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COL4A1 and COL4A2 genes encode the alphal and the alpha2 chains of type IV collagen, a key component of
basement membranes. Mutations located in the coding sequence of COL4A1/COL4A2 genes are responsible for
an autosomal dominant (AD) cerebral angiopathy that manifest in either adults, children or fetuses. The most

g;);liig}i:riiarﬁ};ge typical among such mutations are missense glycine mutations in the triple helix. They increase the susceptibility
COL4A1 to brain hemorrhage but can also promote the occurrence of multiple other types of systemic manifestations that
COL4A2 can involve the eyes, kidneys or muscles. This condition is characterized by a very incomplete penetrance, and a
wide phenotypic variability even among members of the same family. Recently, mutations in the COL4A1 3'UTR
non-coding region that upregulate COL4A1 expression, and COL4A1/COL4A2 duplications, have been shown to
cause AD forms of ischemic cerebral small vessel disease in adults.
Herein, we summarize the genetic and pathophysiological aspects of these conditions, detail their clinical and
imaging characteristics and discuss some principles in their clinical management.
Introduction also been involved in AD forms of ¢SVD in adults, with distinct pheno-

Collagen type IV alpha 1 and 2 chains, respectively encoded by
COL4A1 and COL4A2 genes, are key components of basement mem-
branes (BM) in blood vessels and various soft organs in mammals [1]. In
2005, heterozygous mutations affecting the coding sequence of COL4A1
were found responsible for perinatal cerebral hemorrhage and congen-
ital porencephaly, in an autosomal dominant (AD) fashion [2,3].
Simultaneously, identical mutations were involved in the development
of a cerebral small vessel disease (cSVD) associated with a high rate of
hemorrhagic strokes in adults [3,4]. The implication of COL4A2 muta-
tions in other pedigrees with a similar phenotype was shown few years
later, in 2012 [5,6]. In both conditions, brain hemorrhages presumably
result from the fragilization of the collagen network within the endo-
thelial BM. Over the past decade, the clinical spectrum related to
COL4A1 and COL4A2 mutations was progressively enriched. Multiorgan
damages were reported in mutated individuals, especially in eyes,
muscles and/or kidneys [4,7]. COL4A1 and COL4A2 mutations were
obviously responsible for a widely variable spectrum of manifestations.
This huge variability was detected between families but also between
close members belonging to the same pedigree. The penetrance was also
obviously variable and also appears often reduced [7,8].

More recently, other types of mutations in COL4A1 and COL4A2
genes, and mutations in the functionnally related COLGALT1 gene, have
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types [9-11].

Herein, we briefly reviewed the pathophysiology of such disorders,
their clinical aspects as well as the main aspects of their clinical
management.

Haemorrhagic angiopathy due to mutations in the coding regions
of COL4A1 and COL4A2 genes

Clinical and radiological phenotype in adults

In adults, the clinical presentation widely varies between and within
families ranging from asymptomatic COL4A1/COL4A2 carriers to
severely disabled individuals. The occurrence of hemorrhagic stroke,
even in the absence of any clinical history during childhood, represents a
key manifestation and a major contributor to disease severity [12-14].
COL4A1/COL4A2 mutations are rarely responsible for ischemic strokes
or transient ischemic attacks. Some features, such as the preferred sites
of focal lesions in the territory of long perforating arteries, the presence
of white matter hyperintensities (WMH) in the deepest cerebral areas
and accumulating pathological data from COL4A1 mutated mice and
humans suggest that most cerebrovascular complications in this disorder
are related to a diffuse cerebral small vessel disease [15]. Widespread
and symmetrical periventricular WMH are often observed on Magnetic
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Resonance Imaging (MRI) in asymptomatic and symptomatic in-
dividuals (Fig. 1) but its absence, even in hemorrhagic stroke cases,
doesn’t exclude the diagnosis [16]. The association with other markers
such as small deep infarcts, microbleeds and dilated perivascular spaces,
although not specific, is also suggestive [4,13]. Some patients may have
unilateral porencephaly, ventricular dilatation or/and multiple
micro-calcifications particularly in the basal ganglia [17,18]. Asymp-
tomatic intracranial aneurysms or dolichoectasia, another hallmark of
the disease, can be also detected on magnetic resonance angiography.
They are most often localized at the level of internal carotid arteries (and
particularly on their C4 and C5 segments). In some cases, they can
involve the basilar artery (Fig. 1) [7].
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Fig. 1. Cerebral MRI characteristics in pa-
tients with COL4Al1 mutation involving a
glycine of the triple-helix

A: T1- weighted (left) and T2-weighted (right)
axial sequences, showing a ventricle asym-
metry due to porencephalic cysts in a one-
month-old boy (left) and in a three-months-
old girl (right) with a congenital hemiparesis.
B: FLAIR sequence (left) and time-of-flight
magnetic resonance angiography (right),
showing a leukoencephalopathy (left) and a
left intracranial internal carotid artery aneu-
rysm (right) in a 70-year-old man (B1) and his
35-year-old daughter (B2) with a history of
HANAC syndrome.

Extracranial manifestations are reported in presence or absence of
stroke events. The tropism of such clinical manifestations is under-
pinned by the expression pattern of COL4A1/COL4A2 gene, as the alpha
1 and 2 subunits of collagen type 4, are essential constituents of base-
ment membranes in many tissues, including the vascular and corneal
epithelium, conjunctiva of the eye, kidney glomeruli and tubules or
muscles. These extra-cranial may be symptomatic or remain totally
silent.

The presence of retinal arteriolar tortuosities represents another key
manifestation of the disease but is also inconsistent. Abnormal elonga-
tion of the central retinal arterioles, preferentially located in the peri-
macular area are often detected. These microvascular changes may be
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asymptomatic or complicated by transient visual loss secondary to
retinal hemorrhages. COL4A1 gene mutations can also lead to congenital
dysgenesis of the anterior segment of the eyes including the iris and
cornea (which can result in the development of the Anxenfeld-Rieger
syndrome, a clinically and genetically heterogeneous condition).
Ocular manifestations are usually detected during childhood and
include congenital or post-traumatic cataract, optic nerve excavation
and intraocular hypertension [19-21].

Renal involvement associated with COL4A1 mutations can manifest
as microscopic- or gross-hematuria, moderate renal failure, and/or renal
cysts. Muscle cramps with CPK elevation and migraine with aura have
also been described in some families. Other clinical manifestations
appear less frequent such as supraventricular heart rhythm disorders,
Raynaud’s phenomenon and liver cysts.

A distinct phenotype summarized by the acronym “hereditary angi-
opathy, nephropathy, aneurysms, and cramps” or HANAC has been
related to COL4A1 mutations located in exons 24 and 25 [22]. The ce-
rebrovascular phenotype is characterized by a cerebral small vessel
disease with a low risk of hemorrhagic stroke and with aneurysms of the
carotid siphon [23]. Bilateral retinal arteriolar tortuosities are constant
and often complicated with repeated retinal hemorrhages without other
ocular abnormality. Patients with HANAC also present with muscle
cramps and kidney lesions that can lead to renal cysts, chronic kidney
failure and sometimes to hematuria [24].

Clinical and radiological phenotype in fetuses and children

As in adults, the clinical manifestations related to COL4A1/COL4A2
mutations in children are highly variable both in their type and severity.

The first manifestation related COL4A1 mutations to be described
was the occurrence of perinatal brain haemorrhages in foetuses and
newborns. In 2005, Gould et al observed a high rate of perinatal cerebral
hemorrhage in COL4A1 mice mutants. Survivor mutant mice developed
porencephalic cavities, fluid-filled cystic cavities within the brain pa-
renchyma communicating sometimes with ventricles. These lesions
result from tissue necrosis subsequent to brain haemorrhages [2]. At the
same period, in humans, stereotyped COL4A1 mutations were identified
in autosomal-dominant familial forms of porencephaly [2,3], and such
observations increased in the literature during the following years [25].
(Fig. 1) The involvement of COL4A2 mutations in human porencephaly
was established in 2012 [5,6,26]. As in mice models, it was shown that
porencephalic cysts in mutated children were also related to brain
hemorrhages occurring during the pregnancy or perinatal period. These
cysts generally involved the deep periventricular brain regions. Some
authors use the terms of “parenchymal hemorrhagic infarctions” to
describe such lesions resulting from a deep hemorrhage subsequently
leading to impaired venous drainage of medullary veins in the peri-
ventricular white matter. These combined mechanisms may lead to the
development of such large porencephalic cysts [25]. Both antenatal or
perinatal hemorrhages presumably result from endothelial BM weak-
ness. Thus, they should be considered as the earliest manifestations of
COL4A1/COL4A2 mutations-related cSVD. In addition to porencephaly,
other types of brain lesions related to antenatal hemorrhages have been
reported in mutated children, such as schizencephaly, hydranencephaly,
hydrocephaly, ventricular asymmetry, periventricular leukomalacia,
and brain calcifications [19]. Cortical developmental malformations
have also been described, as focal cortical dysplasia. These malforma-
tions have been reviewed by Meuwissen et al [8]. In these children, the
diagnosis is often made during the neonatal period or during childhood.
The clinical spectrum includes the development of infantile hemiparesis,
spastic tetraparesis, epilepsy or psychomotor delay of variable severity,
sometimes in association with microcephaly or macrocephaly [19,25].
Some children may present milder symptoms, such as isolated minor
intellectual disability, or soft motor signs. In the most severe cases, the
diagnosis can be made after a late miscarriage, or during pregnancy with
ultrasound examination showing a large porencephalic cavity [27].
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Fetal MRI may be particularly helpful to detail smaller brain lesions and
to lead to the decision of medical abortion [27].

Since the first reports, the very incomplete penetrance of por-
encephaly observed in the mutated families have led to suspect an
important role of environmental stress. The strong influence of birth
trauma in triggering perinatal hemorrhages was demonstrated with the
drastic reduction of perinatal hemorrhage in mutant mice delivered
surgically [3]. In addition to the incomplete penetrance, the high rate of
de novo mutations in COL4A1 and COL4A2 genes explain why numbers
of affected children present as sporadic cases [27].

Rarely, haemorrhagic stroke may occur during childhood or
adolescence, even in the absence of porencephaly. In most cases, cSVD
markers are present on cerebral MRI [19,28].

With the brain, the eyes are the sites the most frequently altered in
newborns and young children carrying COL4A1 or COL4A2 mutations.
Developmental malformations involving the anterior segment
(congenital or juvenile cataract, microcornea, Axenfeldt Rieger syn-
drome), or the posterior segment of the eye (congenital or juvenile
glaucoma, optic nerve dysgenesis), or both compartments are described.
In extreme cases, microphthalmy and congenital blindness are possible.
A strabismus is frequent. [8,20] As in adults, damages in other soft or-
gans may also occur in children. Kidneys (cysts, hematuria), muscles
(creatine kinase elevation in serum, cramps) especially can be detected
in isolation [22,24]. In children’s HANAC cases, as in adults, retinal
artery tortuosities are frequent but usually asymptomatic [24].

Genetics and pathophysiology

Type IV collagen is a key component of BM of the vascular endo-
thelium and many soft tissues. Collagen IV al and o2 chains are,
respectively encoded by COL4A1 and COL4A2 genes, which are both
located on the 13q34 chromosome in a head-to-head conformation, and
share a same bi-directional promotor. Both chains share around 45%
identity. Two ol and one a2 chains are assembled within the endo-
plasmic reticulum into an heterotrimeric helix before to be excreted in
the extracellular matrix [1]. Each chain of collagen is divided into three
main domains: a large central triple-helical domain, a C-terminal
non-collagenous (NC1) domain, and an amino-terminal 7S domain [1,
29]. The triple-helical domain is compounded by amino-acid repeated
sequences Gly-X-Y, where Gly represent a glycine residue, and X and Y
variable amino-acids, Y being most often a proline residue. In the
extracellular matrix, heterotrimers are assembled together through their
7S and NC1 domains to form a macromolecular network. This collagen
network also interact with non-collagenous matrix proteins, such as
integrins [1,29].

Pathogenic mutations are found in both COL4A1 and COL4A2 genes,
but have been reported 10 times more frequently in COL4A1 [8,30].
More than 100 distinct heterozygous pathogenic mutations have been
reported in humans. Around half of mutations are inherited in an
autosomal dominant fashion, the other being de novo mutations [30].

Most of pathogenic mutations are missense mutations involving
highly conserved glycine residues belonging to the triple-helical domain
[8,30]. Missense mutations involving non-glycine residues of the
triple-helix, splice-site mutations and small in-frame deletions that lead
to the loss of one or several residues of the triple-helix are also observed
[8,30]. Through a dominant negative effect, the substitution or the loss
of highly conserved residues in the triple-helical domain is assumed to
impact the whole heterotrimer structure. These changes alter the
secretion of heterotrimers in the matrix and lead to their accumulation
into the cells [2,29,31,32]. In the vascular wall, the depletion of collagen
in the extracellular matrix presumably contributes to endothelial BM
weakness, which will prone the rupture of arterioles [32,33]. At the
tissue level, this is corroborated by the observation of irregularities and
focal disruption of the BM in the cerebral and renal vessels of COL4A1
mutant mice [2,3]. In humans, histologic analysis of skin and kidney
biopsy sampled from mutated patients also showed BM defects [22].
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However, some studies suggest that arteriolar fragility is rather due to
the deleterious effect of the accumulation of collagen into the parietal
vascular cells [32,33].

More rarely, disruptive mutations (i.e. splice-site mutations or small
insertion-deletions that disrupt the open-reading-frame) that may lead
to haploinsufficiency through a nonsense mediated mRNA decay are
found in patients [8,30]. This suggests that, in addition to a dominant
negative mechanism, a quantitative mechanism is also involved in the
pathophysiology. Mutations in the NC1 domain are also reported in a
small number of patients. As disruptive mutations, mutations involving
the NC1 are expected to reduce the amount of heterotrimers without
impairing the structure of the triple-helix [30].

The phenotypic spectrum of patients carrying a pathogenic mutation
in COL4A1/COL4A2 genes is highly heterogeneous and the penetrance
very incomplete, suggesting the intervention of modifying factors [25].
Families in which a children born with a severe porencephaly have
inherited the mutation from an asymptomatic or paucisymptomatic
parent are not rare [25,19]. Of note, COL4A2 mutations seem to be
associated with an even more reduced penetrance and a globally milder
phenotype than COL4A1 mutations [30]. The potential impact of factors
such as head traumas, organic stress, high blood pressure, and antico-
agulant therapy as triggers for brain haemorrhages, contributes to this
phenotypic heterogeneity [32]. But these factors cannot sum up the
whole intrafamilial phenotypic heterogeneity. Additional modifying
factors, either environmental or genetics, are likely involved and remain
to be identified.

The allelic heterogeneity is another factor that may contribute to the
phenotypic heterogeneity observed between families. Indeed, mutations
involving glycine residues that belong to exons 24-25 of COL4A1 are
involved in the HANAC syndrome, described above. These mutations
cluster in a CB3 (IV) region of the triple-helical domain, which encom-
passes major integrin-binding sites [24]. This suggests that some func-
tional subdomains might be differentially involved according the
phenotype considered. Moreover, genotype-phenotype correlation
studies conducted in patients mutated in a triple-helix glycine residue
suggest a position-dependent effect of the mutation on the phenotype.
Substitutions involving a glycine located in the C-terminal part the
triple-helix tend to be associated with brain haemorrhage that occur at a
younger age and are more severe that those located in the N-terminal
part [30,29]. Regarding the ocular manifestations, the presence of
retinal artery hypertortuosities is highly penetrant in Glycine sub-
stitutions involving the first N-terminal third of the helix domain, as
compared to substitutions near to the C-terminus that are more prone to
the development of eye congenital malformations [30]. At last, mice
experiments suggest that the biological impact of quantitative mutations
is milder than dominant negative mutations. However,
genotype-phenotype correlation analyses conducted in patients failed to
demonstrate that quantitative mutations are associated with a milder
phenotype [30]. These observations still need to be replicated and
refined by additional studies.

Diagnosis and therapeutic strategy

Diagnostic guidance in COL4A1/COL4A2 angiopathies requires a
complete clinical examination and careful questioning, looking for any
personal neonatal and any familial history of neurological, ophthalmo-
logical or renal disorders.

Molecular analysis of the COL4A1/COL4A2 genes is justified in
several circumstances. During infancy, the identification of por-
encephaly, peri- or post-natal cerebral hemorrhage without identified
cause, especially if associated with intrauterine growth retardation,
microcephaly at birth, congenital anomalies of the anterior segment of
eye, cataract, glaucoma, optic nerve atrophy, cerebral cortex abnor-
mality, retinal arterial tortuosity or/and leukoencephalopathy, requires
molecular analysis of the COL4A1/COL4A2 genes. Later in life, molec-
ular screening should be discussed in cases of HANAC syndrome,

Cerebral Circulation - Cognition and Behavior 3 (2022) 100140

cerebral hemorrhage or confluent leukoencephalopathy without other
identified cause particularly if in presence of features such as intracra-
nial aneurysms, porencephaly, retinal arteriolar tortuosities, and any
alteration of the anterior segment of the eye, premature cataract or renal
cysts.

No specific preventive or curative treatment of proven efficacy is
available to date. However, the patients and their physicians should be
informed that the underlying mechanisms of cerebral or retinal hem-
orrhages may be linked to the fragility of the vascular wall predisposing
to rupture under certain conditions such as trauma (shocks, practice of
certain sports, vaginal delivery) or the use of anticoagulants. Conse-
quently, it is recommended to avoid intense physical activities, and
anticoagulants in these patients [34]. However, in case of high risk of
thrombosis or embolism (eg, atrial fibrillation, mechanical valves),
anticoagulant drugs should be discussed after a careful examination of
risk/benefit balance on a case-by-case basis, and under strict blood
pressure control [35]. Antiplatelet therapy is usually not recommended
in COL4A1/2 angiopathy [34]. However, their use may be discussed
after ischemic stroke, in the absence of previous intracranial hemor-
rhage, or in presence of a strong indication (eg, coronary artery disease)
[35]. The use of fibrinolysis is not recommended in acute small deep
ischemic lesion in patients with COL4A1/COL4A2 mutations, but must
be discussed on a case-by-case basis in context of large artery occlusion,
in patients with no history of intracranial hemorrhage [35].

In fetuses who carry a COL4A1/COL4A2 mutation, a Caesarean
section must be considered aiming to reduce the risk of perinatal brain
hemorrhage [34].

Finally, patients with COL4A1 or COL4A2 mutations should be
regularly followed clinically and using cerebral and visceral arteries
imaging. A multisystem workup should be performed, including cere-
bral MRI, intracranial and cervical MR angiography, cardiac echog-
raphy, ocular and retinal vessel examination, renal echography, and a
blood test with renal function and CPK dosage, in agreement with recent
European guidelines [34]. Any recommendation is available concerning
the frequency of this work-up.

The management of an intracranial aneurysm associated with
COL4A1/COL4A2 angiopathy is identical to that of sporadic intracranial
aneurysms and based on a case-by-case multidisciplinary approach.
Vascular risk factors, especially high blood pressure, should be system-
atically investigated and treated if needed [7,34,35].

The existence of preventive measures for carriers of COL4A1/
COL4A2 mutations and the importance of genetic counselling due to the
risk for the offspring make it necessary to inform relatives at risk [36].
This should be done during a genetic consultation and/or a multidisci-
plinary consultation with a neurologist, a geneticist and a psychologist.
In families in which the disease is revealed early, during childhood,
and/or in the neonatal or antenatal period, the parents sometimes ex-
press a request for antenatal diagnosis. This request must be processed in
a prenatal diagnosis centre, in compliance with the ethical rules and
legal framework. In practice, the decision for antenatal diagnosis should
be always made on a case-by-case basis in agreement with the local
ethical rules and according to the legal context.

Other mutations involving COL4A1 and COL4A2 genes:
phenotype and genetics

COL4A1 and COL4A2 coding mutations leading to a loss-of-function
effect, either by a dominant-negative effect or by haploinsufficiency, are
not the only mutations to be involved in human pathology. Since the
mid-2010s, mutations leading to overexpression of these genes have
been shown to be involved in AD forms of adult-onset ischemic cSVD.

In a few patients, either sporadic or belonging to multiplex AD
families of cSVD, large duplications or triplications involving the 13q33-
34 chromosomal region and encompassing COL4A1 and COL4A2 genes
have been reported [9,37,38]. The size of the interval duplicated was
variable among patients, the minimal interval reported encompassing a



S. Guey and D. Hervé

Cerebral Circulation - Cognition and Behavior 3 (2022) 100140

Fig. 2. Cerebral MRI characteristics in a patient with PADMAL

T2-weighted axial sequences (A,B) and T1- weighted sagittal sequence (C), showing a diffuse leukopathy in centrum semi-ovale and periventricular white matter (A,
B), and lacunes in pons (C, arrows) and subcortical white matter (A,B, arrows) in a 57 years-old man with history of transient focal deficits, progressive walking and

cognitive disability.

total of 6 genes including COL4A1 and COL4A2 [37]. In all cases,
COL4A1 was entirely duplicated, however, in one family, only the 4 first
exons of COL4A2 were included in the duplication [37]. The detection of
these large chromosomal rearrangements required the use of quantita-
tive methods such as CGH arrays or quantitative PCR, since classical
sequencing methods failed to detect them. In mutated patients, the first
symptoms appeared after 30 years of age, and consisted in transient
focal deficit or recurrent small subcortical ischemic stroke [9,37,38]. In
one patient, progressive walking difficulties were noticed with ageing
[38]. All patients showed the classical markers of ischemic ¢cSVD on
brain MRI including a white-matter lesions increasing with age and/or
old deep or subcortical small infarcts. These lesions were reported even
in the absence of cardiovascular risk factors. Microbleeds were incon-
sistent. There was no brain hemorrhage. Patients presented frequently
with vertebrobasilar dolichoectasia [9,37,38].

In 2016, mutations located in a small 3’ untranslated region (UTR) of
COL4A1 were shown to cause an autosomal dominant form of adult
onset cSVD called PADMAL (Pontine Autosomal Dominant Micro-
angiopathy with Leukoencephalopathy) [10]. PADMAL is characterized
by recurrent small infarcts beginning around 40 years of age and leading
to a progressive or stepwise cognitive decline and motor disability [10,
39,40]. The cognitive profile of patients is marked by altered executive
functions, processing speed and flexibility. Such dysexecutive profile is
consistent with the subcortical profile usually encountered in cSVDs
[10]. All patients showed a severe and diffuse leukoencephalopathy
worsening with age, involving subcortical and deep white matter, and
lacunes always present in the pons of symptomatic patients but also
frequent in brain hemispheres (Fig. 2). In some patients, WMH involving
the anterior temporal lobes and external capsules have been noticed, as
observed in other genetic conditions such as CADASIL or CARASIL. As in
duplications, microbleeds are inconsistent or scarce, and brain hemor-
rhage was not previously reported in PADMAL patients [10,39,40].

PADMAL mutations are rare substitutions involving a 7 base-pair
region located in the COL4A1 non-coding 3’UTR region, which consti-
tute a binding site for miR-29 microRNA. Mutations in this region alter
the fixation of miR-29 to the binding site, and lead to an upregulation of
COL4A1 expression [10]. According the sequencing data from a large
French cohort, the prevalence of PADMAL mutations could account for
around 2.5% of familial cSVD of unknown origin [10].

In duplications of collagen genes as observed in PADMAL, the
phenotype seems to be restricted to cerebrovascular lesions. Today, data
remain too scarce to establish the exact penetrance in these disorders.

Conclusion

Cerebrovascular manifestations encountered in COL4A1/COL4A2
mutations are highly heterogeneous. They vary from a preponderant
hemorrhagic phenotype related to COL4A1/COL4A2 glycine mutations
up to an ischemic phenotype in PADMAL andCOL4A1/COL4A2 dupli-
cations. Heterogeneity is also observed regarding the age of onset, which
is not limited in cases with glycine mutations contrasting with the adult-
onset of PADMAL and in presence of COL4A1/COL4A2 duplications. In
line, the clinical manifestations related to COL4A1/COL4A2 glycine
mutations are of incomplete penetrance and widely vary. In contrast, the
clinical phenotype in PADMAL and COL4A1/COL4A2 duplications ap-
pears restricted to an ischemic form of cSVD. The exact pathophysio-
logical mechanisms of such conditions and the sources of this large
heterogeneity remain incompletely understood. For these conditions,
prospective cohort studies are now crucial to identify the key predictors
of clinical worsening and modifying factors involved in their clinical
heterogeneity. These studies in addition to lessons from preclinical
models should help to develop prevention and to refine guidance for
clinical care and follow up of patients with COL4A1/COL4A2 mutations.
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