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Genetics of hereditary angioedema

Elemente de genetit in angioedemul ereditar
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Abstract

Hereditary angioedema is a rare monogenic disomirsed by the mutation of the C1INH (C1 esterase
inhibitor) gene with a consecutive quantitativecuralitative defect of the coded serpin that hasagomrole in
preventing the unnecessary activation of the comefe system. The deficiency of the activated Grasst in-
hibitor leads to episodic localized subcutaneoupatentially lethal submucosal edema. This auto$atamin-
antly inherited disorder is characterized by geodteterogeneity, frequent de novo mutations, indet@gpen-
etrance and other less common genetic mechanisthgliséct implications in the clinical managemendamay
represent challenging situations for the clinicidviutation analysis, due the allele heterogeneitgt f|equent de
novo mutations, is done mainly for research purpas®d needs a complex testing strategy. Althouigmiot ne-
cessary for confirming the diagnosis, it may previcthportant information to our general understargliof the
disease, optimal management of the affected faaraliel development of novel therapeutic agents.
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Rezumat

Angioedemul ereditar este o béareditai monogenié rara cauzad de mutgia genei C1INH (inhibi-
torul C1 esterazeiji deficitul calitativsi cantitativ al serpinei codificate care are un nolajor in prevenirea ac-
tivarii excesive a sistemului de complement. Defigiémhibitorului activat de C1 esterazproduce edem subcu-
tanat localizat sau submucos pafahletal. Aceasi afegiune autozomal dominahteste caracterizatde hete-
rogenitate geneti, mutaii de novo frecvente, penetranincomplef si alte mecanisme genetice maifipu
obignuite interpretarea &rora poate reprezenta o ad&ata provocare pentru clinician. Din cauza heterogeni-
tarii alelice si a frecvemei mare a mutgilor de novo, analiza mutilor se realizaz mai mult in scop de cerceta-
re si necesi investigaii complexe. Dg nu este necesar pentru confirmarea diagnosti¢yloate contribui cu
informgii importante la cunogterea bolii, managementul optim al familiilor afet#si dezvoltarea unor strate-
gii terapeutice noi.
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Introduction

Hereditary angioedema (HAE, OMIM
#106100) is a rare genetic disorder caused by a
guantitative or qualitative defect of the plasma
protein C1 esterase inhibitor (C1-INH) determ-
ined by the mutation of the coding gene
(C1INH). It should be noted though, that other
forms of inherited angioedema which are not
associated with mutations of the C1INH gene
have also been identified (1). C1-INH defi-
ciency causes the uncontrolled complement and
contact systems’ activation that will lead to the
release of vasoactive mediators, mainly bra-
dykinin. Clinically, this will determine recur-
rent episodes of acute edema at the level of the
skin or the mucous membrane of the respiratory
and/or digestive tract (2).

HAE is estimated to affect 1 in 50,000
— 150,000 persons, with no known interracial
differences. Both sexes are affected, but the es-
trogen-dependent type Il is predominant in wo-
men. Though it is an inherited disorder, perinat-
al angioedema is extremely rare, and the clinic-
al onset is usually set in the first or second dec-
ade of life. There are two main phenotypic vari-
ants described. Type | is defined by the low an-
tigenic and functional plasma levels of a normal
C1-INH, while type Il is characterized by nor-
mal or elevated levels of a dysfunctional C1-
INH (low function but normal or increased anti-
genic level). Recently, an estrogen-dependent
variant has been identified (2, 3).

The final diagnosis is made in the pres-
ence of a major clinical and lab abnormality;
therefore, neither family history nor mutation
analysis is mandatory for confirming HAE. The
high frequency of de novo mutations and genet-
ic heterogeneity underscore the importance of
DNA testing, so mutation analysis is carried out
mainly for research purposes. However, genetic
testing can contribute with useful information
to the clinical management in the cases of neg-
ative family history or in patients with border-
line levels of C1lq (4-6).

Inheritance

HAE is a genetic disorder, described and
identified as an inherited disease more than a
hundred years ago (1888), when Sir William
Osler published a family tree in which individu-
als were affected in five consecutive generations.

It is a monogenic disease caused by
various mutations of the C1INH gene, and the
pattern of inheritance is autosomal dominant.
However, many unusual phenomena character-
istic for dominant disorders make genetic coun-
seling challenging and autosomal recessive in-
heritance is suspected in certain mutations
(c.2103C>T, 606860.0013) (1, 8).

Dominant disorders are clinically mani-
fested in patients heterozygous or - less freguentl
- homozygous for the mutant allele. In heterozy-
gotes, the normal allele determines half the level
of the gene product observed in healthy recessive
homozygotes. However, in HAE, plasma C1-INH
levels range between 5-30% of normal levels, far
from the 50% expected for an autosomal domin-
ant defect. (7, 8) A couple of studies have demon-
strated there is both a down-regulated expression
of the normal mMRNA and an increased C1-INH
consumption in HAE patients that explain the
lower-than-expected plasma level of C1-INH in
heterozygotic patients (9).

Homozygosis is rarely described, and be-
cause of the low frequency of the mutation in the
general population, it appears more frequently
after consanguineous marriage. Because of the
lack of such cases published in the literatureafor
long time it was assumed that the homozygous
genotype was a lethal combination. Recently,
however, two instances of Homozygosis have
been described, one in the promoter region of the
gene and one in a coding region (8, 10, 11).

The family history is positive in 50-
80% of the cases; however, due to the high fre-
quency of spontaneous mutations and other,
less frequent phenomena like incomplete pen-
etrance, it may be negative. The reported spon-
taneous mutation rate is approximately 25%
(12). It is presumed that the existence of several
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Figure 1. The C1-INH/SERPING1 gene mapped
to 11911-q13.1

Alu repeats in the C1INH gene predisposes to
large rearrangements and thus the high rate of
de novo mutations (13). Due to incomplete pen-
etrance, 5% of the adult patients with HAE are
identified after their child is diagnosed, and
though carrying and transmitting the mutation
to their children, they remain asymptomatic
throughout their lives.

Mosaicism in the gonads in both the
mother and the father has also been described
(*606860.0014, TYR199TER and c.3_73del,
p.N1fsX34) and, due to the different recurrence
risk, needs special attention (1, 8).

The C1-INH/SERPING1 gene mutations

The gene product C1-INH is a multi-
functional serine protease inhibitor, which plays
an important role in controlling the complement
system — the classical and alternate pathways,
the contact system, the coagulation and fib-
rinolytic cascade. It is produced mainly in the
parenchymal cells of the liver, as a 478 amino

acids-long single chain of 71 kd; further proteo-
lytic processing does not occur. Monocytes-
macrophages, microglial cells, fibroblasts, en-
dothelial cells and megakaryocytes may also
contribute to its synthesis (8). With approxim-
ately 30% carbohydrate, C1-INH is one of the
most highly glycosylated serum protein (1).

The disease is caused by the mutation
of the gene coding for C1-INH
(C1I/C1INH/SERPING1, *606860; GenBank
NM_000062.1) localized at 11g11-q13.Eig-
ure 1. It is 17 kb long and contains 8 exons and
7 introns, and it presents an unusual promoter
with no TATA sequence but a TdT-like initiator
and a polypurine-polypyrimidine tract (8).

Mutation screening was carried out in
Spanish, ltalian, Hungarian and other popula-
tions. The studies revealed pathogenic and non-
pathogenic mutations, polymorphisms and rare
variants in practically every sequence of the
gene (14-17).

HAE is characterized by important ge-
netic heterogeneity: almost 300 mutations in
different regions of the C1-INH gene caused by
various mechanisms have been described until
now. Pathological mutations can occur in the
exons or in the introns or in the regions con-
trolling gene expression, and are produced by
various mechanisms. If the mutation results in
the loss of production of the C1-INH protein,
type | of HAE develops. If the mutation results
in the generation of a non-functional mutant
protein, type Il of HAE develops. Mutations
causing type Il are typically found within the
active site or regions involved in the folding
and presentation of the active site, causing a
malfunction of the protein (18). Allele hetero-
genity can be both iso- and heteroallelic. The
mechanism of the mutation can be point muta-
tions — mis-sense or non-sense substitution or
frameshift mutation, splice site errors, deletions
or insertion of smaller or longer sequences —
micro-deletions/insertions associated or not
with frame-shift, large rearrangements - dele-
tions or duplications, CNVs (copy number vari-
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Figure 2. Distribution and type of the most frequent mutations in the C1INH gene

ation) Figure 2 (8). There are 17 Alu repeats

quency of mutations located in exon 8 which

that occur throughout the gene, associated with contains the critical hinge region and reactive

an increased frequency of gross mutations. De-
letions and duplications caused by these repeats

account for approximately 15-20 % of the
mutations in the C1-INH gene (13).

C1-INH mutations are published in well-
known databases like MIM and the on-line ver-
sion OMIM (MIM — Mendelian Inheritance in
Man). Recently, comprehensive, frequently up-

dated and interactive databases of C1INH muta-
tions have also been published (19, 20). In the
Hungarian database accessed at http://hae.enzi-

m.hu/, mutations are classified in 2 large groups:
gross mutations involving DNA fragments of up
to 41 kb, and micro-mutations encompassing all
non-gross mutations. With the last entry submitted
on 2008-07-18, the number of registered micro-

mutations and gross mutations is 238 and 45, re-
spectively. Regarding the mechanism of the muta-

tions reported, the following distribution was
found: mis-sense mutations - 36%, frameshift
mutations — 23.8%, gross mutations - 15%, non-
sense mutations with truncated protein - 8.8%,
splice-site mutations - 8,8%, small indels without
frameshift - 4,8%, mutations in the promoter re-
gion -1,4% and others (19).

Though mutations can be localized any-
where — both in exons or introns and non-cod-

ing control regions, it seems that there are cer-

tain mutational “hot spots” that apparently code
for amino acid sequences important for the pro-
tein function. There is an unusually high fre-

center of C1-INH, and it was confirmed by sev-
eral study groups that exon 4 is particularly
prone to rearrangements (17, 21).

The estrogen-sensitive or dependent
form of HAE (previously type lll, or type IV as
suggested by Kranke et al.) presenting with
identical simptoms associated with normal C1-
INH concentration and function seems to be
also a monogenic form mapped to 5g33-qter
(#610618). It was suggested that the mode of
inheritance could be autosomal dominant or X-
linked dominant, and there is evidence that it
can be caused by mutations in the gene coding
for the coagulation factor XlI (22, 23).

Practical aspects. mutation analysis, geno-
type-phenotype correlation and genetic
counseling

Due to the genetic heterogeneity and the
inconsistent genotype-phenotype correlation,
neither the confirmation of the final diagnosis
nor the initiation of the therapeutic intervention
requires the recognition of the existent mutation.

As the mutation mechanisms are very
variable from point mutations to small indels
with or without frameshift and large rearrange-
ments - deletions and duplications, and fre-
quently previously undescribed mutations have
to be identified, different methods are used to
clarify the type and location of the mutation.
Molecular diagnosis is further confronted with
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the high frequency of newly produced muta-
tions. The golden standard for mutation detec-
tion in HAE is sequencing, carried out gener-
ally by the automated enzymatic method.

Though several different mutations
have been associated with HAE, only a few of
them recur in more than one family, so targeted
search of known mutations by simple and
widely accessible methods like PCR-RFLP is
not applicable. Designing diagnostic strategies
in the C1INH mutation analysis remains so far
an unsolved task. Focusing on specific regions
provides a significant amount of data but is not
exhaustive and sufficient.

All these factors explain why various
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nately, as frequently seen in other monogenic
disorders, these relationships are inconsistent.
However, these relationships are worth to be

studied as theoretically they could have major

predictive prognostic value and also implications

in choosing the adequate treatment and develop-
ing novel therapeutic agents targeting the actual
molecular mechanism and making individualized

therapy on a molecular level possible.

If the mutation results in the loss of pro-
duction of C1-INH protein, type | of the disease
develops. If the mutation results in the genera-
tion of a non-functional mutant protein, type Il
develops (3, 4, 6). In spite of these lab anom-
alies, the clinical phenotypes in the two forms

strategies are applied, and sometimes the use of are indistinguishable. Type | is very heterogen-

a combination of techniques is required.

Furthermore, in such cases of genetic
heterogeneity, the newly identified mutations
must be carefully interpreted before a final res-
ult is obtained. Co-segregation in the family of
the mutation with the disease must be demon-
strated and a polymorphism must be excluded.

Methods used to scan for point muta-
tions or small deletions or insertions are the
simple, inexpensive and highly sensitive single-
strand conformation analysis, hetero-duplex
DNA analysis, denaturing gradient gel electro-
phoresis. They must be followed by the sequen-
cing of the modified region to determine the ex-
act mutation. Chemical cleavage of mismatches
is adequate for detecting most of the point
mutations and can be further improved by fluor-
escence assisted mismatch analysis. In certain
cases these methods fail. Analysis of large gen-
omic DNA rearrangements - deletions and in-
sertions - can be searched for by RT-PCR and
Southern blotting using restriction enzymes in
single or multiple digestions (BamHlI, Bcll,
Bglll, EcoRlI, Hindlll, Sacl, Sall, Pvul, Pstl,
etc.) and then the identified region must be fur-
ther sequenced (24-27).

Genetic heterogeneity and variable clin-
ical manifestations raises the question of existing
genotype - phenotype correlations. Unfortu-

eous and mutations are distributed over the entire
gene: they include large deletions or insertions
probably in correlation with the high density of
Alu repeats in the introns and point mutations
that lead to a failure of protein synthesis or se-
cretion most frequently by a non-sense mutation
and synthesis of a truncated protein (13).

In type Il, usually a mis-sense substitu-
tion can be identified, mainly within the coding
region for the reactive loop of the C1-INH loc-
ated in exon 8 (17, 21). Mutations at Arg444
(the P1 residue) are estimated to be present in
up to 70% of type Il HAE patients (28).

It must also be noted that non-patholo-
gical genetic variants of the gene occurring in the
presence of completely normal C1-INH level
and function have also been described (8). On
the other hand, both other genetic and also envir-
onmental factors might modulate the disease,
probably in a complex manner, with combina-
tions of the aggravating factors specific for the
individual. Several more or less important non-
genetic disease modifying factors have been
identified so far, like sex hormones or infections.

The clarification of certain genetic
modifying factors is only at the beginning. It was
demonstrated that both increased C1-INH cata-
bolism and decreased expression of the normal
C1- INH allele is present in patients contributing
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to the lower than expected amounts of function-
ally active C1-INH. This may be explained by a

dominant negative effect in certain mutations or
other non-allelic gene-gene but also gene-envir-
onment interactions. The relationship between
copy number of genes - C4A and C4B and the
clinical course of HAE was studied. It was found

that a high copy number of the C4B gene can be

a protective factor against disease severity; there

fore the authors consider its assessment in HAE

to be justified (29).

It should be noted that the majority of
studies on mutations in HAE that demonstrated
poor genotype-phenotype correlations have
been cross-sectional; to improve our under-
standing about such relationships, family based

studies have been designed, but no break-

through result was obtained (30).

As HAE is a monogenic disorder, family
counseling plays a fundamental role in the man-
agement of the affected families. When the first
case in the family is diagnosed, other family

members need to be tested. Children are usually

asymptomatic at birth, however close clinical
and laboratory follow-up with regular testing is
indicated. Early testing may assist relatives in
taking informed decisions about family planning.
Prenatal screening is not yet feasible, though if
the mutation in the family is known this can be
looked for. Patients and their families need to be

educated about the disease, its inheritance and

possibilities of management. As part of this
activity, on a national level, the Romanian Net-
work for Hereditary Angioedema was created
(www.haenet.ro) (31). Molecular mapping of
HAE in some of the Romanian patients has re-

vealed mis-sense mutations and splicing defects

besides certain variants and a mutation in the 5'-
UTR region. Expanding the study to further fam-

ily members and families may reveal further in-

sights to the genotype-phenotype relationships
and gene-gene interactions, while comparing
data obtained in other countries of the region
may clarify if there is a geographical difference

in the genetic background of the disease (32).
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Collecting data in national and interna-
tional patient registries has been initiated and it
can provide in the future the necessary statistic-
al data to understand such rare disorders (33).
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