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Abstract

Background: Hereditary angioedema due to CI inhibitor deficiency (CI1-INH-HAE) caused by SERPING1 muta-
tions is a rare monogenic disorder characterized by a high frequency of de novo mutations, allelic heterogeneity
and populational differences. Geno- and phenotype correlation data are limited. Addressing the pathogenic com-
plexity, we proposed to analyze the clinical and genetic characteristics in a set of Romanian patients. Material and
Methods: 49 patients from 22 unrelated families with C1-INH-HAE were investigated, by calculating clinical se-
verity score (CSS), CI-INH and C4 level assessment by nephelometric assays, C1-INH function study by functional
enzyme-linked immunosorbent assay, and mutation analysis by sequencing and MLPA. Clinical manifestations
by missense vs other mutation mechanisms were compared. Results: The mean age at diagnosis and onset was
28.8+14.7 and 15.1+15.2 years, while the diagnostic delay 13.1+10.1 years. CSS ranged from 2 to 9, with a mean
of 5.4x1.8. The frequency of missense and nonsense mutations, splice defects, frameshift mutations and large gene
rearrangements was 61.22, 6.12, 22.4, 6.12 and 4.08%, in the regulatory sequence no mutation was described. In
type II, only missense mutations were noted. Lower levels of C1-INH characterized index cases caused by mech-

anisms other than missense mutation, with more severe consequences on protein synthesis (p=0.017). 53% of the
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cases were identified by familial screening. Conclusion: A later onset of disease manifestations and a higher fre-

quency of missense mutations characterize HAE in Romanian patients with SERPINGI mutation. Genetic analysis

improves the management of affected families, and may inform about disease severity.
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Introduction

Hereditary angioedema due to C1 inhibitor de-
ficiency (C1-INH-HAE) is a rare monogenic
disorder with autosomal dominant inheritance
and an estimated prevalence of 1:10,000-50,000
in the general population. (1) Insufficient levels
of functional complement component 1 inhibi-
tor (C1-INH) lead to excessive levels of brady-
kinin, the main mediator of angioedema, thus
the clinical picture is characterized by episodes
of self-limiting, localized edema due to an in-
creased vascular permeability, affecting different
body sites, for instance, limbs, face, intestinal
tract or airways. If not treated properly, laryngeal
edema is associated with an extremely high risk
of asphyxiation, and, consequently, death.(2)
The disorder is caused by various muta-
tions affecting the C1-INH gene - SERPINGI
(OMIM*606860, C11; C1INH SERPIN PEPTI-
DASE INHIBITOR).(3,4) HAE type I develops
when CI-INH levels are reduced (85%), and
type Il in case of a dysfunctional C1-INH (15%).
(5) The group with normal C1-INH (HAE-nC1-
INH) comprises: HAE with mutation in F/2
gene (HAE-FXII), HAE with mutation in the
angiopoetin-1 gene (HAE-ANGPTI), HAE with
mutation in the plasminogen gene (HAE-PLQG),
and HAE due to unknown mutations (HAE-
UNK).(5)

The SERPINGI gene is approximately 17 kb
long, comprises 8 exons and 7 introns, and it is
located in 11ql12.1. It presents an unusual pro-
moter with no TATA sequence but a TdT-like
initiator and polypurine-polypyrimidine tract.(4)
More than 450 distinct SERPING I mutations as-

sociated with C1-INH HAE have been described
to date, produced by various mechanisms, rang-
ing from the most frequent point mutations caus-
ing missense, nonsense, splice site or frameshift
mutations, to small and large insertions or de-
letions (HAEdD, http://www.hae.enzim.hu). (6)
Allelic heterogeneity and the high frequency of
de novo mutations in 20-25% of the cases are
due to mutagenic liability.(6)

Genetic complexity poses difficulties in patient
management, from diagnosis and prognosis as-
sessment to the choice of optimal treatment. Eth-
nic differences have been shown to be important,
and may influence disease manifestations, sever-
ity and progression.(7) Studies analyzing geno-
and phenotype correlations with potential pre-
dictive value are limited, and the results are con-
troversial.(7-11) Based on these considerations,
we proposed to analyze the clinical and genetic
characteristics in a set of patients, intended for a
more tailored management of C1-INH-HAE af-
fected Romanian families.

Material and Methods

Forty-nine patients from 22 unrelated families
with C1-INH-HAE were included in the study,
recruited through the Romanian Registry of He-
reditary Angioedema (www.haenet.ro). Diagno-
sis of C1-INH-HAE was based on family and/or
personal history of recurrent angioedema without
urticaria associated with antigenic and/or func-
tional C1-INH deficiency. Serum concentrations
of C1-INH and C4 were quantified using neph-
elometric assays (BN Prospec, Siemens Health-
care GmbH), while functional CI1-INH was
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measured by functional enzyme-linked immu-
nosorbent assay (MicroVue functional C1-inhib-
itor, Quidel Corporation) on automated ELISA
analyser (Adaltis, Italy). Clinical severity score
was calculated using the age of onset, number of
organs affected and long-term prophylaxis, and
expressed from 0 to 10, as proposed by Bygum
et al.(8) Peripheral venous blood samples were
collected from 28 patients, 22 index cases and 6
first degree relatives exhibiting the disease, and
sent to the Department of Immunology & His-
tocompatibility School of Medicine, University
of Thessaly for genetic analysis. Genomic DNA
was isolated, and SERPING I mutations were de-
tected by sequencing after PCR amplification of
all exons and exon/intron boundaries, followed
by long-range PCR and MLPA for the identifi-
cation of large rearrangements in 28 cases, as
published previously.(7) In symptomatic first
degree relatives with a clinical diagnosis but no
molecular analysis of index cases with a known
mutation, the presence of the same mutation was
considered.

The study was carried out in accordance with the
Principles of the Declaration of Helsinki and a
written informed consent was obtained from the
patients.

Results were expressed as mean, standard de-
viation, and percentage. To test genotype - phe-
notype associations on the index cases sample,
the Chi-square and Mann-Whitney tests were
applied for categorical and continuous variables,
respectively. Genotype-phenotype associations
in the extended sample including family mem-
bers were explored using the complex sample
Chi-square test and complex sample student #
test for categorical and continuous variables re-
spectively, with controlling for the intracluster
correlations due to patient aggregation at family
level in SPSS v. 22.0.(12,13) A two-tailed p-val-
ue of less than 0.05 was considered statistically
significant.

Results

Twenty-two index cases and a total of 49 patients
from the twenty two unrelated families with
HAE type I and II were included in the study.
The study population included 25 female and
24 male subjects from 22 unrelated families, 46
adults and 3 patients under 18 years. The majori-
ty of patients (81.63%) had type I, while 18.37%
type II of HAE. The mean age at the onset of
clinical symptoms was 15.1£15.2 years, ranging
from 0 to 70 years, and the mean age at diagnosis
was 28.8+£14.7 (from 3 to 70 years), with a diag-
nostic delay of 13.1+10.1 years (up to 38 years
in one of the cases). 10.20% of symptomatic
patients were receiving long-term prophylaxis
with attenuated androgens (Danazol), but none
of them used antifibrinolytic agents or C1-INH
for long-term prophylaxis. 89.8% of the patients
had no treatment at all. Major symptoms were
abdominal edema in 44 patients (89.79%), fol-
lowed by skin edmea in 35 patients (71.42%),
laryngeal edema in 46.93%, and facial edema
in 44.89%. Family history of HAE was present
in 87.8% (43/49); six patients (12.2%) had no
known cases in the family.

Clinical and genetic characterization of the study
group is presented in Table 1.

Over half of the cases were caused by missense
mutations, while approximately a quarter by
splice defects; other point mutations and large
rearrangements were found relatively rare.
Thirty missense mutations were identified in
thirteen C1-INH-HAE families: three in exon
3, ¢.550G>A, ¢c.498C>A and c¢.503C>A; four
in exon 7, ¢.1193T>C, c.1187T>C, c.1154A>G,
c.1223A>G; four in exon 8, c¢.1396C>T,
¢.1418T>G, ¢.1396C>T and ¢c.1397G>A; one in
exon 6, ¢.988T>G and one in exon 5, ¢.860T>C.
Three nonsense mutations were described
in three C1-INH-HAE families: one in exon
3, ¢.124G>T and two in exon 7, c.1042C>T.
Three frameshift mutations were identified in
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three C1-INH-HAE families: one in exon 4,
¢.650 651delGT, and two in exon 3, ¢.122delG
and c.424 425insGT. In our cohort of patients,
11 splicing defects were identified, ¢.51+fG>A
in intron 2 and ¢.889+4delAGGGT in intron 5 in
two families with C1-INH-HAE type 1.
Distribution of mutation mechanisms as well as
localization and type of mutations in the SERP-
ING1 gene of Romanian C1-INH-HAE patients
are presented in Figure 1 and 2.

6.12 % 4.08 %

6.12 %

22.45 %

To address possible geno- and phenotype cor-
relations, clinical data was compared according
to the type of mutation, patients being classified
in two groups based on the presence of missense
mutations (group 1), or any other mutation mech-
anisms (group 2), as seen in Table II. A tendency
of less severe clinical manifestations was noted
dependent on the mutation mechanism, in the
presence of missense mutations leading to the
substitution of a single aminoacid as compared

m Missense

m Splice deffect

m Nonsense
Frameshift

0,
61.22 % m Large rearrengement

Fig. 1. Distribution of the SERPINGI mutation mechanisms in Romanian HAE patients
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Fig. 2. Localization and types of mutation in the SERPING1 gene
of Romanian C1-INH-HAE patients



261

Revista Romdna de Medicina de Laborator Vol. 27, Nr. 3, Iulie, 2019

€2€°0 €S/LY6  L91/E€8 €€€°0 I'11/6'88 $'8€/S19 (% ‘Ouysak) A103S1y AIiuey 9ANRSU/QADISO]
90L°0 €8IF6'61  99IF0°CT TL80 €6IFILT  TYIFFST (%) uonoung HNI-1D
9110 €0°0FE00  LO'OFSO0 L10°0 10°0FI00  0T'0FL00 ('1/3) HNI-1D
9590 TTOFPI'0  E€I0FILO 910 €C0F61°0  LI'OFILO (1/3) ¥O
196°0 $'68/S°01 06/01 I 8'LLITTT 9¥8/t'S1 (% “ouy sak) yudwyean snoe[Kydord
€020 I'cF8¥y SIFL'S SLO STFL'S CIF6'S (syurod) 2109s AI1I9AS TROTUT]D)
6870 TE9/89€  L9P/EES ¥L9°0 €'€€/L°99 TIV/8°€ES (% ‘ouy sak) europa [eaSuAre]
9€€°0 8SI/TH  L'9/€€6 I 0/00T L'LIET6 (% ‘ouy o) ewopo [eUIOpqy
660°0 €EL/EIT  CEW/LIS 6L0°0 L'99/€°€€ ['€C/6'9L (% ‘ouysak) ewopa [e1oe]
100 6'LS/TTy  L91/EE8 €200 9SS Ty L'LIET6 (% ‘ou/sak) ewapa unyg
€€T°0 0/001 0€/0L vT0 0/001 ['€C/6'9L (%) 11 2d&) AVH /1-0d&1 GVH
aad) 8TIFCLT  6'SIF6'6T 6660 CEIF86T v’ 678°6C (s1£) stsougerp je o3y
¥8T°0 I'VIFSEl  091F6'91 L16°0 LTIFLST 0'6FC91 (s1£) swoydwiAs Jo asu0 jo 23y
82T0 LEIFESE  TLIFOOb 182°0 I'SIFLSE  OTIFI'TH (s1k) 98y
818°0 9TSIV LY 05/0S I L99/€°€€ $'19/5'8¢€ (%) orewo /21N
0sa-L/74) suonejnuw  suonwInwW (Aowym suoneinu suone)nu
drdures .:wfo om._.omm_-z ~UUCIA/IUD) .:wfo om:.omm_z
xdoidwo)) 4 sonjeA-d

(6v=N) syuaned v

(Z7=N) 9sed xdpul pajepIu)

WSIUBYIIW UOHBINW Y} 0) SUIPI0IIE SINSLIAIBIRYD [Ld1UI])) “I[ d[q_L



262 Revista Romdna de Medicina de Laborator Vol. 27, Nr. 3, Iulie, 2019

with mutations causing more severe changes in
the protein structure.

Autosomal dominant inheritance pattern was
characteristic, with variation of the age at the
onset of the disease within the family suggesting
variable clinical expressivity, as shown in a rep-
resentative case (Figure 3).

Discussion

In an effort to further our understanding of the
disorder and improve patient management, the
Romanian Registry Hereditary Angioedema
(RRHAE) was established in 2010, inspired by
the European Hereditary Angioedema Registry.
Today it includes 108 HAE type 1 and 2 patients
belonging to 45 unrelated families. With 19,5
million inhabitants and calculated with a prev-
alence of 1:50,000, there are an estimated 490
patients in Romania, suggesting that approxi-
mately 400 cases are still undiagnosed. The ratio
of types I and II of the disease appears similar

1

to other countries (81.63 vs 18.37% of C1-INH-
HAE type I and II).(14-16)

The mean age at diagnosis and onset was
28.8+14.7 and 15.1£15.2 years, while the diag-
nostic delay 13.1+10.1 years, comparable to oth-
er European countries (i.e., 12 years in France
and 16.3 years in Denmark).(14,15) Clinical se-
verity score based on the age of onset, organs af-
fected, and long-term prophylaxis ranged from 2
to 9, with a mean of 5.4+1.8. Long-term prophy-
laxis with attenuated androgens (Danazol) was
administered to only 10.20% of the patients,
significantly lower than in other European coun-
tries, including those in neighboring countries
from the region.(9,10) The later age of onset
previously reported in a regional study includ-
ing 14 Romanian patients,(7) on this larger set is
not confirmed, and in this cohort of 49 patients,
the mean age of onset was found similar to other
populations.(14-16)

Despite simple monogenic autosomal dominant
inheritance, genetic complexity characterizes

IV.

V.

O
O
O
o
(e
O
Di

10| (2) 11

5 6 7134) 8

3 {o:4|{z; 5! 5-

Fig. 3. Medical family tree in a Romanian family with HAE-type II, caused by a missense SERPING1
mutation (c.1396C>T, R466C). Age of onset is shown between brackets.
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HAE, and may make counseling difficult. Due to
heterogeneity, inconsistent genotype-phenotype
relationships, mutation analysis is not manda-
tory for establishing the diagnosis. Both locus
and allele heterogeneity are possible: most of-
ten variable mutations in the SERPINGI gene
cause the clinical manifestations, but in 25% of
the cases F'12 gene is altered, or other mutations
may be involved. In our patients no such case
was identified, but the -46 C/T polymorphism in
F12, a confirmed modifier of HAE phenotype
was investigated in a subset of 14 type I and II
patients, and found in 17.5% , similar to other
countries in the region.(17)

CI1-INH-HAE diagnosis is based on the mea-
surement of antigenic and/or functional C1-INH
plasma levels, but the optimal management of
patients and their families includes genetic test-
ing. Mutation analysis may contribute with valu-
able additional information allowing familial
screening, pre-symptomatic, prenatal or pre-im-
plantation diagnosis, confirmation of casual
variants in apparently healthy mutation carriers,
or confirmation of diagnosis when classical ap-
proaches are limited (i.e. patients less than 1 year
old), while consistent geno- and phenotype re-
lationships, if identified, could offer clues about
prognosis. Beyond the scientific value, mutation
analysis of our patients significantly helped the
management of affected families, by confirma-
tion of diagnosis and identification of mutation
carrier relatives, 53% of our cases having been
identified by familial screening. It has been re-
ported that 5% of adult cases are identified only
after a child is diagnosed in the family, and ap-
proximately 14% of mutation carriers remain
asymptomatic throughout their life,(6,7) which
was not the case in our patients.

Interpretation of mutation analysis is burdened
by important allelic heterogeneity with over 450
mutations described so far in the SERPINGI
gene. Moreover, various polymorphisms must
be differentiated from causative mutations using

limited approaches, like segregation analysis or
functional studies. The high mutation rate is ex-
plained by the position of the gene locus situated
close to the centromere, in a region with high
Alu repeat content and CpG sites.(18,19) In our
investigated cohort, 87.75% were familial and
12.25% appeared as sporadic cases, suggesting
de novo mutations. Family history was posi-
tive in approximately 2/3 of the unrelated index
cases, comparable to 20-25% described in the
literature.(20) The high frequency of newly de-
scribed mutations makes simple analytical meth-
ods less applicable and the use of conventional
investigational approaches is considered to be
fraught with pitfalls (e.g. identification of novel
missense mutations may prevent the description
of indel mutations leading to truncated proteins
or deep intronic mutations affecting splicing).
(6,7,21) Thus sequencing is necessary, which
usually targets exon sequences and exon-intron
boundaries, and is combined with long-range
PCR and MLPA (multiplex ligation-dependent
probe amplification) for the assessment of large
rearrangements, as it was done also in our pa-
tients.(7) Recent analytical developments may
further improve existing diagnostic possibilities.
Targeted next-generation sequencing can pro-
vide the necessary analytical sensitivity, and is
currently recommended for implementation as
a first line approach for genetic testing, or as a
confirmatory technique.(21)

Important ethnic differences have been noticed
regarding the mutation mechanisms.(7) Epigene-
tic influences and regional environmental factors
like diet or radiation are quoted to be responsible
for the mutation profile different in various coun-
tries.(7) Compared with recent publications and
current SERPINGI mutation database data, the
mutation mechanism in Romanian patients shows
an unusual distribution, (7,10,22,23) confirming
previous reports now on a larger group of cases,
with a significantly greater proportion of mis-
sense mutations and splice defects (61.22% and
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22.4%, respectively), a lower frequency of non-
sense and frameshift mutations, as well as large
gene rearrangements than in other populations;
no mutations were described in the regulatory
sequence. Novel mutations described in Roma-
nian patients include c.122delG, c.650_651del-
GT (frameshift mutations), c.124G>T (nonsense
mutation), c.498C>A - N166K (missense mu-
tation) , ¢.889+4delAGGGT (splice defect), as
published previously.(7)

Mutation localization in control sequences, ex-
ons or introns may perturb the production of the
gene product, cause an abnormal aminoacid se-
quence, protein folding, and thus alter C1-INH
function. Leading to an unusually high mutation
rate, the 17 Alu sequences situated in introns (es-
pecially intron 4 and 6) predispose to non-ho-
mologous recombination with the appearance
of large rearrangements - deletions and duplica-
tions, while the CpG sites predispose to substi-
tutions by spontaneous deamination (especially
in codon 444, or 466 according to HUGO num-
bering).(6,7)

Though mutations are distributed all over the
gene, certain mutational hot-spots were identi-
fied with nucleotide sequences critical for pro-
tein structure and function, like exon 8 encoding
hinge regions and the reactive center of C1-INH.
(24-28) 20.4, 2.04, and 2.04% of the Romanian
cases presented mutations in exons 8, 5 and 6,
in total 24.48% in the locations considered the
most frequent in the cited literature.

Genetic heterogeneity motivates efforts to clar-
ify genotype-phenotype relationships. If iden-
tified and confirmed, robust correlations could
provide important information about prognosis,
the natural course of the disease, which could as-
sist an optimized management, a more tailored
approach based on genetic information. So far,
however, results of the limited observations are
inconsistent.(7-10,29) Some reported little if any
correlations,(6) while Speletas et al. have shown
in a study including a set of 14 Romanian pa-

tients that missense mutations associate with a
less severe natural course, the age of onset below
10 years occurring significantly more rarely than
in other mutations.(7) Surprisingly, in C1-INH-
HAE missense mutations almost always affect
gene product level and/or function, causing clin-
ical manifestations. It is not fully explained yet
why the substitution of a single aminoacid leads
almost invariably to the loss of C1-INH func-
tion, but protein misfolding and multimerization
have been quoted as possible causes.(30-32) The
position and type of the changed aminoacid may
further explain the important variations in the
clinical picture we have seen; furthermore, some
mutations have also been described to have dif-
ferent consequences in different cell types.(33)
Frameshift or nonsense mutations with profound
changes in aminoacid sequence and leading to
truncated proteins result in unstable gene prod-
ucts, leading to reduced C1-INH levels and HAE
type 1 (80-85%). Almost exclusively, missense
mutations cause the less frequent type II of the
disease (15-20%), characterized by normal an-
tigenic levels, but reduced CI-INH function
(1,34-36). In 70% of the cases, these mutations
are situated in exon 8, a functionally critical re-
gion encoding the reactive site in serpins, espe-
cially Arg444 (or Arg466). Pathogenic missense
mutations were found in % of the unrelated Ro-
manian index cases presenting HAE type I, and
100% of type II patients, situated exclusively in
exon 8. In heterozygous patients, the unusual-
ly markedly reduced C1-INH levels to 5-30%
of the normal level is suspected to be related to
an increased catabolic rate and reduced synthe-
sis with the down-regulation of the normal al-
lele, a possible dominant negative effect, though
as of now it remains insufficiently explained.
(19,37,38)

Inter- and intrafamilial variable clinical expres-
sivity, as suggested also by the changeable age
of onset in the represented family tree (Figure
3), may be related to genetic and non-genetic
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factors. Various factors like SERPINGI gene
polymorphisms (e.g. rs4926, rs28362944) and
mutations in other genes (e.g. C48, BDKR 1 and
2, MBL2, ACE) were studied as potential mod-
ifiers.(6) The -46C/T polymorphism in the F12
gene promoter sequence (rs1801020) appeared
to correlate consistently with disease severity, as
reported previously in a study also including a
set of Romanian patients.(7) Given the charac-
teristic later manifestation in Romanian patients,
the presence of the G allele of the KLKB1-Ser-
143 Asn polymorphism investigated in a subset
of 19 patients was reported to appear as an inde-
pendent genetic factor correlated with a delayed
onset in C1-INH HAE. (39)

Based on previous observations,(7) in order to
investigate genotype-phenotype associations,
we separated patients in two groups carrying the
frequent missense mutations with presumably
less severe changes in gene product structure,
and nonsense, splice, frameshift mutations, in-
sertions and deletions of variable sizes produc-
ing a more severe effect on C1-INH level and
function. Comparison of severity and clinical
manifestations demonstrated that according to
the presumed effect on gene product stability
dependent on mutation mechanism, there was a
more severe reduction of C1-INH level in car-
riers of other than missense mutations as also
noted by other authors,(7-11) which reached the
level of statistical significance, but only in pro-
bands (p=0.017 vs 0.116). With marked varia-
tions in each group, neither the age of onset nor
the calculated score denoting clinical severity
demonstrated significant differences. Interpre-
tation of our current results remains, however,
limited by the relatively low number of cases,
and insufficient genetic investigations, analysis
of modifying genetic factors. It will be interest-
ing to see how the currently developed global
HAE registry data with more statistical power
will clarify the tendencies noted in our cohort.

Conclusion

A later onset of disease manifestations and a
higher frequency of missense mutations char-
acterize HAE in Romanian patients with SER-
PINGI mutation. Genetic analysis provides
information necessary for the optimization of
management in the affected family, assisting the
clarification of diagnosis in affected relatives.
Lower levels of C1-INH may characterize mu-
tations caused by mechanisms other than the
substitution of a single aminoacid. In Romanian
patients with HAE type I, exclusively missense
mutations were noted.
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