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Abstract
The genes COL4A1 and COL4A2 encode for the chain α1 and α2, respectively, of
collagen IV, a constituent of the cellular basal membrane. In recent years,
mutations of COL4A1 and COL4A2 have been associated with neurological,
ophthalmological, and nephrological alterations. However, COL4A1 and
COL4A2-related diseases include a broad spectrum of manifestations that is not
yet fully characterised.
In this study, we first performed a systematic review of the literature and then
developed a questionnaire to investigate the full range of phenotypic
manifestations of individual with COL4A1 and COL4A2 mutations. Secondly, we
administered the questionnaires and collected information from a group of 28
individuals within 11 distinct families carrying COL4A1 or COL4A2 mutations.
Common clinical findingss in such case history were epilepsy, cerebral
structural abnormalities, cognitive disability, refraction disorders, and
congenital cataracts. Furthermore, we performed ophthalmological and
cardiological examinations in asymptomatic individuals carrying COL4A1 or
COL4A2 mutations. The ophthalmological screening showed the presence of
retinal vascular tortuosity (5 patients), dysgenesis of the anterior segment (2
patients), and cataract (1 patient). The cardiological screening is ongoing, and no
results are available yet. The fourth step consisted in the proposal of a protocol
for clinical management and prevention of complications based on the results
from the questionnaire, the opthalmological and cardiological screening, and
the manifestations reported in the literature. The management protocol should
include

a

periodic

evaluation

of

the

nervous,

cardiac,

vascular,

ophthalmological, and nephrological systems. This comprehensive approach,
based on the analysis of intrafamiliar phenotype variability, aims to early
detect the possible complications of COL4A1 or COL4A2-related disease and
ultimately improve patients’ quality of life.
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Introduction

1.1

Background

Type IV collagen is a unique member of the large collagen
superfamily which in vertebrates comprises 28 different types (1) (2).
Type IV collagen is a fundamental constituent of the basement
membranes (BMs) and includes six genetically distinct α-chains
designated α1(IV) to α6(IV). Out of many potential combinations, the
chains interact and assemble with a remarkable specificity to form
only three distinct heterotrimers of α1α1α2, α3α4α5, and α5α5α6. The
α1(IV) and α2(IV) chains, which were the first to be described and
thus called “classical” chains, are present in all tissues, whereas the
other four chains have restricted tissue distribution during their
development. For example, the α3(IV), α4(IV), and α5(IV) chains are
present in the glomerular basement membrane (GBM) of the kidney,
and in the BM of lung, testis, and eye, whereas the α5(IV) and α6(IV)
chains are found in the BM of skin, smooth muscle, and the kidney.
The expression of collagen IV chains is subjected to temporal
regulation. For instance, in the GBM of the human kidney, genes
encoding the α1(IV) and α2(IV) chains are expressed during early
10

embryonic development (day 75), but their levels gradually decrease
as the expression of genes encoding the α3(IV), α4(IV), and α5(IV)
chains start. This developmental switch in gene expression is critical
for the maturation of the GBM as a specialized plasma filtration
barrier in the kidney. While most identified mutations in the genes
encoding either α1(IV) or α2(IV) cause embryonic lethality, most
mutations in genes encoding the α3(IV), α4(IV), or α5(IV) chains lead
to renal failure and deafness in adult patients with Alport's syndrome
(3) (4). Human collagen IV genes are arranged in three pairs with
head-to-head orientation; COL4A1-COL4A2 on chromosome 13,
COL4A3-COL4A4 on chromosome 2, and chromosome X. Sequence
analyses from several mammalian species have pointed to a common
ancestral gene, which resulted in six evolutionarily related genes
through three consecutive gene duplications (5). Based on sequence
similarity, COL4 genes can be divided into an α1-like group including
COL4A1, COL4A3, and COL4A5 genes, and an α2-like group
comprising COL4A2, COL4A4, and COL4A6 genes. The members of
each group also share conserved sequence features such as
characteristic exon-intron organization, indicating their evolutionary
relationship. The bidirectional promoters shared by the paired genes
11

are another unique feature of collagen IV, which is not present in
other collagen families. For example, on chromosome 13, COL4A1
and COL4A2 genes are transcribed from opposite DNA strands with
transcription starting sites separated only by ∼130 bp (6). Similarly,
the genes encoding α5(IV) and α6(IV) chains on chromosome X also
share their promoter, however, the α6(IV) chain was shown to be
encoded by two transcripts differing in their 5′-end sequences and
encoding different signal peptides (7) (8) (9). With no evidence for
alternative splicing, these two transcripts were suggested to be
regulated by two promoters (8). Unlike other paired collagen IV
genes, differential expression of COL4A5 and COL4A6 genes have
been reported, indicating that transcription through alternative
promoters may be used to differentiate COL4A6 gene expression
from that of COL4A5 (8). Despite extensive studies and identification
of the regulatory elements in the promoter regions, the regulation of
collagen IV genes is not fully understood yet. For example, the mRNA
levels for α1(IV) and α2(IV) chains vary between different cells and
under different conditions, yet the ratio of translated α-chains in
the triple-helical α1α1α2 molecule remains always the same. This
indicates that the expression of collagen IV genes is highly regulated
12

at different levels including transcription, stability, processing of
encoding RNAs, translation and posttranslational modifications, and
through mechanisms of chain-specific recognition of different αchains in the cell (Figure 1). Alternative splicing is another
contributing factor to the complexity of chain composition and
assembly of collagen IV α chains. Analyses of the α3(IV) chain in
human kidney samples have revealed the presence of alternatively
spliced transcripts, while no alternative spliced variants having been
detected for the α1(IV), α2(IV), α4(IV), or α6(IV) chains (10) (11).

13

Figure 1: Representation of type IV collagen biosynthesis and potential sites
for pathogenic insults.
(From Debbie S. Kuo et al, 2012), 201Collagen proteins undergo extensive posttranslational modifications and assemble into heterotrimers for secretion into the ECM
where they polymerize into a network and interact with other extracellular and membrane
bound molecules [LH, lysyl hydroxylase; PH, prolyl hydroxylase; PDI, protein disulphide
isomerase; S, secreted protein, acidic, cysteine-rich (SPARC); H, heat shock protein 47
(HSP47)]. (B) Assuming random assembly within

the ER of cells heterozygous

for COL4A1 mutations, 25% of heterotrimers will be normal, 50% of heterotrimers will
incorporate one mutant COL4A1 protein and 25% of heterotrimers will incorporate two
mutant COL4A1 proteins. Normal heterotrimers (left) are presumed to be secreted, while
heterotrimers containing two mutant proteins (right) are not. It is unknown if
heterotrimers with one normal and one mutant COL4A1 protein are secreted.
Heterozygous mutations in COL4A2 would produce only the first two classes of
heterotrimers at 50% each. The primary pathogenic insult may be intracellular (cytotoxic
accumulation of mutant heterotrimers) or extracellular (either the presence of mutant
heterotrimers or the deficiency of heterotrimers in basement membranes). Extracellular
insults could directly or indirectly alter interactions with signaling molecules such as
BMPs (represented as blue circles) or cell-surface receptors such as integrins (represented
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as grey structures), which can in turn lead to autocrine or paracrine intracellular
signaling defects. (12).

1.1.1 Genetic and Acquired Diseases of Collagen IV
Collagen IV is involved in several genetic and acquired disorders
involving different organs during the development and in adulthood
(13). Collagen IV disorders may depend on genetic and nongenetic
factors, including alterations in temporal and spatial gene expression,
splicing variations, posttranslational modifications, and the chainspecific assembly of particular α-chains. Kidneys are particularly
affected by collagen IV abnormalities. Because of its highly
specialized features, the BM of the renal glomerulus plays a critical
role in the filtration of the circulating plasma. As all the six collagen
IV genes are differentially expressed in different anatomical parts of
the glomerulus, and since the lack of one gene product can not be
compensated by another, renal disorders of collagen IV are the most
life-threatening disorders leading to end-stage-renal-disease (ESRD)
and mortality (13). Alport's and Goodpasture's syndromes are the
two major examples of kidney abnormalities in which collagen IV is
the central molecule directly involved in the pathogenesis, and thus
will be discussed here.
15

Alport's Syndrome
In 1927, Arthur Cecil Alport described the clinical syndrome of
hereditary nephritis characterised by hematuria and sensorineural
deafness (14). For decades, the syndrome was diagnosed solely based
on its clinical manifestations. However, with advances in electron
microscopy in the early 1970s, the underlying pathological clues to
the renal dysfunction, which were ultrastructural changes with
regional thinning and thickening of the GBM, were reported by
several laboratories (15) (16) (17) (18). The presence of unique
collagen types in the GBM had already been reported by Kefalides in
the late 60s (19) (20), and it was thought to consist of three identical
α-chains forming the scaffold of the GBM (21). This inspired Spear to
suggest that mutations in the gene for this unique structural GBM
component could cause Alport's syndrome (22). However, it was not
until 1990 that the genetic basis for what came to be known as Xlinked Alport's syndrome was described (23) (24) (25) (26). Since then,
a large number of different mutations in the COL4A5 gene as well as
in the COL4A3 and COL4A4 genes have been reported (27) (28) (29).
These mutations not only include nonsense and missense mutations,
but also mutations that affect splicing, stability of the triple-helical
16

structure, posttranslational modifications, and the assembly of chains
into heterotrimeric molecules. While mutations in the COL4A3 or
COL4A4 genes cause an autosomal recessive form of the syndrome
affecting both males and females equally (30) (31), ∼85% of patients
with Alport's syndrome carry mutations in the COL4A5 gene and
therefore are X-linked with the highest prevalence in males (23) (32).
The expression of genes encoding the α3(IV), α4(IV), and α5(IV) is
subjected to a developmental switch in the GBM. Thus, disregarding
which gene is affected by mutations that alter the normal expression,
posttranslational modifications, or assembly of the α3α4α5 triplehelical molecule will cause an arrest in the developmental switch and
persistence of the α1α1α2 heterotrimer in the GBM leading to Alport's
syndrome as consequence. Differences in the physical and biological
properties between the classical α1α1α2 and the α3α4α5 assembly are
most likely to underlie the difficulty for the former heterotrimer to
compensate for the lack of the latter in individuals with Alport's
syndrome. Compared to the α1α1α2, the α3α4α5 assembly is highly
crosslinked because of its larger degree of inter-and intrachain
disulfide bonds and has different physical properties than the
classical α1α1α2 heterotrimer (33). During the embryonic
17

development, levels

of

circulating

proteins

proteases constantly increase. The high

including

susceptibility

serum
of the

embryonic α1α1α2 heterotrimer to proteolytic activities makes the
developmental switch to the more resistant α3α4α5 heterotrimer
necessary to withstand higher glomerular pressure and proteolytic
degradation of the GBM. Patients with Alport's syndrome probably
become more sensitive to gradual proteolytic degradation resulting
in an uneven thickness of the GBM as seen in renal samples of
Alport's syndrome patients. Patients with Alport's syndrome can
benefit from renal transplantation as the development of nephritis
due to the generation of alloantibodies is not very common. Sensitive
assays have shown that the posttransplant alloantibodies are always
directed against multiple epitopes along the α3(IV), α4(IV), or α5(IV)
chains (34) (35). The presence of such antibodies is a characteristic
feature of another collagen IV-related renal disease known as
Goodpasture's syndrome.
Goodpasture's Syndrome
Goodpasture's syndrome is a rapidly progressive autoimmune
glomerulonephritis, often associated with lung hemorrhage. The
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disease, which occurs primarily either in young men usually in their
late 20s or in both men and women in their 60s, is caused by
circulating autoantibodies directed to specific epitopes located on the
α3(IV) NC1 domain (36) (37). Although immunoreactivity to epitopes
located on the NC1 domains of other collagen IV chains has been
reported, almost all anti-GBM antibodies from patients are reactive to
the α3(IV) NC1 domain (38). In this regard, the antibody specificity
to the α3(IV) NC1 domain is puzzling, since antibodies directed
against NC1 domains of other chains, such as α1(IV) and α2(IV), do
not cause anti-GBM nephritis (39) (40) (41). Patients with certain
allelic variations (such as HLA-DRB1*1501 and DRB1*1502) have
increased susceptibility to developing the disease, whereas other
alleles (HLA-DR7 and DR1) are protective (42). The role of
autoreactive CD4+ T-cells in mediating the disease has been reported,
clearly indicating the importance of cell-mediated autoimmunity in
the pathogenesis (43) (44). The pathogenesis of Goodpasture's
syndrome is characterised by glomerulonephritis which is initiated
via high-affinity autoantibodies, usually of the IgG class. Two
dominant epitopes (EA and EB) within the α3(IV) NC1 domain have
been identified (45) (46) (47) (48) (49). Located close to each other and
19

near the triple-helical junction (Fig. 2), these epitopes do not normally
show reactivity with the antibodies unless the NC1 hexamer is
dissociated (50). Therefore, it is presumed that environmental factors
such as exposure to hydrocarbons or tobacco smoke may be needed
to reveal the cryptic epitopes to the immune system (51) (52).
Disregarding the cause, the binding of immunoglobulins to the GBM
activates the complement system and a cascade of proteases, which
results in disruption of the glomerular filtration barrier followed by
proteinuria and formation of the glomerular crescent. The cellmediated immunoreactivity by CD4+ and CD8+ T cells is soon
followed by the migration of macrophages and neutrophils into the
glomerulus causing further inflammation and increased proteinuria
which leads to interstitial nephritis (53) (54) (55) (56) (57). Treatments
for Goodpasture's patients are limited to plasmapheresis which
removes the harmful antibodies from the circulations and/or
immunosuppression. Kidney transplantation is possible, but should
be considered once anti-GBM antibodies are undetectable in the
serum due the risk of recurrence (58).
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1.2 Gould Syndrome
Since the 1980s, researchers have reported the recurrence of
hemorrhagic stroke in family clusters characterised by porencephalic
cavities on computed tomography or magnetic resonance imaging
(MRI). Initially, congenital porencephaly, which is a cyst that
communicates with the lateral ventricle and is (usually) detected after
parenchymal hemorrhage, had often been considered the result of an
external insult, as for example postanoxic perinatal bleeding which
does not have a genetic substrate and, in the absence of coagulopathy,
has a low risk of recurrence.
In

2005,

after

various

experiments

on

mouse

models,

COL4A1 mutations were discovered as a cause of porencephaly, with
an apparent autosomal dominant inheritance. It became also clear
that disorders of other organs can result from mutations in COL4A1.
The genes COL4A1 and COL4A2 share a common locus at 13q34 and
encode the chains α1 and α2 of type IV collagen, respectively. Type
IV collagen is a structural component of BMsand is composed of one
α2 and two α1 chains assembled into a heterotrimer. α-Chains consist
of 3 domains: the carboxy-terminal region (NC1), which triggers the
heterotrimer assembly, the triple helix region (THR) forming the
21

collagenous part of the molecule, and the amino-terminal region (7S).
The THR domain consists of an amino acid triplet repeat of glycine
(Gly) and the other two amino acid domains (Gly-Xaa-Yaa). The
proteins encoded by COL4A1 and COL4A2 form part of the basement
membranes and are a fundamental histological structure that
supports tissues and cues to cells.
COL4A1/2-related disorders are rare, genetic, multisystem disorders
that follow an autosomal dominant pattern of inheritance (59) (60).
These conditions are also referred to as Gould Syndrome. Gould
syndrome has been diagnosed in over 100 families, with COL4A1
mutation being more frequent than the COL4A2 one (60). The variable
expressivity of the mutations make the diagnosis more challenging,
so that the actual number of families with COL4A1/2 mutations
reported in the literature is likely underreported.
Most

pathogenic

COL4A1/2

mutations

are

missense

and

characterised by a glycine substitution with a different amino acid
with the proportion of de novo variant being around 27% (61). These
mutations determine accumulation of misfolded protein within cells,
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insufficient construction of collagen networks, and occasionally the
interference with the collagen network outside the cells (62).
In patients with Gould syndrome, mosaicism (i.e, not all cells present
the genetic defect), variable expressivity, and incomplete penetrance
have been reported. These phenomena could also explain why
asymptomatic parents can have a severely affected child (62). When
an individual carries a mutation but does not present any signs or
symptoms, this is due to reduced or incomplete penetrance, whilst
variable expressivity is referred to varying signs and symptoms
among patients. An individual with COL4A1/2 mutation can also
carry additional genetic variants that confer more susceptibility or
protection to the disease manifestations. Environmental experiences
such as trauma, anticoagulant use, physical and exertion could also
influence the susceptibility (60).
Genotype-phenotype correlation is the association between the type
of mutation and its location in the gene, and the resulting clinical
manifestations (63) (Figure 2). There are ongoing studies to determine
if specific genotype-phenotype correlations exist in COL4A1/2-related
disorders.
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Figure 2: Distribution of COL4A1 and COL4A2 mutations in schematics of
human and mouse proteins.
(From Debbie S. Kuo et al, 2012) The Col4a1 and Col4a2 genes share a common
bidirectional promoter. Mature proteins are composed of three distinct domains: 7S,
collagenous and non-collagenous (NC1). Mutations identified in humans and in mice are
indicated above and below the schematics, respectively, with mutations causing HANAC
Syndrome (hereditary angiopathy with nephropathy, aneurysms, and muscle cramps)
shown in red. Probable pathogenic human mutations, defined as displaying an
unambiguous familial inheritance pattern, are in bold while other putative pathogenic
human mutations are in plain text. (12)

Four decades after its discovery, collagen IV is still the focus of
extensive research from biochemistry models to pathological
mechanisms. Being the only collagen type encoded by six different
genes, the six α-chains of collagen IV can bind to each other with
remarkable specificity and assemble into unique heterotrimers. After
24

secretion into the ECM, these molecules further interact to form
higher supramolecular organizations which together with other
proteins ultimately form unique BMs in a tissue-specific manner.
Through interactions with specific cellular receptors such as
integrins, the BM collagen IV networks not only provide structural
support to the cells and tissues but also affect tissues during and after
fetal development. As there are ongoing discoveries on genetic
mutations, biosynthesis, molecular assembly, and network formation
of collagen IV, our understanding of the critical role of these complex
supramolecular structures in health and disease has dramatically
increased.

Clinical spectrum of COL4A1 and COL4A2 related diseases
As previously mentioned, the spectrum of the clinical manifestation
varies from asymptomatic carriers to individuals with severe,
multiorgan, and even

life-threatening

complications (such

as

neonatal strokes or aortic branches anomalies) (60). The onset of signs
and symptoms is highly variable and can range from infancy to
adulthood

(64).

The

clinical

presentation

may

include

cerebrovascular disease, cerebrocortical abnormalities such as
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schizencephaly and porencephaly, ocular dysgenesis, myopathies,
and renal pathologies (65) (64). However, many other aspects of the
syndrome including muscle cramps with elevated CK levels,
Raynaud

phenomenon,

hemolytic

anemia

and

pulmonary

abnormalities continue to emerge, and the full clinical spectrum
remains yet to fully define (61). There is significant variability in type
and severity of symptoms and how COL4A1/2-related disorders
will potentially affect an individual can be hard to predict. This is
due to several factors including the small number of identified
cases, insufficient data from clinical studies, and the possibility of
other genes or factors influencing the presentation of Gould
syndrome (60).

1.2.1 Neurological manifestation
A multicentric study was conducted to describe the neurological
phenotype of COL4A1/2 mutations and included 99 individuals of
which 44 newly and 55 previously reported with COL4A1/COL4A2
mutations (64) (60). Childhood-onset focal seizures, often
complicated by status epilepticus and resistance to antiepileptic
drugs , were the most common features. The EEG of these patients
26

showed focal epileptiform discharges associated with other
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abnormalities, including slowing, or generalized sharp waves. In
individuals with porencephalic cysts, MRI also showed extensive
white matter abnormalities, consistent with the finding of diffuse
cerebral disturbance on EEG. Some patients with epilepsy also
displayed nonspecific findings on neuroimaging, such as ventricular
asymmetry and periventricular leukoencephalopathy (64). Other
brain alteration included schizencephaly or hydranencephaly,
polymicrogyria, or cortical lamination defects (Figure 3).
Another large study of the neurological phenotype involved 70
families from twelve countries and included 100 affected people (60
children and 40 adults) (66). A subanalysis showed that 35 out of 60
children (<=18 years of age) had a history of seizures. Moreover,
almost half of children were diagnosed with infantile spasms.
Patients with epilepsy often had co-existing developmental delay
(88.6%), cerebral palsy (65.7%), stroke (60.0%) . Ten (28.6%) children
were also using a feeding tube. However, even if more than 50% of
partecipants experienced a stroke, only 34.3% had ever received
education on stroke recognition.
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Figure
3
The
spectrum
with COL4A1 mutations

of

imaging

abnormalities

observed

(from Zagaglia et al., 2016) (A) Ventricular enlargement (arrows) and dysmorphism
(dotted arrow), thinning of corpus callosum (*), white matter loss (patient 1). (B)
Periventricular leukoencephalopathy (arrows) (patient 33/a). (C) Acute germinal matrix
hemorrhage on fetal brain MRI (arrows) and consequent extensive leukoencephalopathy
on postnatal brain MRI (*) at 8 days of life (patient 33/c). (D) Malformations of cortical
development: porencephaly with schizencephalic cleft (dotted lines) and polymicrogyria
(arrows) (patient 17). (E) Dysmorphism and asymmetry of basal ganglia (patient 30). (F)
Porencephaly (patient 17). (64)
29

1.2.2 Ophtalmological manifestations
The ophthalmological involvement in Gould syndrome is not yet
fully characterised. In 2010, a study conducted by Bruno
Mortemousque investigated the ocular features associated with
COL4A1 and COL4A2 mutations (67). The main features involve
microphtalmia,

retinal

arteriolar

tortuosity

with

prominent

enlargement of perivascular spaces, cataracts, and ocular anterior
segment dysgenesis (ASD).
In the back of the eye, affected individuals show tortuosity of retinal
arteries (bilateral retinal arterial tortuosity) as part of the syndrome
or as an isolated finding. These alterations in the retinal artery
increase the risk of rupture causing bleeding and are associated with
temporary loss of vision or even retinal detachments that can cause
permanent vision loss.
Cataracts are often present from birth (congenital) and may be one of
the first identifiable signs of the syndrome (67).
ASD is a genetically and clinically heterogeneous group of disorders
that includes Axenfeld-Riefer anomaly (ARA). The diagnosis of
Axenfeld-Rieger anomaly (ARA) refers to a constellation of ocular
findings that include anomalies of the anterior chamber angle and
30

aqueous drainage structures (iridogoniodysgenesis), iris tears
(polycoria), eccentric pupil (corectopia), iris hypoplasia, and
iridocorneal adhesions traversing the anterior chamber (68). These
alterations are frequently associated with posterior embryotoxon and
with an increased level of intraocular pressure (IOP). Acute or chronic
IOP elevation can lead to glaucoma due to the pressure damages on
the optic nerve causing progressive and irreversible vision loss.

1.2.3 Cardiomuscular manifestations
The pathogenetic contribution of the COL4A1 mutation to cardiac
disease is not fully understood yet. There is a report of an infant with
COL4A1 mutation in whom post-mortem examination showed
hypertrophic cardiomyopathy of both ventricles, with histological
findings of patchy myopathic lesions characterised by myofiber size
variation (69). Moreover, the cardiological phenotype of COL4A1
mutations can be broad and include abnormalities in cardiac muscle,
supraventricular arrythmias and mitral valve prolapse (61).
Anyhow, skeletal muscle manifestations are reported in only a few
cases and the genotype-phenotype correlation remains uncertain (60).
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1.2.4 Fetal clinical manifestations
In 2021, a research group showed that the median gestational age at
the detection of initial prenatal abnormal features was 31 weeks (70).
However, not all individuals had specific prenatal findings
suggestive of COL4A1/2 mutations. The most common initial
anomaly was ventriculomegaly (n=20/32, 62.5%). Posterior fossa
abnormalities,

including

Dandy-Walker

malformation,

were

observed prenatally in a few patients (n=4/32, 12,5%). As concerns
extra-brain features, fetal growth restriction was detected in 16
individuals, including eight with comorbid ventriculomegaly.
In another study, pathogenic COL4A1/2 variants were detected in 56
individuals (n=56/218, 25.7%) and the main features were
porencephaly (n=29), schizencephaly (n=12), and others (n=15).
Information about fetuses was available in 47 of 56 patients, 32 of
whom (n=32/47, 68.1%) had one or more fetal abnormalities (71).
Other findings associated with these anomalies were calcification and
intracranial microbleeds.
Most studies present in the literature underline the importance of
searching for COL4A1/2 mutations in children presenting with unior bilateral polymicrogyria with schizencephaly, even in the absence
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of calcification, intracranial microbleeds, or associated systemic
features.

1.2.5 Other systemic manifestations
Other clinical manifestations of COL4A1 and COL4A2-related
disorders include abnormalities of kidneys, blood vessels, and
skeletal muscles. Kidney cysts and hematuria (gross or microscopic)
represent the main nephrological manifestations (60). Regarding the
involvement of blood vessels, angiopathy manifests mainly as
aneurysms. The involvement of skeletal muscles manifests mainly
with cramps which can occur and develop before age three years and
can be associated with a reduction in muscular strength. A series of
additional signs and symptoms have been reported in individuals
with COL4A1/2-related disorders including haemolytic anemia, liver
cysts, and the Raynaud phenomenon (60).
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1.3

COL4A1 and COL4A2 associated genetic disorders

Seven specific phenotypes have been associated with COL4A1 to date
(72).

including

COL4A1-related

leukoencephalopathy,

Familial

familial

porencephaly,

vascular
Familial

schizencephaly, HANAC syndrome, Pontine autosomal dominant
microangiopathy

with

leukoencephalopathy,

Retinal

arterial

tortuosity, and Walker-Warburg syndrome (73). Only one phenotype
(Familial porencephaly) has been associated with COL4A2 mutation
(72).

1.3.1

Autosomal Dominant Familial Porencephaly

The first reports of human COL4A1 mutations were in patients with
autosomal dominant porencephaly, and a more recent study found
that COL4A1 mutations are present in ~16% of patients with
porencephaly. Porencephaly refers to the formation of fluid-filled
cysts or cavities within the brain (73). The size and location of cerebral
cavities contribute to clinical variability. Also COL4A2 mutations
have been associated with autosomal dominant porencephaly (61).
The spectrum of manifestations varies from asymptomatic carriers to
individuals who develop severe, even life-threatening,
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complications. Some individuals may only develop specific
symptoms including migraine with or without area, weakness, or
lateralized dysfunctions of the body such as hemiparesis or
hemiplegia, seizures, stroke, and dystonia.
The spectrum of neurological manifestations include poor or absent
speech development, facial paralysis, spasticity, visual field defects,
and hydrocephalus.
Depending on the severity of the manifestations, affected infants and
kids can exhibit developmental delay or intellectual disability.
In addition to porencephaly, there can be other forms of congenital
abnormalities.

Individuals

can

also

have

schizencephaly,

hydranencephaly, polymicrogyria, or cortical lamination defects (61).

1.3.2

Autosomal Dominant Familial Schizencephaly

Schizencephaly is a disorder characterised by a cleft in the brain
extending from the surface of the pia mater to the cerebral ventricles
(74). The edges of the cleft are lined with polymicrogyria, and
heterotropic gray matter. Aetiology is heterogeneous but mostly
associated with vascular disruption. (75). The clinical manifestations
usually overlap with those of poroencephaly, polymicrogyria, and
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other cortical lamination defects and include absent speech
development, spasticity, visual field defects, and hydrocephalus.

1.3.3

Autosomal Dominant Brain Small Vessel Disease

In a retrospective study of 52 patients with COL4A1 mutations, stroke
occurred in 17.3% (76). MRI showed white matter abnormalities
(63.5%), subcortical microbleeds (52.9%), porencephaly (46%),
enlarged spaces around blood vessels, (19.2%), and small infarctions
(13.5%).
This study demonstrated that COL4A1 and COL4A2 mutations cause
clinically variable cerebrovascular disease that includes characteristic
features of cerebral small vessel disease. Cerebral small vessel disease
with hemorrhage is likely a milder continuum from porencephaly
and exhibits many of the same symptoms (except for the brain
cavities) (60).
The main symptom is intracranial hemorrhage that can occur
spontaneously, after trauma, or taking drugs such as anticoagulants.
Some people can be asymptomatic while others may only experience
migraine with aura. Other phenotypes include hemiparesis or
hemiplegia, and seizures.
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Moreover,

large

genetic

studies

suggest

an

association

for COL4A1/2 mutations with some conditions such as intracranial
aneurysms, myocardial infarction, arterial calcification, arterial
stiffness, deep intracerebral hemorrhages, lacunar ischemic stroke,
reduced white matter volume, and vascular leukoencephalopathy
(77). These studies highlight how Chronic vascular dyfunction may
be due to underlying COL4A1/2 mutations.

1.3.4 COL4A1-related familial vascular leukoencephalopathy
COL4A1-related familial vascular leukoencephalopathy is a rare,
genetic, neurological disease, presenting with fragile small-vessel
intracerebral vasculature (72). Moreover, single or recurrent
hemorrhagic and/or ischemic stroke, nephrological, and ocular
involvement could be present. Neuroimaging shows diffuse,
periventricular leukoencephalopathy with dilated perivascular
spaces, microhemorrhages, and lacunar infarction (60).
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1.3.5. Pontine autosomal dominant microangiopathy with
leukoencephalopathy
Pontine

autosomal

dominant

microangiopathy

with

leukoencephalopathy is a rare genetic cerebral small vessel disease
(78). The disease presents with recurrent ischemic strokes, usually
involving the pontine region, with a typical onset in the fourth or fifth
decade of life. Patients can show progressive cognitive and motor
impairment with pyramidal, bulbar, and cerebellar symptoms,
among others. Brain imaging shows multiple lacunar infarcts of the
pons and variable leukoencephalopathy of the cerebral hemispheres.

1.3.6 Retinal arterial tortuosity
Retinal arterial tortuosity is a rare genetic cerebral small vessel
disease. The disease presents with isolated tortuosity of retinal
arteries whilst the venous system remains unaffected (60). This
alteration is typically located in the macular and peripapillary areas.
The onset of the disease is during childhood or early adulthood. Most
patients present variable degrees of transient vision loss due to retinal
hemorrhage following physical exertion or minor trauma. In some
cases, the patient could be asymptomatic.
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1.3.7 Walker-Warburg syndrome
Walker-Warburg Syndrome (WWS) is a rare condition of congenital
muscular dystrophy associated with eye and brain abnormalities.
Individuals present at birth with muscle weakness, generalized
severe hypotonia, absent or very poor psychomotor development,
seizures,

and

eye

involvement

(79).

Neuroimaging

shows

hydrocephaly, type II cobblestone lissencephaly, severe brainstem,
and cerebellar hypoplasia (Dandy-Walker malformation). White
matter abnormalities can also be detected.

1.3.8 COL4A2-related porencephaly and intracerebral
hemorrhages
Seven heterozygous COL4A2 mutations have been detected in
individuals with either porencephaly type 2 (OMIM 614483) or
intracerebral
manifestations

haemorrhage
of

patients

(OMIM

614519).

with

porencephaly

Neurological
type

2

resemble COL4A1-related porencephaly (80) (61). Four individuals
showed

adult-onset

intracerebral

hemorrhage

(81).

Other

extracerebral symptoms were also present, including cataracts,
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cerebellar and optic atrophy, nephropathy, intracranial aneurysms,
and myopathy (82) (83).
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1.4 COL4A1 and COL4A2 related disorders and differential
diagnosis
Differential diagnosis of COL4A1/2-related disorders include a rare
genetic disease affecting the small blood vessels in the brain called
CADASIL (60). CADASIL is an acronym for (C)cerebral – relating to
the brain (A)autosomal (D)dominant – (A)arteriopathy – a disease of
the arteries (S)subcortical – relating to specific areas of the brain
supplied by deep small arteries (I)infarcts – tissue loss in the brain
caused when circulation through the small arteries is interrupted or
severely reduced (L)leukoencephalopathy– lesions in the brain white
matter which could be detected with MRI. The time of onset, specific
symptoms, severity, and disease progression vary from one person to
another, even in the same family tree. Patients with CADASIL usually
show progressive memory loss, deterioration of intellectual abilities,
and loss of balance with a progressive worsening of these symptoms.
In comparison with COL4A1/2 related disorders, symptoms are
usually less severe and occur later in life (84).
Further disorders to consider for a possible differential diagnosis
include hereditary epitheliopathy with retinopathy, nephropathy,
and stroke (HERNS) and autosomal dominant retinal vasculopathy
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with cerebral leukodystrophy (RCVL). RCVL is an autosomal
dominant microvascular endotheliopathy with onset in middle age,
which

variably

associates

retinal

vasculopathy,

Raynaud

phenomenon, migraine, stroke, and dementia (85).
HERNS is a distinctive subtype of RVCL characterised by kidney
disease (hematuria and proteinuria), brain disease, the Raynaud
phenomenon, and ultrastructural alterations of the basement
membrane of the brain capillaries and the glomerular basement
membrane (86).
Other disorders to consider are mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes (MELAS), the cerebral autosomal
recessive arteriopathy with subcortical infarcts and leukodystrophy
(CARASIL), Fabry disease, and a variety of leukodystrophies.
Leukodystrophies are rare progressive metabolic disorders that affect
the brain, spinal cord, and often the peripheral nerves.
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1.5 Diagnosis of COL4A1 and COL4A2 related disorders
In a proband with findings suggestive of COL4A1 or COL4A2-related
disorder, the diagnosis is confirmed with the identification of a
heterozygous pathogenic variant using molecular testing (60).
Molecular testing approaches can include comprehensive genomic
testing, multigene panel, and single-gene testing.
A multigene panel represents a more sophisticated technique that
includes sequence analysis, deletion/duplication analysis, and/or
other non-sequencing-based tests of COL4A1, COL4A2, and other
genes of interest. The diagnostic sensitivity used for each gene and
the genes included in the panel differs by laboratory and may change
over time. It is important that clinicians determine which multigene
panel is more likely to determine the genetic cause of the condition at
the most reasonable cost while limiting the identification of variants
of uncertain significance and pathogenic variants in genes that do not
explain the underlying phenotype. In some laboratories, panel
options may contain a custom laboratory-designed panel and/or
custom phenotype-focused exome analysis that comprises genes
identified by the clinician.
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More extensive genomic testing includes exome sequencing and
genome sequencing. They may be evaluated if single-gene testing or
multigene panel fails to prove a diagnosis in a patient with features
of a COL4A1/COL4A2 related disorder. Furthermore, this type of
testing can suggest a diagnosis not previously considered (e.g.,
mutation of a different gene or genes that results in a similar clinical
presentation).
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1.6 Treatment of COL4A1 and COL4A2 related disorders
The management of COL4A1/2-related disorders may require the
coordinated efforts of a team of specialists including pediatricians,
pediatric

neurologists,

ophthalmologists,

hematologists,

cardiologists, and other healthcare professionals to get a
comprehensive plan treatment. Moreover, a genetic consultation for
the whole family is strongly recommended in addition to
psychosocial support if necessary.
Nowadays, there are no updated guidelines or treatment protocols
for affected patients. Unfortunately, no treatment trials testing a large
group of patients are ongoing yet. The treatment protocols proposed
in the literature have been established as part of small series of
patients or single case reports. Suggested therapies include speech
therapy, physical therapy, anti-seizure medications for epilepsy, and
a shunt to drain excess fluid if the hydrocephalus is present.
Antihypertensive therapy can be employed for individuals with
hypertension to reduce the risk of stroke.
Surgery can be an option for patients with severe cataracts or
glaucoma

who

do

not

respond

to

topical

medications.

Antiarrhythmic therapy is usually considered to treat
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supraventricular arrhythmia while endovascular therapy or surgery
can be used to treat intracranial hemorrhage or aneurysms (60).
Even if symptomatic, early intervention is important to ensure
children and other patients are capable to reach their highest
potential. Some services can be beneficial for some patients and
comprehend medical, social, and/or vocational services such as
special remedial education.
Physical activities that can cause head trauma such as contact sports,
smoking, which increases the risk of stroke and the use of
anticoagulant medications should be avoided.

46

Aims
Our study aimed at evaluating the multiorgan involvement of
patients and their family members carrying or potentially carrying
COL4A1 or COL4A2 mutation, to develop a standardised approach
for screening, clinical management and prevention of complications.
The spectrum of clinical manifestations of COL4A1 and COL4A2
mutations varies from asymptomatic carriers to individuals who
develop severe, even life-threatening complications.
The clinical presentation may include cerebrovascular disease,
cerebrocortical

abnormalities

(e.g.

schizencephaly),

ocular

dysgenesis, myopathies, and renal pathologies. However, many
other aspects of the syndrome including cardiac and pulmonary
abnormalities continue to emerge and the full clinical spectrum
remains yet to define.
Nowadays, there are no guidelines or treatment protocols for
COL4A1/2 disease. Due to the complexity and multiple systemic
manifestations of the syndrome, patient management often requires
the coordinated efforts of a team of specialists including
pediatricians, pediatric neurologist, ophthalmologists, hematologists,
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cardiologists, and other healthcare professionals to achieve a
comprehensive plan treatment.
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Materials & Methods
The first step of our work consisted of a review of the scientific
literature to evaluate all the reported organ involvement and diseases
associated with COL4A1 and COL4A2 mutations. All the information
gathered was used to design a questionnaire that could provide a
complete phenotypical characterization of COL4A1/2 mutations. The
target population for the questionnaire were all the patients present
in the Meyer Hospital’s database where a pathogenic mutation of
COL4A1 or COL4A2 was identified, and their first-degree relatives.
The second step of our work was the compilation of the questionnaire
by the patients, assisted by their primary care physician or a Meyer
Hospital neurologist. Information present in the hospital medical
records was also integrated to the questionnaire. The data obtained
were then used to perform a retrospective analysis of the clinical
phenotypes of our patients and their family members.
The final step in our study consisted in performing cardiological and
ophtalmological examinations in the asymptomatic family members
who were carriers of the COL4A1/2 mutation. This screening aimed
to better characterise their phenotype and to detect possible
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asymptomatic conditions such as cardiac malformations or ocular
abnormalities (e.g. retinal artery tortuosity), as these alterations may
progress over time and worsen the prognosis of the patient.

3.1 Development and administration of the questionnaire

3.1.1 Scientific literature review and data extraction
Search strategy and selection criteria
We searched the Scopus and Pubmed databases for original articles
published before 21/01/2021. As a second step, we performed an
electronic manual search of the reference lists of the retrieved articles.
The search strategy aimed at including works related to the
phenotypic manifestation of COL4A1 and COL4A2 mutations. We
included original articles in English that met the Population,
Interventions, Comparators, Outcomes, and Study design (PICOS)
criteria (87). We included papers that assessed phenotypic
characteristics of participants with genetically confirmed COL4A1
and COL4A2 mutations.
We included original research studies and excluded conference
papers, reviews, meta-analyses, and systematic reviews. As a result,
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a total of 883 were firstly included. We excluded basic research
papers, animal studies, papers not in English, non-relevant articles,
and duplicate ones. Further details, as well as exact numbers of
included and excluded papers, are provided in Figure 4.
We used the following intentionally broad search criteria to screen for
relevant articles in the selected databases: “(COL4A1 OR COL4A 1)
OR (COL4A2 OR COL4A 2)”.

Data extraction
Data extraction was performed by two independent researchers (SG,
LFS). Any discrepancy was discussed until a consensus was reached,
or, if consensus was not reached, the disagreements were resolved by
third and fourth reviewers (SB and MM). Data were extracted from
published reports only. Duplicate references were manually
removed. The identified articles were screened by title and abstract,
and the full texts of the remaining articles were further inspected for
eligibility against the a priori defined inclusion and exclusion criteria.
The reasons for any exclusions were recorded, and the inclusion and
exclusion process was documented in a flow diagram (Figure 4) as
per the PRISMA guidelines.
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The following variables were extracted from each article: authors,
year of publication, sample size, demographic data of the sample
population (number and percentage of females, mean age), main
significant and non-significant findings.
Data were reported in a table, divided in sub-tables according to
organ involvement. Where relevant, also non-significant results were
included in the tables.

Methodology assessment
The quality of the selected studies were assessed independently by
two reviewers (SG and LFS) through the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2), a validated tool
designed to evaluate the quality of primary diagnostic accuracy
studies (88).
Any disagreement between raters (SG and LFS) were resolved
through discussion with the other researchers.
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Figure 4 PRISMA 2009 Flow Chart of the study
(89)
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3.2 Questionnaire design and data collection
Questionnaire deisgn
The information obtained through the data extraction process
described above was used to design a questionnaire. The latter
consists of ten chapters to assess all the possible pathological
involvement of each individual.
The first chapter investigates the generalities (e.g. age) of the
individual and the family relationship with the proband.
Chapter 2 to 10 have a similar structure and each of them investigate
the involvement of a specific apparatus or condition. These chapters
are articulated with a first part in which it is requested to select
among a list of pathologies, and a second one where the physician
completing the questionnaire can add other pathologies if not present
in the list. These chapters address the following systems/disease:
neurological, cardiovascular, ophthalmological, renal, urogenital,
oncology,

orthopedics,

prenatal

issues,

other

non-specific

manifestations (e.g. obesity or audiovisual synaesthesia).
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Patients’ recruitment
Questionaire administration started in June 2021. We contacted a
group of individuals from 17 distinct families to participate to the
study. At least one member with the mutation of COL4A1 or COL4A2
was present in each family group. Due to de novo mutations, there
were five family nuclei where there was only one individual with the
mutation (4 COL4A1 and 1 COL4A2). In May 2022, we were contacted
by the recently created (December 2021) Italian Association of
families with COL4A1 and COL4A2 mutations

(Associazione

Famiglie COL4A1-A2) which requested to extend participation to the
study to additional Italian families not yet included. One family was
later excluded due to the uncertain significance of the mutation that
was present (c.1360A>G p.(Ile454Val)). Moreover, five families
decided not to participate to our investigation. We collected data
from 11 families (29 individuals in total). The majority of these
individuals (23) were from 9 different families where a COL4A1
mutation was detected; 6 individuals from 2 families had a COL4A2
mutation.
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Questionnaire compilation
The questionnaire compilation was usually perfomed by the families
with their general physician. If needed, further information where
then added by the investigator SG after the collection of the
questionnaire, including data on cerebral alterations detected on MRI
or some specific ophtalmological alterations as sometimes these were
not reported by the general physician in the questionnaire. In some
cases, the questionnaire was also compiled with the investigators SB
and SG during outpatient appointments at the Meyer Children
Hospital.

Questionnaire data collection
The datas obtained from the questionnaires were collected in a excel
table shared between the four investigators SB, MM, SG and LS. The
table was divided in 19 columns, one to collect the generalities of the
patient (age, relationship with the proband and if the COL4A1 and
COL4A2 mutation was detected) the other eighteen to collect all the
phenotypic information (neurological, ophtalmological, cardiological
etc…). For each organ involvement there was a first column where it
was indicated any pahological findings (“YES” or “NO”) and the date
56

of the last clinical visit. The second column was used to describe the
specific pathological involvements (eg. focal epilepsy

with

schizencephaly).
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3.3 Ophtalmological and cardiological screening of
asymptomatic carriers
3.3.1 Cardiological screening
Based on the evidence present in the scientific literature about the
cardiological manifestations of Gould Syndrome (90) (61) (60), and on
the findings emerged from the questionnaire administration, we
decide to conduct also a cardiological screening for the asymptomatic
carriers of the mutation.
We included all mutation carriers who were not undergoing
anyncardiological monitoring. The instrumental examinations to be
included in the cardiological screening protocol were first discussed
with the cardiology team of the Fondazione Monasterio (Pisa), prof.
Emdin et al. We agreed to include in the screening protocol a dynamic
ECG Holter and echocardiography. The cardiological phenotype of
COL4A1 mutations can be broad and include abnormalities in cardiac
muscle, supraventricular arrhythmias, and mitral valve prolapse (61)
(12).
Therefore, we included the dynamic ECG to assess possible heart
rhythm disorders (cardiac arrhythmias), and echocardiography to
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investigate cardiac structural alterations. These investigations were
conducted either at the local cardiological service or at the hospital
Fondazione Monasterio (Pisa).

3.3.2 Ophtalmological screening
Considering the frequency and clinical relevance of ocular
abnormalities in patients with COL4A1 and COL4A2 mutations, we
decided

to

design

an

ophthalmological

screening

for

the

asymptomatic carriers of the mutation. The procedures involved
were selected taking into consideration the ophthalmological
alterations identified in our study and described in the scientific
literature. Furthermore, the screening protocol was discussed with
the ophthalmology team of Meyer Children's Hospital (prof. Caputo
and doctor Giacomo Bacci). The most severe ocular alterations
associated with COL4A1 and COL4A2 mutations include retinal
artery tortuosity and ocular anterior segment dysgenesis (ASD).
These alterations can evolve over time and progress from an
asymptomatic or paucisymptomatic condition to more severe
complications. As shown in literature, alterations in the retinal artery
increase the risk of rupture causing bleeding and are associated with
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temporary loss of vision or even retinal detachments that can cause
permanent vision loss (67).
ADS is instead frequently associated with posterior embryotoxon and
with an increased level of intraocular pressure (IOP). Acute or chronic
IOP elevation can lead to glaucoma due to the pressure damage on
the optic nerve causing progressive and irreversible vision loss (68).
In order to explore possible subclinical features of the reported
mutations in paucisymptomatic carriers, we decided to perform a
standard ophthalmological evaluation including best corrected visual
acuity (BCVA) with age-appropriated visual acuity chart, intraocular
pressure (IOP) measurement, biomicroscopy of anterior segment and
evaluation of posterior segment with indirect ophthalmoscopy after
pupil dilation with Tropicamide 1% eyedrops. In addition, to detect
subtle signs of anterior segment dysgenesis and/or structural retinal
change, we decided to perform a deep instrumental phenotyping
with spectral domain optical coherence tomography (SD-OCT) and
anterior segment photography.
Heidelberg Spectralis SD-OCT platform (Heidelberg Engineering
GmbH, Heidelberg, Germany) was used to obtain quantitative retinal
thickness data and morphological cross-sectional information using
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the built-in automated retinal layer segmentation software. As
additional investigation, in all cooperative patients, we used the
anterior segment OCT module to obtain qualitative data on irido
corneal agle to research subtle signs of goniodysgenesis and bulk,
structural, data on central corneal thickness.

3.3.3 Recruitment of the Asymptomatic patients
The cohort of asymptomatic individuals selected for cardiological
screening included all participants without known cardiovascular
diseases and/or who were not undergoing cardio-vascular clinical
monitoring.
The instrumental examinations that were proposed for the
cardiological screening were the dynamic ECG holter to perform
cardiac rhythm surveillance due to the increased risk of arrhythmias
(61) (60) and echocardiography to monitor for possible cardiac
malformations (61).
We used different inclusion criteria for the ophthalmological
screening. Given the high sensitivity of the Optical Coherence
Tomography in the early detection and diagnosis of retinal diseases
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and conditions (91) we included all the first-degree relatives of the
probands. This part of the study was carried out thanks to the
collaboration with Dr. Caputo and Dr. Bacci. In addition to the
Optical Coherence Tomography, photography of the anterior eye
segment was also performed as part of the ophthalmological
screening.
The total number of individuals included in the cardiological
screening was 11 (9 adults and 2 children, 5 males and 6 females). The
total number of individuals included in the ophthalmological
screening was 14 (3 children and 11 adults) of which 9 were females
and 5 males.
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Results
4.1 Questionnaires results
The results from the Questionnaires are shown in the following table
and will be discussed in the following paragraphs.
Questionnaires results

Prevalence

Prevalence

Prevalence

Study population
N=28
16 (57)
13 (46)
10 (36)
4 (14)
4 (14)
2 (7)
2 (7)
2 (7)
2 (7)
2 (7)
2 (7)
2 (7)
12 (43)

Pediatric cohort
N=14
11 (79)
8 (57)
6 (43)
3 (21)
1 (7)
2 (14)
2 (14)
2 (14)
2 (14)
2 (14)
2 (14)
1 (7)
10 (71)

Adult cohort
N=14
5 (36)
5 (36)
4 (29)
1 (7)
3 (21)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
1 (7)
2 (14)

Blood vessels

11 (39)
9 (31)
4 (14)
4 (14)
1 (3)
22 (78)
9 (32)
8 (29)
5 (18)
5 (18)
5 (18)
4 (14)
5 (18)
3 (10)
2 (7)

9 (64)
7 (50)
3 (21)
4 (29)
0 (0)
12 (86)
4 (29)
3 (21)
4 (29)
2 (14)
3 (21)
3 (21)
3 (21)
2 (14)
1 (7)

2 (14)
2 (14)
1 (7)
0 (0)
1 (7)
10 (71)
5 (36)
5 (36)
1 (7)
3 (21)
2 (14)
1 (7)
2 (14)
1 (7)
1 (7)

Cardiological
Hypertension
Ischemic coronarophaty
Atrial Fibrillation

6 (21)
3 (10)
2 (7)
2 (7)

1 (7)
0 (0)
0 (0)
0 (0)

5 (36)
3 (21)
2 (14)
2 (14)

Involvement, n (%)
Neurological
Structural abnormalities
Congenital abnormalties
Cerebral ventricles abnormalities
White matter abnormalities
Microcephaly
Schizencephaly
Porencephaly
Polymicrogyria
Corpus Callosum
Calcification
Vasculopathy

Seizures
Mental retardation and/or
developmental disabilities
Epilepsy
Hemorrhagic Stroke
Hemiparesis (2) /Tetraplegias (2)
Ischemic Stroke
Ophtalmological
Myopia
Astigmatism
Strabismus
Hyperopia
Cataract
Congenital Cataract

Retinal alteration
Optic Papilla
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Structural congenital malformation
Ginecological and Urological
Uterine Fibrome
Varicocele
Cryptorchidism
Oligodramnios
Preeclampsia
Phimosis
Conization of the cervix
Cystic Teratoma
Nephrological
Iatrogenic RF
Hematuria
Orthopedical
Arthrosis
Fractures
Scoliosis
Foot valgus-pronated
Foot phalanges dysmorphism
Osteoporosis
Fibrous dysplasia of the femur
Flat Feet
Arthrosynovitis
Others
Overweight
Chronic Gastritis
Hypothyrodism
Restless leg syndrome
Allergies
Hashimoto thyroiditis
Congenital Deafness
Dysthyroidism
Autoimmune Thrombocytopenia
Leukopenia
Hypercholesterolemia
Low serum iron level
Tracheostomy and PEG

1 (3)

1 (7)

0 (0)

1 (3)
1 (3)
3 (10)
1 (3)
2 (7)
1 (3)
1 (3)
1 (3)

1 (7)
0 (0)
0 (0)
1 (7)
2 (14)
0 (0)
0 (0)
0 (0)

0 (0)
1 (7)
3 (21)
0 (0)
0 (0)
1 (7)
1 (7)
0 (0)

1 (3)
2 (7)

0 (0)
0 (0)

1 (7)
2 (14)

1 (3)
2 (7)
2 (7)
2 (7)
3 (10)
2 (7)
1 (3)
1 (3)
1 (3)

0 (0)
1 (7)
1 (7)
1 (7)
1 (7)
1 (7)
1 (7)
0 (0)
0 (0)

1 (7)
1 (7)
1 (7)
1 (7)
2 (14)
1 (7)
0 (0)
1 (7)
1 (7)

3 (10)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)
2 (7)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)

0 (0)
0 (0)
0 (0)
0 (0)
1 (7)
1 (7)
1 (7)
0 (0)
0 (0)
0 (0)
1 (7)
1 (7)
1 (7)

3 (21)
1 (7)
1 (7)
1 (7)
0 (0)
0 (0)
1 (7)
1 (7)
1 (7)
1 (7)
0 (0)
0 (0)
0 (0)

Table 1 Questionnaires results
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4.1.1 Patients characterization
The total number of pediatric subjects included was 14. Among this
group of children, 12 had a confirmed mutation in COL4A1 or
COL4A2 and 2 other children were first-degree family members with
ongoing research of the mutation. Four children were between 1 and
6 years old whilst the other ten were between 6 and 13 years old.
The adult (age>18) individuals included were 14, of which 11
patients had a confirmed mutation while the other 3 were first-degree
relatives without identified mutation yet. In the adult group, age
distrinution was as follows: 18- 34 years (n=1), 41 -50 years (n=7), 5160 years (n=2), 61 – 70 years (n=1), 71 to 80 years (n=3).
All data were collected in a table that was shared between the main
investigators' SB, MM, SG, and FLS.

4.1.2 Neurological findings
COL4A1 and COL42-related disorders were shown in previous
studies

to

be

associated

various

neurological

diseases

and

abnormalities. In this study, we detected neurological manifestations
in 16 patients (57% of our total study population), of these 11 were
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pediatric (79% of the pediatric population) and 5 were adults (36% of
the adult population).
The most common neurological finding was the structural cerebral
abnormalities, detected in 13 patients (46% of the total study
population). The cerebral structures mainly involved were the
periventricular region (4 patients), and white matter (4 patients).
Schizencephaly, porencephaly, polymicrogyria, and microcephaly
were presented in two patients. These latter brain alterations never
occurred in isolation but were always associated and correlated with
a more severe clinical phenotype. As an example, a pediatric patient
was diagnosed with porencephaly, schizencephaly, cerebrovascular
abnormalities, extreme microcephaly, and severe mental retardation.
Two patients (one adult and one child) had cerebrovascular
abnormalities reported in MRI examination.
The second most common neurological manifestation was a history
of seizures or epilepsy. A total of 12 individuals (ten children, 71% of
the pediatric population, and two adults, 14% of the adult
population) reported seizures or epilepsy. Nine patients (31% of the
total study group) including two adults (14% of the adult population)
and seven children (50%) were diagnosed with epilepsy. The clinical
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severity of epilepsy was also related to the brain structural
abnormalities of the patient. Eleven patients (39% of the total study
group)

were

diagnosed

with

mental

retardation

and/or

developmental disabilities. In this group there were 9 pediatric
patients (64% of the pediatric cohort) and 2 adults (14% of the adult
cohort). The most common developmental disability was delay in
language development. Most of these patients required speech
therapy support. The two adults presented a less severe involvement
with only mild mental retardation or need for speech therapy
support.

Four patients (all pediatric ones)

presented motor deficits (29% of the pediatric group). In particular,
two patients had hemiparesis and two tetraplegias. This condition
was usually a consequence of a hemorrhagic or ischemic stroke with
visible alterations at the MRI. A history of hemorrhagic stroke was
present in three children (21% of the pediatric population) and one
adult patient.

4.1.3 Ophtalmological findings
Ophthalmological alterations were among the most frequent
disorders related to COL4A1 and COL4A2 mutations. In keeping with
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what is reported in the scientific literature, we found both common
and rare ocular alterations. Among our study population, the most
common abnormalities were refraction alterations. Myopia was
detected in 9 patients (32%), astigmatism in 8 patients (29%),
hyperopia in 5 patients (18%), and strabismus in 5 patients (18%).
However, we found also rarer conditions including cataracts in five
individuals (two adults and three children). All three pediatric
patients and one adult had congenital cataracts (14% of the total study
population, 21% of the pediatric one, and 7% of the adults). Moreover,
five patients had retinal abnormalities involving the optic disc and
retinal blood vessels. This group was composed of three pediatric
patients (21% of the pediatric cohort) and two adults (14% of the adult
cohort). Three patients presented abnormalities of the optic disc,
while the other two reported retinal vascular abnormalities.
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4.1.4 Family trees
To evaluate the inheritance pattern of the mutation within each
family and to describe the related ophtalmological phenotype we
generated family trees including all the individuals with confirmed
mutation and their first-degree relatives.

Family with mutation of COL4A1; Mutation: c.2798G>C p.(Gly933Ala)
HGMD: VOUS/Likely pathogenic; Methods: gene panel. Individuals with the
mutation are represented with the black colour, non-carrier individuals with
the white colour; individuals still waiting for mutation test results are
represented with “genetic testing ongoing”
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Family with mutation of COL4A2; Mutation:c.3766C>T,(p.Arg1256Ter);
HGMD: Likely pathogenic; Methods: gene panel. Individuals with the
mutation are represented with the black colour, non-carrier individuals with
the white colour; individuals still waiting for mutation test results are
represented with “genetic testing ongoing”
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Family with mutation of COL4A1; Mutation:c.4105G>C p.Gly1369Arg; HGMD:
Pathogenic; Methods: Gene panel. Individuals with the mutation are
represented with the black colour, non-carrier individuals with the white
colour; individuals still waiting for mutation test results are represented with
“genetic testing ongoing”
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Family with mutation of COL4A1; Mutation:c.-2C>T & c.31A>C altered
transcription? & p.Leu11Met; HGMD: Pathogenic; Methods: Gene panel.
Individuals with the mutation are represented with the black colour, non-carrier
individuals with the white colour; individuals still waiting for mutation test
results are represented with “genetic testing ongoing”
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Family with mutation of COL4A2; Mutation:c.4987G>A p.(Gly1663Ser);
HGMD: VOUS/ Likely pathogenic; Methods: Gene panel. Individuals with the
mutation are represented with the black colour, non-carrier individuals with
the white colour; individuals still waiting for mutation test results are
represented with “genetic testing ongoing”
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Family with mutation of COL4A1; Mutation c.2996G>A (p.Gly999Glu).
Individuals with the mutation are represented with the black colour, non-carrier
individuals with the white colour; individuals still waiting for mutation test
results are represented with “genetic testing ongoing”
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4.1.5 Cardiological findings
Six patients (21% of the total study population) showed some
cardiological abnormalities. Five patients out of 6 were adults
(indicate age range). Among the adults, 3 had arterial hypertension
(21%), and the other 2 had both ischemic coronary artery disease and
atrial fibrillation (14%). The only pediatric patient had a cardiac
malformation consisting of a single atrium associated with double
superior vena cava with anomalous focus.

4.1.6 Orthopedic, muscular, and nephrological alterations
In our study, twelve patients (41% of the total study population)
composed of seven adults and five children reported orthopedic
and/or muscolar abnormalities. Some alterations included agerelated diseases such as osteoporosis or foot and hip malformations.
Five patients (17% of the total study population) composed of two
adults and three children showed urologic-genital abnormalities. The
most frequent was cryptorchidism which was reported in three
children (21% of the pediatric cohort).
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There was no significant nephrological involvement in this group of
patients. Only two patients from the same family documented
hematuria of unknown cause, one patient also reported having had
renal lithiasis.
With regards to the other general findings, three adult patients (21%
of the adult cohort) were overweight and two patients had congenital
deafness. The following conditions were reported in one individual
each: cronic gastritis, hypothyroidism, restless legs syndrome,
Hashimoto

thyroiditis,

dysthyroidism,

autoimmune

thrombocytopenia, leukopenia, hypercholesterolemia, low serum
iron level, severe breathing difficulties with the presence of a
tracheostomy and PEG.
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4.1.7 Questionnaire data analysis
Considering the relatively small number of individuals in our study
(n=28), we performed only a descriptive statistical analysis. We
selected

the

questionnaires,

most
and

frequently

reported

we calculated

conditions

in

our

the Confidence Interval

(alpha=0.1) for each of these diseases in our patients' cohort (adults
and children). The most frequent conditions that we considered were
seizures, epilepsy, developmental delay, hemorrhagic stroke, and
congenital cataracts (Table 2). We compared the prevalence in our
cohort with that reported in the general population (Table 2). In this
analysis, we included all patients with at least one seizure reported in
the clinical history in the seizure group and all patients with a
diagnosis of epilepsy in the epilepsy group.
In our cohort the prevalence Confidence Interval for epilepsy was
[0,3210; 0,3217], for seizures was [0,428 ; 0,429], for developmental
delay was [0,428;0,429] and for hemorrhagic stroke [0,1426;0,1431].
We observed an increased prevalence of all the seven conditions
among our patient group when compared with prevalence in the
general population.
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Concerning the ophthalmological involvement, the Confidence
Interval for myopia was [0,310 ; 0,333], for strabismus [0,178 ; 0,180]
and for congenital cataracts was [0,1428; 0,1429]. We observed an
increased prevalence among the patients of our cohort for all three
ocular alterations when compared with the general population. In
particular, the highest difference was in the prevalence of cataracts.

Disease

n

p

N



Reference
A J Kokkat, et al.,
1998 (92)
M.C. Picot et al.
2008 (93)

Seizures

28

12/28

8.595

69/8595

Epilepsy
Mental and
Developmental
delays
Hemorrhagic
stroke

28

9/28

59.407

360/59.407

28

12/28

28

4/28

444.927

1735/444927

Myopia

28

9/28

1.935

1935/7650

Strabismus
Congenital
Cataracts

28

5/28

4427

4427/229396

Jing Fang et al.,
2012 (95)
F.H. Ferraz et al.,
2015 (96)
H. Hasemi et al.,
2019 (97)

28

4/28

50/53 229

Myrianthopoulos
et al., 1985 (98)

Larson SA et al.,
260.763.015 1.495.183/260.763.015 2001 (94)

53 229

Table 2 Questionnaire’s data analysis. Legend : n= number of patients in our

study cohort; p= prevalence among patients in our study cohort; N= sample from
the general population used in the study (Reference); = prevalence among the
general population; Reference: research paper where is reported the estimate of
 and N.
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4.2 Ophtalmological screening results
A total of 14 patients (28 eyes), 5 males and 9 females, were recruited
for ophthalmological evaluation. All patients but one showed a
BCVA of 20/20 in both eyes. Mild hyperopia was present in 5 patients
(10/28 eyes), astigmatism was detected in 5 patients of whom 4 had
also hyperopia and one myopia (10/28 eyes), mild myopia was
reported in other 2/14 (4/28 eyes), and 6/14 (12/28 eyes) patients did
not show refractive abnormalities. Strabismus was present in two
patients (esotropia). One patient showed unilateral Axenfeld-Rieger
Anomaly and one patient showed a localized area of posterior
embryotoxon. One patient showed a presenile, unilateral and
clinically insignificant, cataract, one patient was operated for cataract
with intraocular lens (IOL) implant in both eyes. IOP measurement
was unremarkable for all patients. Two patients showed signs of
reduced anterior chamber depth and pupil dilation was not
performed to avoid the risk of angle closure glaucoma The complete
phenotypic characterisation for each patient is reported in table 4.
5/14 patients (10/28 eyes) showed signs of accentuated retinal vessel
tortuosity at the posterior pole. Peripapillary retinal nerve fiber layer
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was unremarkable for all but five patients (10 eyes) where a sectorial
reduction of pRNFL
thickness was detected (see table 3).
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COL4A1 PATIENTS
Age
12
42
71
48

13
45
49
72

Type of mutation
c.4105G>C
p.Gly1369Arg.
c.4105G>C
p.Gly1369Arg
c.4105G>C
p.Gly1369Arg
c.4105G>C
p.Gly1369Arg
c.-2C>T & c.31A>C
altered transcription?
& p.Leu11Met
c.-2C>T & c.31A>C
altered transcription?
& p.Leu11Met
c.-2C>T & c.31A>C
altered transcription?
& p.Leu11Met
c.-2C>T & c.31A>C
altered transcription?
& p.Leu11Met

RE pRNFL

LE pRNFL

Patient,
sex

Sup.

Tem.

Nas.

Inf.

Sup.

Tem.

Nas.

Inf.

PZ 1 ♂

ONL

WNL

WNL

BL

BL

WNL

BL

BL

PZ 2 ⇧

ONL

WNL

WNL

ONL

BL

WNL

WNL

ONL

PZ 3 ♂

ONL

WNL

WNL

BL

ONL

BL

WNL

BL

PZ 4 ♂

ONL

ONL

WNL

BL

ONL

BL

WNL

BL

PZ 5 ⇧

WNL

WNL

WNL

WNL

WNL

BL

WNL

WNL

PZ 6 ⇧

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

PZ 7 ♂

ONL

BL

WNL

WNL

ONL

BL

WNL

BL

PZ 8 ⇧

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

PZ 9 ⇧

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

PZ 10 ⇧

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

PZ 11 ⇧

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

PZ 12 ♂

WNL

WNL

BL

WNL

WNL

WNL

WNL

WNL

16

c.2798G>C
p.(Gly933Ala)
c.2798G>C
p.(Gly933Ala)
c.2798G>C
p.(Gly933Ala)
c.2798G>C
p.(Gly933Ala)

47

c.4987G>A
p.(Gly1663Ser)

PZ 13 ♂

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

57

c.3766C>T
p.(Arg1256Ter)

PZ 14 ⇧

WNL

WNL

WNL

WNL

WNL

WNL

WNL

WNL

53
48
76

COL4A2 PATIENTS

Table 3 Sectorial SD-OCT quantification of pRNFL Thickness. LEGEND: RE:
right eye; LE: left eye; pRNFL: peripapillary retinal nerve fiber layer; ONL:
outside normal limis (<1% of the general population); BL: Borderline limits
(<5%% of the general population ; WNL: within normal limits (>5% of the general
population), SUP: superior quadrant of the retina, TEM: temporal quadrant of
the retina, INF: inferior quadrant of the retina, NAS: nasal quadrant of the retina
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COL4A1 PATIENTS
Age

Type of mutation

Clinical and Instrumental findings
Patient,
sex

12

c.4105G>C p.Gly1369Arg. PZ 1 ♂

42
71

c.4105G>C p.Gly1369Arg
c.4105G>C p.Gly1369Arg

PZ 2 ⇧
PZ 3 ♂

48

c.4105G>C p.Gly1369Arg

PZ 4 ♂

13
45
49
72

53
48

76
16

c.-2C>T & c.31A>C altered
transcription? &
p.Leu11Met
c.-2C>T & c.31A>C altered
transcription? &
p.Leu11Met
c.-2C>T & c.31A>C altered
transcription? &
p.Leu11Met
c.-2C>T & c.31A>C altered
transcription? &
p.Leu11Met

c.2798G>C p.(Gly933Ala)
c.2798G>C p.(Gly933Ala)

c.2798G>C p.(Gly933Ala)
c.2798G>C p.(Gly933Ala)

PZ 5 ⇧
PZ 6 ⇧
PZ 7 ♂
PZ 8 ⇧
PZ 9 ⇧
PZ 10 ⇧

PZ 11 ⇧
PZ 12 ♂

Refraction

BCVA

Retinal vessel
tortuosity

plano

20/20 OU

no

20/20 OU

yes

Esotropia

20/20 OU

yes

cataract OU

20/25 OU

yes

none

hyperopia
astigmatism
myopia
hyperopia
astigmatism

Other
findings
cataract RE,
vitreous
strands

hyperopia
astigmatism

20/20 OU

no

AxenfeldRieger
Anomaly RE

hyperopia

20/20 OU

yes

Esotropia

plano

20/20 OU

no

choroidal
naevus LE

N.A.

20/20 OU

yes

reduced AC
depth

20/20 OU

no

none

20/20 OU

no

hyperopia
astigmatism

20/20 OU

no

plano

20/20 OU

no

none
cataract,
reduced AC
depth, focal
RPE
hyperplasia
RE
none

plano

20/20 OU

no

localized
posterior
embryotoxon

plano

20/20 OU

no

none

myopia
astigmatism
plano

COL4A2 PATIENTS

47

c.4987G>A
p.(Gly1663Ser)

57

c.3766C>T,(p.Arg1256Ter) PZ 14 ⇧

PZ 13 ♂

Table 3 Results from the clinical and instrumental examination of
asymptomatic patients with mutation of COL4A1 or COL4A2. LEGEND: OU:
“oculus uterque”, both eyes; AC: anterior chamber
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Discussion
The causative relation between COL4A1 and COL4A2 mutations and
a broad spectrum of debilitating or even fatal conditions has been
recognized only in recent years (99) (75) (61). Pathologies vary in
severity and penetrance among tissues and can be regulated by
environmental and genetic factors (60). In this sense, model
organisms will have a crucial role in understanding the molecular
mechanisms associated with specific mutations (59). Mouse models
can be employed to comprehend genotype-phenotype correlations,
help to establish the role of allelic heterogeneity, and recognize
genetic modifiers that could guide the discovery of unknown
molecular pathways implicated in the etiology of COL4A1- COL4A2related diseases (99).
On this background, our research contributes to further expanding
the comprehension of COL4A1 and COL4A2 -related diseases and
possibly developing a clinical management protocol for individuals
carrying the mutation.
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5.1 Questionnaire’s and ophtalmological screening
discussion
This study was one of the first systematic attempts to approach
familial COL4A1/2-related disease in Europe. We detected a broad
spectrum of conditions in our population. The clinical domains more
frequently involved were neurological (54%), ophthalmological
(79%), and cardiovascular (42%), in line with the scientific literature
(59) (60) (61) (64). Nephrological involvment was rather rare, with
only two suspected cases of hematuria and none of renal cysts.

Figure 5 Main pediatric clinical manifestations from the questionnaires Created
with BioRender.com
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Figure 6 Main adults’ clinical manifestations from the questionnaires Created
with BioRender.com

Eleven families have been included in our study so far. In 2016,
around 100 families with COL4A1 or COL4A2 mutation across the
world were reported (60). The actual prevalence is likely much higher
at present given the wider availability of genetic analysis and
increased awareness by clinicians about the disease. Among the
eleven families that participated in the study, in seven cases the
mutation had been inherited, while in the other four it had arisen de
novo. Patients with de novo mutation (all pediatric ones) had severe
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clinical manifestations. Furthermore, it is evident that the mutations
associated with a severe phenotype negatively affect the reproductive
capacity, and therefore there is a lower possibility of familiar
inheritance.
However, the number of de novo mutation (36%) in our cohort
suggestthat there could be factors still unknown that continue to
favor the arise of de novo COL4A1 and COL4A2 mutation.
It is already well known that Bruch Membrane (BM), the main
basement membrane of the eye, strictly relates with the overlaying
Retinal Pigment Epithelium (RPE), costitutively express all but one
(1 to 5, not 6) isoforms of collagen type IV (100). We used
structural SD-OCT in patients with COL4A1/COL42 mutation and
minimal or no ocular pathology to explore possible, subclinical,
abnormalities at the level of inner and outer retina. In our series of
patients, structural study of inner and outer retinal layers did not find
significant abnormalities in retinal segmentation nor at the level of
RPE-BM. However, in 2011, Labelle-Dumais et Al. (101) reported the
histological alteration of inner limiting membrane in COL4A1
knockout mice as a possible explanation of optic nerve hypoplasia in
COL4A1 phenotype. In our series of patients screened for minimal
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ocular abnormalities, we noticed a diffuse alteration of peripapillary
nerve fiber layer (pRNFL) in one family carrying c.4105G>C
p.Gly1369Arg mutation. None of these patients presented with
altered IOP nor significant change in corneal thickness, which are
already known causes of such pRNFL alteration. Although we
obtained only transversal data, one can argue that some COL4A1
mutations may induce a perturbed development of RGC that can be
seen only with OCT technology. The interpretation of this data
should be taken with caution for two main reasons: first, in all family
members, a neurological phenotype was present and the peripapllary
alteration could be related to this; secondly, we obtained only
transversal, not longitudinal, data and we cannot exclude a
progressive course of pRNFL thinning over time.
Obviously, although high resolution could be obtained with modern
OCTs, limited spatial resolution may preclude optimal visualization
of deeper layers. However, our aim was to identify more subtle
clinical signs usually overlooked by basic clinical evaluation: in the
series evaluated, we were unable to define a possible disease
biomarker with SD-OCT technology. We confirm the literature data
of retinal vessel tortuosity and minimal, asymptomatic, change such
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as clinically insignificant cataract, posterior embriotoxon and
Axenfeld-Rieger anomaly.

5.2 Conclusion: a Proposal for a Clinical management
protocol
Some COL4A1/COL4A2 related diseases such as cerebral vascular
aneurysms, epilepsy, cardiac structural malformations, and ADS are
known lead to more severe complications over time if not monitored
and adequately treated (60). On this basis, it becomes crucial to
develop a protocol for clinical management and prevention of
complications in any individual carrying a COL4A1/2 mutation.
With regards to the nervous system, the most common neurological
manifestations were seizure/epilepsy and structural cerebral
abnormalities, although this observation is likely biased since this
study was triggenred in a centre specialised in epilepsy. Other
frequent manifestations included cerebrovascular abnormalities,
hemorrhagic stroke, and delays in motor, speech, and cognitive
function. Therefore, the neurological follow-up of individuals
carrying a COL4A1 and COL4A2 mutation should include an accurate
clinical history, neurological clinical examination, imaging
87

techniques, and blood tests. Taking an accurate clinical history is
crucial to assess the general neurological status and risk factors of
each patient. More specificaly, we reccommend to investigate the
presence of seizures, strokes, and delays concerning motor, speech,
and cognitive abilities. Secondly, if the patient is on antiseizure
treatment it is important to evaluate treatment efficacy, the patient’s
therapeutical adherence. Plasma concentration monitoring of the
antiseizure medications should also be considered, as approprpriate.
Moreover, the use of imaging techniques (MRI) to observe structural
brain abnormalities and monitor their evolution should be included
in the follow-up. In fact, the detection of vascular aneurysms or
epileptic foci can lead to a deeper comprehension of the disease and
extend the possibility of therapeutical approaches to surgery (102).
The ophthalmological involvement we observed includes a broad set
of manifestations ranging from refraction disorders (e.g., myopia,
hypermetropy, and astigmatism) to congenital abnormalities
(bilateral cataracts), and alterations of the retina or optic disc. Thus, a
clinical follow-up of patients carrying the mutation is crucial to
monitor possible ocular manifestation. We recommend an
ophtalologic avaluation with exams including fundoscopic
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examination, slit-lamp examination, and, if possible, the evaluation
of the anterior visual field and an OCT.
The cardiac and vascular manifestations involved 42% of our study
cohort concerning mainly the brain (microangiopathy and cerebral
aneurysms) and retina vessels. However, ischemic coronary artery
disease at the age of 31 without the presence of relevant
cardiovascular risk factors and a cardiac malformation consisting of
a single atrium associated with double superior vena cava with an
anomalous focus were present in two individuals. As such,
considering the biological role of collagen as a structural component
of the blood vessels and what the scientific literature describes (61)
(99) (60), we suggest including the cardiological evaluation in the
periodic follow-up. We recommend a first cardiological visit
consisting of clinical cardiological evaluation, dynamic ECG Holter,
and echocardiography.
In addition, measurement of serum CK concentration may be helpful
to screen for muscle alterations. To detect possible nephrological
manifestations, measurement of serum creatinine concentration,
estimation of the glomerular filtration rate, and urine test for the
evaluation of hematuria should be performed.
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The timing of all of these examinations (neurological, cardiological,
ophthalmological, renal, and muscular) should be decided by each
specialist (e.g. the neurologist, cardiologist ophtalmologist) on an
individual basis, depending on the type and severity of symptoms.
For neurological follow-up, yearly clinical evaluation is reasonable
along with periodic brain imaging, especially to evaluate the size of
asymptomatic cerebral aneurysms when present (60).
We suggest also a consultation with a clinical geneticist or genetic
counselor for each family to provide further information about the
risks and implications related to the inheritance pattern and possible
complications during pregnancy.
Psychological support should be considered to support the family
and may be useful to improve the quality of life of the patient and
their family members.
Due to an increased risk of stroke, smoking should be avoided and
hypertension must be adequately treated (60). Sustained head
pressure during birth or postnatal physical activities that may cause
head trauma should be avoided (99). The use of anticoagulants
should be pondered due to the increased risk of hemorrhage (99).
New research suggests that also fluoroquinolones should not be used
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unless no other options are available in patients with collagen
diseases (103) (104).
An important goal to reach when designing a follow-up protocol for
patients with COL4A1 and COL4A2 mutation is finding a balance
between the patient's quality of life and the invasiveness of the
proposed examinations. The risk assessment that should guide the
frequency of follow-up must consider the specific mutation, the
comorbidity profile and other individual risk factors. It is also
recommended to coordinate management between specialists and
the general practitioner/pediatrician to reduce the redundancy of
examinations and provide an adequate clinical management to each
patient.
Another relevant achievement should be to increase the ability of
specialists to find scientific references about the management of
COL4A1/2 families and for these families to find specialized centers.
Our study provides a comprehensive assessment of the multi-organ
clinical features of COL4A1-related disease and form a basis to
recommend periodic screening at least for neurological, cardiological
and

ophtalmological

manifestations

even

in

asymptomatic

individuals.
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Limitations of our study include mainly the relatively small number
of individuals involved, and the incomplete understanding of how
other genetic, epigenetic and environmental risk factors can influence
Gould Syndrome’s phenotype. However, given the rarity of the
disease, our findings will provide a relevant dataset to build on to
ultimately produce management guidelines.
The strengths of our study are multiple. This it is one of the first
European studies addressing a comprehensive characterisation of
phenotype using a multidisciplinary approach. The number of
patients included is also one the highest so far compared with the
cohorts reported in the scientific literature. This study could be
pivotal for establishing a multicentric and international chort to
further expand phenotypic characterisation and in turn develop
clinical management protocols. Moreover, the technologically
advanced clinical examinations (OCT) used in ophthalmological
screening represent a relevant step in characterising the patients'
phenotype and detecting early signs of ocular diseases.
As novel molecular pathways of disease are discovered, we can better
address and anticipate the consequences of specific mutations and
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theoretically provide more targeted management and treatment
strategies for patients with COL4A1 and COL4A2 mutations.
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Supplementary Materials

Questionario
COL4A1/COL4A2
Di seguito le porremo alcune domande riguardanti lo stato di
salute del paziente: cerchi dirispondere atutte le domande, più
accuratamente possibile.
*Campo obbligatorio

Dati personali
1.

Nome e cognome del paziente *

2.

Data di nascita del paziente *

Esempio: 7 gennaio 2019

3.

Nome e Cognome del medico compilante il questionario *

4.

Qual è il nome del bambino/paziente seguito per primo nella
famiglia per una patologia causadalla mutazione di COL4A1/2? *

5.

Qual è il grado di parentela del paziente con il
bambino/paziente seguito per prima nellafamiglia per una
patologia causata dalla mutazione di COL4A1/2?
111
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Problemi neurologici
6.

La/il paziente ha mai avuto problemi neurologici?
Sì
No

Passa alla domanda 7.
Passa alla domanda 9.

Dettaglio problemi neurologici
7.

A quando risale il suo ultimo controllo neurologico? È sufficiente solo l'anno

8. Specificare quali patologie neurologiche presenta il paziente con mutazione di COL4A1/COL4
Seleziona tutte le voci applicabili.
Ictus ischemico
Ictus emorragico
Ictus non specificato
Aneurisma cerebrale
Anomalie di vario tipo ad esami come risonanza magnetica o TAC. Tra le anomalie si
intendono anche calcificazioni periventricolari, cisti aracnoidee, anomalie della sostanza bianca,
ventricolomegalia, asimmetria ventricolare (specificare sotto "Altro")
Crisi epilettica/convulsioni/sindrome West
Malattia dei piccoli vasi /del microcircolo
Calcificazioni intracraniche
Leucoencefalopatia/leucoaraiosi/ PADMAL( microangiopatia pontina autosomica dominante
con leucoencefalopatia)
Microsanguinamenti/microbleeds
Cisti aracnoidee
Emicrania (diagnosi precisa effettuata da un neurologo)
Glioblastoma
Malattia di Alzheimer
Emiplegia/Emiparesi unilaterale
Ritardo mentale
Altro:
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Problemi cardiologici
9. La/il paziente ha mai avuto problemi cardiaci o cardiovascolari ? *
Sì
No

Passa alla domanda 10.
Passa alla domanda 12.

Dettaglio problemi cardiologici
10.A quando risale l'ultimo controllo cardiologico effettuato? È sufficiente anche solo l'anno

11. Che problemi cardiologici ci sono stati?
Seleziona tutte le voci applicabili.
Coronaropatia/cardiopatia ischemica
Aneurisma o dissezione arteriosa
Aterosclerosi
Valvulopatia
Ipertensione arteriosa
Altro:
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Problemi oculistici
12. La/il paziente ha mai avuto problemi oculistici? *
Sì

Passa alla domanda 13.

No

Passa alla domanda 15.

Dettaglio problemi oculistici
13.A quando risale l'ultima visita oculista effettuata? È sufficiente inserire anche solo l'anno

14. Che problemi oculistici ci sono stati?
Seleziona tutte le voci applicabili.
Nevralgia corneale
Cataratta
Miopia
Cheratocono
Emorragie
retiniche
Disgenesia globo
Glaucoma
Tortuosità delle arteriole retiniche
Distrofia endoteliale di Fuchs
Altro:
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Problemi renali
15.

La/il paziente ha mai avuto problemi renali? *
Sì
No

Passa alla domanda 16.
Passa alla domanda 18.

Dettaglio problematiche renali
16.A quando risale l'ultimo controllo nefrologico/ecografia addome/esame delle urine effeMuatoÈ
sufficiente anche solo l'anno

17. Che problemi renali ha avuto?
Seleziona tutte le voci applicabili.
Legati al diabete
Ematuria
Rene policistico
Anomalie renali congenite
Altro:
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Problemi urologici/andrologici/ginecologici
18.

La/il paziente ha mai avuto problemi ginecologici (se femmina) o andrologici/urologici (se
maschio)? *
Sì, urologici/andrologici
Sì, ginecologici
No, mai

Passa alla domanda 19.

Passa alla domanda 21.

Passa alla domanda 23.

Dettaglio problemi urologici o andrologici

19.A quando risale l'ultima visita urologica effettuata? È sufficiente anche solo l'anno

20.Che problemi urologici o andrologici ha avuto?
Seleziona tutte le voci applicabili.
Azoospermia/ alterazioni dello sperma
Varicocele
Problemi a fare figli
Altro:

Dettaglio problemi ginecologici
21.A quando risale l'ultimo controllo ginecologico effettuato? È sufficiente anche solo l'anno

22. Che problemi ginecologici ci sono stati?
Seleziona tutte le voci applicabili.
Difficoltà a fare figli
Pre-eclampsia
Prolasso
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Problemi oncologici
23. Sono mai stati riscontrati tumori nel soggetto? (tumori benigni o maligni?) *
Sì
No

Passa alla domanda 24.
Passa alla domanda 26.

Dettaglio problemi oncologici

24.

Che problemi oncologici ha avuto?
Seleziona tutte le voci applicabili.
Tumore dellostomaco
Tumore dell'esofago
Tumore del cervello
Tumore della pelle
Tumore dellavescica
Linfoma
Altro:

25.

A quando risale l'ultima visita oncologica/esami di screening per le patologie sopra elencate?
sufficiente anche solo l'anno
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Problemi ortopedici
26. La/il paziente mai avuto problemi alle ossa o ai muscoli? *
Sì
No

Passa alla domanda 27.
Passa alla domanda 29.

Dettaglio problemi ortopedici
27.

Che problemi ortopedici ha avuto?
Seleziona tutte le voci applicabili.
Fratture
Osteoporosi
Osteoartrite
Altro:

28.

A quando risale l'ultima visita ortopedica? È sufficiente anche solo l'anno

120

Problemi prenatali
29. La/il paziente ha mai avuto problemi congeniti legati alla nascita? (anche se già menzionate i
questo questionario)
Sì
No

Passa alla domanda 30.
Passa alla domanda 35.

Dettaglio problemi congeniti/prenatali
30. Quali problemi congeniti/prenatali del sistema nervoso centrale sono presenti?
Seleziona tutte le voci applicabili.
Emorragie intracerebrali
Ventricolomegalia
Schizencefalia
Agenesia/ipoplasia/difetti corpo calloso
Idrocefalo
Microcefalia
Polimicrogiria
Lissencefalia
Ipoplasia del nervo ottico
Porencefalia
Paralisi cerebrale unilaterale
Ernia diaframmatica
Altro

31.

Quali problemi congeniti/prenatali del sistema visivo sono presenti?
Seleziona tutte le voci applicabili.
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Cataratta congenita
Pterigio
Altro
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32.

Quali problemi congeniti/prenatali del sistema gastrointestinale sono presenti?
Seleziona tutte le voci applicabili.
Gastroschisi
Altro

33. Quali altre problematiche congenite sono presenti dalla nascita?
Seleziona tutte le voci applicabili.
Anomalie congenite cardiache (specificare quale/i presenti)
Anomalie congenite renali (specificare quale/i presenti)
Altro

34.

A quando risalgono gli ultimi esami fatti eventualmente per il monitoraggio delle patologie
congenite sopraelencate? È sufficiente anche solo l'anno
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Altre problematiche riguardanti lo stato di salute
35.

Segnare se una o più delle problematiche sono riportate è presente nel soggetto
Seleziona tutte le voci applicabili.
Miopatie
Sovrappeso/obesità
Sinestesia audiovisiva
Anemia emolitica
Altro:

36.

A quando risalgono gli ultimi esami fatti eventualmente per il monitoraggio delle patologie
sopraelencate? È sufficiente anche solo l'anno per ogni patologia indicata.
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