, and vasopeptidase inhibitor AVE7688,
which had anti-fibrotic and anti-inflammatory effects [315, 316], while targeting STAT3
signalling also attenuates disease progression in mice [317]. Finally, phase 3 clinical trials are
progressing with bardoxolone (BARD) [318], which has anti-fibrotic and anti-inflammatory
effects. BARD does increase glomerular filtration rates in AS patients, which has raised debate

as to whether this represents a potential risk [319].

Finally, gene therapy based approaches are also being explored for AS (Table 3). This has
included reducing fibrosis by targeting miR-21, which promotes fibrosis [320], as its levels are
increased in kidneys of AS patients and correlate with disease severity [321]. Initial support
came from administration of an anti-miR21 in Col4a3” mice that attenuates kidney disease
progression [321, 322]. This has formed the basis for the currently ongoing clinical trial using
RG-012, also known as lademirsen, designed to block the activity of miR-21 (clinicaltrials.gov

Identifier NCT03373786).

In mice proof-of-concept gene therapy approaches targeting the actual GBM included a
transgene system to induce a3a4a5(lV) expression by podocytes and promote its
incorporation into a defective GBM. This not only restored the missing a3a4a5(1V) network but
also slowed kidney disease progression and extended life span [323]. Induction of a3a4a5(1V)
expression has also been explored through transplanting amniotic fluid stem cells into Col4a5
-’ mice which delayed interstitial fibrosis, kidney decline and prolonged animal survival [324].
Transfer of bone marrow derived stem cells post-irradiation also appeared to repair BM

defects in Col4a3’- mice [325], but this has been debated as irradiation itself also prolonged
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life span [326, 327]. Further research will be required to confirm the potential of stem cell

transplantation and reconcile these differences.

9.2 Targeting ER stress

Dominant mutations in AS and COL4A1 syndromes can cause intracellular retention with ER
stress and UPR activation [206, 209, 221, 270, 290, 304, 305]. This suggests that enabling
protein folding could alleviate intracellular pathology and be beneficial to the ECM by
promoting collagen IV secretion. This could be achieved through chemical chaperones, which
enhance protein folding or stability by mimicking the molecular chaperones in the ER [328] or
via promoting misfolded protein degradation, as has been applied for Col10af via
carbamazepine in mouse models of metaphyseal chrondrodysplasia type Schmid [289]. As
several chemical chaperones and carbamazepine are FDA-approved, these would represent

attractive therapeutic approach for transition into clinical trials.

For collagen IV disease, the emphasis has been on the compound sodium 4-phenylbutyrate
(4PBA), which is FDA approved for treatment of urea cycle disorders, but also possesses
chemical chaperone activity [328]. 4PBA increases ER folding capacity, stabilizing folded
protein and increasing ER-associated degradation (ERAD) [328]. In vitro treatment of primary
patient cells harbouring a COL4A2 mutation established that 4PBA reduced ER retention and
ER stress [185], which was confirmed for an allelic series of mutations in mouse embryonic
fibroblasts [209]. Importantly in mice chronic preventative 4PBA treatment reduced adult and
paediatric ICH for some missense mutations [184, 222, 329]. 4PBA was also effective in
reducing ICH severity once the disease was established [222], suggesting 4PBA could be
beneficial for patients post-diagnosis with COL4A1 syndrome. Furthermore a short term
transient treatment also reduced severity with lasting effect, but it should be noted that
increased efficacy was obtained when treatment commences early in life [329]. However,
efficacy of PBA was dose-dependent [329] and did not prevent or treat the ASD and Bowman’s
capsule defects [222]. This suggests that for patients with multi-systemic features a
combinatorial treatment targeting both ECM defects and ER stress will be required [222].
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4PBA not only reduces ER stress but also promotes secretion of collagen 1V [209, 215, 222].
Worryingly, 4PBA treatment of mice with a glycine mutation reduced the ability of the dermal
BM to withstand mechanical stress [222]. Moreover, 4PBA treatment increased severity of
myopathy in a mouse model with a more N-terminal glycine mutation that did not cause ER
stress [215]. One explanation may be that PBA caused secretion of mutant protein. PBA
treatment may thus be contra-indicative for clinical features of COL4A1 syndrome due to ECM

defects and missense mutations that do not induce ER stress.

This is also a consideration for AS due to missense mutations where treatment of patient cells
with 4PBA was associated with reduced ER stress [305]. Given the mechanical stress to which
the GBM is exposed, it is now key to determine if PBA has efficacy in vivo or whether it also

negatively affects the GBM due to increased deposition of mutant protein.

In conclusion these intervention studies highlighted that a detailed understanding of the
disease mechanisms will be required. A one size fits all therapeutic approach will be unlikely
and patient stratification based on the molecular mechanisms of the mutations will be

necessary.

10 Concluding remarks

It has been 30 years since the identification of the first collagen IV mutation in disease. Since
then it has become apparent that these “simple” Mendelian diseases are complex multi-
systemic disorders characterised by tissue and cell-specific disease mechanisms as well as
mutation specific quantitative and qualitative effects on the collagen network. While it may
seem that we have come a long way in increasing our understanding of the mechanisms of
collagen IV biosynthesis and collagen IV disease, the hard truth is that major gaps in our
knowledge remain. These range from gaps in our knowledge relating to fundamental aspects
of collagen secretion and its regulation, (e.g. is collagen IV biosynthesis, like collagen | [133],
under the control of circadian rhythm? What is the half-life of collagen IV in the ECM and how
is BM degradation/turnover regulated?) to the disease mechanisms (e.g. what is the relative
contribution of ER stress and ECM defects? What are the genetic modifiers?).
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We are still in desperate need for treatment for collagen IV disorders and the role of collagen
IV in human physiology and pathophysiology remains incomplete. In particular, besides the
Mendelian disorders many questions remain about the role of these molecules in common
forms of disease. Large population cohorts will undoubtedly be a powerful resource in
addressing these. But even when it comes to Alport and COL4A1 syndromes, increased in-
depth molecular mechanistic insight will be needed to develop the effective treatments that
patients deserve and need. Key questions remain regarding the role of ER stress and ECM
defects in disease and the mechanisms by which these defects exert their effects. Comparison
across different diseases will be powerful and may allow us to transition from treatments based
on clinical feature to phenotype-agnostic therapeutics that target key mechanisms. In many

ways we have only just begun to lay the foundations for an exciting time in ECM research.

This chapter was written during the lockdown in the UK caused by the COVID19 pandemic

and we hope that you are all safe and healthy.
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Table 1: Frequently used animal models of collagen-related genetic diseases. Due to

space limitation, only the original reference describing the model has been provided.

BM Affected Animal model Disease Phenotype References

component gene (or human equivalent)

Collagen IV  Col4a1 Mouse COL4A1 syndrome [180-182,
missense HANAC syndrome 220]
mutations

Col4at/ Mouse Embryonically lethal, [20]
Col4a2 double growth retardation vascular
null defects
Col4a1 Drosophila Intestinal defects, [217]
(Cg25c)and  missense and  myopathy
Col4a2 (Vkg)  loss of function
mutation
emb-9; let-2 C. elegans Embryonic lethal [216]
(Cola4at, missense
Col4a2) mutations
Col4a2 Mouse COL4A1 syndrome [182]
missense
mutations
Exon 18 Embryonic lethality Reissig
deletion Multiple organ defect 2019
Col4a3 Mouse knock- ARAS and ADAS [304, 330,
out and 331]
missense
mutation
Col4a3 & Mouse juvenile form of AS [332]
Col4a4 double
null
Col4a4 Mouse ARAS [333]
missense
mutation
Col4a5 Mouse knock-  X-linked Alport Syndrome  [334, 335]
out and
nonsense
mutation
Col4ab Zebrafish in Defective retinal axon [336]
frame deletion  guiding
Col4a6b Zebrafish Defective axon guiding, [267]
in frame cerebellar granule cells
deletion defects

Table 2 Overview of some of the clinical features of the Mendelian diseases due to
mutations in collagen IV.
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Disease

Tissue

feature

Reference

COL4A1 syndrome

Cerebrovascular

Brain white matter
defect

Brain cortical
defects

Eye

Muscle

Heart

Kidney

PADMAL

Intracerebral
haemorrhage
Cerebral small vessel
disease
Porencephaly

White matter
hyperintensities
leukoencephalopathy

Lissencephaly,
hydranencephaly
Schizencephaly
Polymicrogyria
focal cortical
dysplasia

nodular heterotopia

Arterial Tortuosity
Anterior segment
dysgenesis

Retinal haemorrhage
glaucoma

High myopia
Micro-opthalmia

Increased CK
Muscle cramps
Myopathy
Walker Warburg
Syndrome
Muscle Eye Brain
disease

Supraventricular
arrhythmia
Congenital heart
defect, common
arterial trunk

Congenital anomalies
of the kidney and
urinary tract

Urinary retention
Glomerulopathy
Cystic kidney disease
Haematuria

Tubular defect
Lacunar infarct
Ischemic stroke
Leukoencephalopathy

[183, 192]

[183, 192]

[183, 192]

[183 , 207]

[183, 193, 196]

[169]. [183, 224 ]

[183, 2231]) [337]

[60, 202]
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HANAC

CSVD, intracranial
aneurysms, retinal
tortuosity, ASD,
muscle cramps,
Raynaud
phenomenon

renal cysts, hematuria

[169, 183, 219]

Alport syndrome

Alport syndrome -
diffuse
leiomyomatosis

Kidney

Eye

Ear

Proteinuria,
hematuria, end stage
kidney disease

Posterior cataract,
lenticonus
Dot fleck retinopathy

Sensorineural
deafness

Alport syndrome
Smooth muscle cell
tumour

[74, 338]

[74, 338 ]

[74, 338 ]

[74]
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Table 3: Mechanism-based therapeutic strategies for collagen-related diseases. Clinical

trials are indicated in bold.

Disease Mechanism-target Treatment References
COL4A1 ER retained protein, ER Chemical [184, 185,
Syndrome stress pathway chaperones eg. 4- 222]
phenylbutyrate Labelle-
(4PBA) Dumais
2019
Alport ER retained protein, ER 4PBA Wang, 2017
Syndrome stress #58
Blood pressure Angiotensin- [309, 312-
converting enzyme 314]
inhibitors e.g.
Ramipril
Angiotensin Il type 1
receptor blockers
e.g Losartan
Fibrosis HMG-CoA- [315]
reductase inhibitor [316]
(cerivastatin) [322]
Vasopeptidase [317]
inhibitor AVE7688
anti-miR-21
oligonucleotides
STATS3 inhibitor eg.
stattic
Oxidative stress, Nrf2 activator eg. [318]
inflammation and fibrosis:  bardoxolone methyl
(BARD)
Functional replacement Gene therapy: [323]
Stem cell [325]
Bone marrow- [324]

derived stem cells
Amniotic fluid stem
cells
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Figure 1. Genome organisation for COL4A71/COL4A2, COL4A3/COL4A4 and
COL4A5/COL4A6. Each pair of collagen IV genes contain a bi-directional promoter (length in
nucleotides provided) and cis-acting elements. The cis-acting elements (GC box, the CAAT
motif and a CTC box) bind specifically to transcription factor SP1, CAAT binding factor
(CCAAT) and CTCBF. (A) COL4A1/COL4A2 on chromosome 13. A silencer influences
transcription of both COL4A1 and COL4A2. (B) COL4A3/COL4A4 on chromosome 2 contains
motifs similar to COL4A1/COL4A2 present in the bidirectional 167 nucleotide promoter.
COL4A4 has two alternative first exons. (C) COL4A5/COL4A6 have a larger bidirectional
promoter. COL4A6 has potential alternative promoter elements depicted by the red diagonal

lines and an alternative first exon.
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Figure 2 (A) Protein domain structure of collagen IV protomer includes a N-terminal 7S
domain, a central triple helical collagen domain and a C-terminal NC1 domain. (B) Collagen
network formation in the ECM includes interaction of two protomers via their NC1 domains to
form dimers. Peroxidasin mediates the sulfilimine bond formation between the NC1 trimers.
Four protomers interacts via their 7S domains to form tetramers and cross linking is mediated
by LOXL2. Combined this results in a strong but flexible mesh network in the ECM (panel D).
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Figure 3: Collagen IV protomer modification (A) Co-translational and post-translational
modification in the ER of single a-chains includes proline hydroxylation at the fourth or third
carbon of the proline ring by the enzymes prolyl4-hydroxylase (P4H) and prolyl3-hydroxylase
(P3H) respectively. Lysine residues at the Yaa position of the collagen triplet can also undergo
hydroxylation by lysyl hydroxylases (LH1-3). (B) HSP47 binds and stabilises collagen IV
protomers, in the ER and during transit to the cis-Golgi. (C) Schematic diagram of modified
Collagen IV protomer. (D) HSP47 can act as anchor between TANGO1 to aid secretion of
collagen IV from ER.
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Figure 4 Collagen IV disease mechanisms (A) Under ‘correct/normal’ physiological
conditions, collagen IV protomer is made in the ER, transported out of the cell to be
incorporated into the ECM BM. (B) Non-sense mutations (star) reduce protein levels leading
to reduced levels of collagen IV in the BM, causing BM defects. (C) Mis-sense mutations can
cause mutant protein (yellow star) to be secreted from the cell but mutant protein may also
accumulate in the ER. This can cause ER stress and reduced secretion, meaning ECM defects
can be due to reduced protein levels and/or mutant protein incorporation.
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