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Genetic analysis of Factor Xll and bradykinin catabolic
enzymes in a family with estrogen-dependent inherited

angioedema

Qing Ling Duan, PhD,** Karen Binkley, MD, FRCPC,® and Guy A. Rouleau, MD, PhD, FRCPC, 0Q® Monireal, Quebec, and

Toronto, Ontario, Canada

Background: Recent studies reported a gain-of-function
mutation in the gene encoding coagulation Factor XII (F12)
among 5 German and French families with estrogen-associated
angioedema who share a common ancestor. The role of this
factor, additional pathways that might contribute to increased
bradykinin levels, or both remain to be determined in other
families with estrogen-dependent or estrogen-associated
inherited angioedema.

Objective: The purpose of this study was to determine whether
mutations in F12 and polymorphisms in the genes encoding
aminopeptidase P (APP) and angiotensin I-converting enzyme
(ACE), which have been associated with increased bradykinin
levels, contribute to estrogen-dependent inherited angioedema
in a large family of Italian origin.

Methods: We screened the coding regions of F12 and the gene
encoding membrane-bound APP (XPNPEP2), for genetic
variants in the 3 affected female subjects. In addition, we
genotyped this family for the insertion/deletion polymorphism
in the ACE gene, which accounts for variable ACE levels.
Results: The 3 affected female subjects all have the threonine-
to-lysine (Thre328Lys) mutation, which is associated with
higher Factor XII activity. In addition, they have at least one A
allele of rs3788853 at the XPNPEP2 locus, which is associated
with lower APP activity, and at least one I allele in ACE, which
is associated with reduced ACE activity.

Conclusion: A missense mutation in F12 is present in the 3
affected female subjects of this family with estrogen-dependent
inherited angioedema. In addition, these affected females have
polymorphisms associated with lower levels of both APP and
ACE, the major enzymes responsible for bradykinin
degradation. Thus, our study suggests that multiple genes
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might contribute to estrogen-dependent or estrogen-
associated inherited angioedema and explain some of the
observed heterogeneity. (J Allergy Clin Immunol
EEEN; NN EEN-EEN,)
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Classic forms of hereditary angioedema (HAE; types I and II)
are autosomal-dominant disorders resulting from decreased levels
or function of the inhibitor for the first component of the
complement pathway (C1-INH)."? These manifest as localized
swelling of parts of the face, upper respiratory tract, gastrointesti-
nal tract, genitalia, hands, and/or feet (Online Mendelian Inheri-
tance of Man [OMIM] 106100; http://www.ncbi.nlm.nih.gov/
omim/).? Inadequate C1-INH fails to restrict the activity of coag-
ulation Factor XII (Hageman factor) and kallikrein, leading to
increased production of bradykinin, a potent vasodilator and an
important mediator of angioedema.”* Additional forms of HAE
and sporadic angioedema, which are clinically indistinguishable
from classic HAE, have also been reported among individuals
with normal C1-INH concentrations and function. These include
cases of unknown cause (idiopathic angioedema),5 % drug-induced
angioedema (eg, angiotensin I-converting enzyme [ACE] inhibi-
tors’ and plasminogen activators®) and angioedema that affects
only women.”'” The latter forms are known as estrogen-depen-
dent (or estrogen-associated) inherited angioedema (EDIA; or
HAE type III [OMIM 610618]) because they depend on or are
worsened by increased levels of endogenous (eg, pregnancy) or
exogenous estrogen (eg, oral contraceptives or hormone replace-
ment therapy).

Recent studies identified a gain-of-function mutation in the
gene encoding factor XII (F12) among female subjects with estro-
gen-associated angioedema originating from Germany and
France who shared a common ancestor.'"*'? This Thr328Lys sub-
stitution in exon 9 of F12 was associated with increased Factor
XII activity but not protein levels.'? Earlier studies reported that
an estrogen response element in the promoter region of the
gene contributes to increased gene expression during increased
estrogen states.'>!'* Taken together, women with increased estro-
gen levels and a gain-of-function mutation in /2 have increased
levels of a highly active Factor XII. It is hypothesized that in-
creased activity and expression of Factor XII contributes to higher
bradykinin production (Fig 1), which increases vascular permea-
bility and risk of angioedema.'>'® Thus, similar to classic forms
of HAE, estrogen-associated inherited angioedema might result
from increased levels of bradykinin.
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Abbreviations used
ACE: Angiotensin I-converting enzyme
APP: Aminopetidase P
C1-INH: Inhibitor of the first component of the complement
pathway
des-Arg9-BK: des-Arginine9-BK
EDIA: Estrogen-dependent inherited angioedema
F12: Gene encoding Factor XII
HAE: Hereditary angioedema
I/D: Insertion/deletion
UTR: Untranslated region
XPNEPEP2: Gene encoding aminopetidase P

In this study we investigated the 12 locus in a family of Italian
origin with a previously well-characterized, strictly estrogen-depen-
dent angioedema phenotype.'® Binkley and Davis'® had confirmed
the absence of mutations in the coding region and 5’ untranslated
region (UTR) of the gene encoding C1-INH (SERPING1), as well
asthe 5'UTR of F/2 among the affected female subjects of this fam-
ily. In addition, we extend our investigation to examine the potential
contribution of bradykinin degradation pathways to the EDIA phe-
notype in this family. As shown in Fig 1, increased bradykinin levels
might result from increased production (eg, higher Factor XII activ-
ity) or decreased degradation because of deficiencies of several cat-
abolic enzymes. For example, ACE and aminopeptidase P (APP)
are the primary and secondary enzymes responsible for the degrada-
tion of bradykinin,17 with additional enzymes representing minor
pathways (Fig 1). Furthermore, ACE and APP also represent the
major pathways for the degradation of the active metabolite of bra-
dykinin known as des-Arginine9-BK (des-Arg9-BK).'®! Genetic
variants in the gene encoding APP (XPNPEP2), resulting inreduced
enzyme activity,”® higher bradykinin and des-Arg9-BK levels,”'
have been associated with angioedema induced by ACE inhibi-
tors.2” Also, this study investigates the potential role of an inser-
tion/deletion (I/D) polymorphism in the ACE gene, which
accounts for 50% of the variability in human serum ACE levels.?
Previous studies have demonstrated that the I allele is associated
with lower expression of ACE mRNA? and decreased degradation
of bradykinin.24

METHODS

DNA was extracted from blood samples of 29 members of a family of Italian
origin with multiple cases of EDIA, which was previously described by
Binkley and Davis.'® Fig 2 shows a modified pedigree comparable with the ear-
lier report, with several additional members who did not participate in the
previous study (eg, spouses and children). Blood samples for the current inves-
tigation were collected in October 2007 from participants who now reside in
Canada and represent a subset of the original pedigree. For example, only 3 af-
fected female subjects (II:2, II:7, and II:8) were available for our study,
whereas 3 of their affected relatives (I1:4, III:4, and III:9) reside in Italy and
were not available to participate in this study. The phenotypic details for this
family can be found in the earlier report by Binkley and Davis.'® In brief, all
affected female subjects of this family experienced angioedema symptoms
(without urticaria) throughout all their pregnancies (with multiple episodes),
as well as during estrogen replacement therapy, but not at any time in between.
Their angioedema symptoms included swelling of the face and extremities, air-
way obstruction, and abdominal pain and vomiting, which are similar to HAE
types I and II. All participants provided informed consent, and all protocols
were approved by the Ethics Committees at the Centre Hospitalier de I’ Univer-
sité de Montreal and Sunnybrook Health Sciences Centre, Toronto, Canada.
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The UTRs and exons of F12 and XPNPEP2 were sequenced for 3 affected
female subjects (II:2, II:7, and II:8) and 2 unrelated male control subjects
(spouses of II:7 and II:8). These coding regions were amplified by using in-
tronic primers in standard PCRs and sequenced at the Genome Québec Inno-
vation Centre in Montreal, Canada. Sequence traces were viewed and
analyzed with the program Seqman (DNAstar package) to identify genetic var-
iants. Furthermore, all family members (n = 29) were screened for exon 9 of
F12 and genotyped for rs3788853 in XPNPEP2, as well as the ACE 1/D poly-
morphism. Exon 9 of the FI2 gene was amplified by using the primers
5'-ACACCAAGGCAAGCTGCTAT-3" and 5'-GCTGGCCGGAATCTAGC
TC-3’, with an optimal annealing temperature of 55°C. The rs3788853 poly-
morphism located 5’ of XPNPEP2 was genotyped by using allele-specific
PCR with 1 common forward primer, 5'-AACCCTCCCCACGTTGAATCA-
3, and a choice of 2 allele-specific reverse primers, 5'-GCACTGCTGAAA
TAGCAGTTGTTAG-3" and 5'-GCACTGCTGAAATAGCAGTTGTTAT-3',
in parallel PCRs with a annealing temperatures of 63°C, followed by gel elec-
trophoresis with 1.5% agarose gel for genotype calling.?” Duan et al*® had pre-
viously determined the high efficacy and reproducibility of this allele-specific
genotyping method through comparisons with sequencing results in more than
300 DNA samples. The I/D polymorphism in ACE was genotyped by using the
primers 5'- CTGGAGACCACTCCCATCCTTTCT-3" and 5'- GATGTGGC
CATCACATTCGTCAGAT-3’, with an optimal annealing temperature of
58°C. Genotypes for this I/D polymorphism were determined by using agarose
gel electrophoresis according to a standard PCR because the D allele was 287
bp shorter than the I allele (490 bp).

RESULTS

Fig 2 shows that all 3 affected female subjects with a history of
EDIA (II:2, II:7, and II:8) are heterozygous for Thr328Lys (c. 1032
C>A), a gain-of-function mutation in exon 9 of the F'/2 gene that
has been previously described.'"'? In addition, this family has 5
male carriers (III:5, I11:19, IV:3, IV:5, and IV:7) and 1 female het-
erozygote (IV:6) with undetermined phenotype. At age 20 years,
this female carrier has not demonstrated symptoms of EDIA, which
is in keeping with the fact she has never been pregnant or received
exogenous estrogen (oral contraceptives or estrogen replacement).

In addition to the gain-of-function mutation in F12, all 3 af-
fected female subjects have at least 1 copy of the A allele at the
SNP rs3788853, located 5’ of XPNPEP2, which codes for mem-
brane-bound APP. This allele has been associated with decreased
APP activity, decreased bradykinin and des-Arg9-BK degrada-
tion, and angioedema induced by ACE inhibitors.?>*' Ten other
blood relatives within this family also carry this polymorphism
but are unaffected, including the female of undetermined pheno-
type (IV:6) with the Thr328Lys mutation in F/2. Screening of
the coding regions of XPNPEP2 yielded no mutations in the
affected members of this family.

Finally, the 3 affected female subjects have at least 1 copy of the
inserted allele in intron 16 of the ACE gene (Fig 2), which is asso-
ciated with lower levels of ACE.?*?* Based on previous studies,
one can infer that the individuals with the I/l or I/D genotypes
have significantly lower ACE levels compared with individuals
with the D/D genotype. Three male relatives of these affected fe-
male subjects also have the I/D genotype, and 8 relatives have
the I/ genotype (5 male and 3 female subjects). The female carrier
with undetermined phenotype (IV:6) with the F'/2 mutation and the
C/A genotype at rs3788853 in the XPNPEP2 locus also has the I/
genotype in ACE, which is associated with low levels of ACE.

DISCUSSION
In this report we identify a gain-of-function mutation in
FI2 among 3 affected patients with EDIA in a previously
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FIG 1. Proposed mechanisms for bradykinin production and degradation in EDIA. The Thr328Lys mutation
in exon 9 of F12increases activity of the Factor XIll protein. High estrogen levels acting through the estrogen
response element (ERE) in the promoter region (located between nucleotide positions -44 to -31) increase
expression of the overactive Factor XllI, leading to increased bradykinin production from high-molecular-
weight kininogen through activated kallikrein. This nonapeptide (R1-P2-P3-G4-F5-S6-P7-F8-R9 [Arginine1-
Proline2-Proline3-Glycined-Phenylalanine5-Serine6-Proline7-Phenylalanine8-Arginine9]) is an important
mediator of angioedema but is normally short lived because it is cleaved by several enzymes. ACE and
APP represent the primary and secondary degradation pathways of bradykinin, with reversed importance
in the degradation of Des-Arg9-BK (R1-P2-P3-G4-F5-S6-P7-F8), an active metabolite of bradykinin, which
might also contribute to angioedema. Other known enzymes involved in the degradation of bradykinin
include carboxy peptidase N, dipeptidyl peptidase 1V, and neutral endopeptidase, resulting in inactive me-
tabolites. The relative contribution of each degradation pathway is represented by the width of the arrows.

well-characterized family.'® High estrogen levels, acting through
an estrogen response element in the promoter region of F12, in-
crease expression of the mutant Factor XII with a gain of function,
which is thought to contribute to increased bradykinin levels and
angioedema. Although this mutation has been documented in
families from Germany and France,l 112 we are the first to report
this mutation in a family of Italian origin, demonstrating that F'/2
determines the risk for EDIA in other European populations. It re-
mains to be determined whether this Italian family shares a com-
mon ancestor with the German and French families previously
described. Our study demonstrates that genetic screening of
F12 in additional families with EDIA is warranted, regardless
of their country of origin. Additional studies are necessary to
determine the role of this gene in determining EDIA risk in
non-European populations.

This study is the first investigation to examine the role of
bradykinin catabolic pathways in EDIA. ACE and APP repre-
sent the primary and secondary degradation pathways of brady-
kinin, respectively, with reversed importance in the degradation
of des-Arg9-BK, an active metabolite of bradykinin (Fig 1). Re-
duced levels or activities of ACE, APP, or both would result in

reduced degradation and increased levels of bradykinin and
des-Arg9-BK and therefore greater risk of angioedema.13 All 3
affected female subjects studied in this family have at least
1 copy of the A allele of rs3788853 at the XPNPEP2 locus,
which has been associated with low APP activity and increased
risk for angioedema during ACE inhibitor therapy.?® This minor
allele (frequency of 27% in the white population [CEU] of the
Hapmap project) is also present in 10 unaffected relatives and
2 unaffected individuals married into the family. This supports
the previous hypothesis that individuals with reduced APP activ-
ity are asymptomatic unless a biologically relevant molecule,
such as ACE, is also deficient or inhibited.”” Genotyping of
the ACE 1/D polymorphism revealed that all 3 affected female
subjects studied also had at least 1 copy of the I allele, which
is associated with reduced ACE expression. This allele is also
common in the general population, with reported genotype fre-
quencies of 25.6% (I/1), 48.3% (I/D), and 26.1% (D/D).*> This
polymorphism has been associated with reduced gene expres-
sion®® and higher bradykinin levels.**

The effect of estrogen on the levels, activities, or both of
bradykinin catabolic enzymes might have particular importance
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FIG 2. Segregation of the Thr328Lys mutation in F12, rs3788853 in XPNPEP2 (abbreviated XP2), and the ACE I/D polymorphism. Affected female subjects
(solid circles) are heterozygous for Thr328Lys and carry at least 1 copy of the A allele of rs3788853 and at least 1 copy of the | allele in ACE. Individual IV:6 is a
young female subject who is heterozygous for Thr328Lys and rs3788853 and homozygous for the | allele in ACE; however, her phenotype is unknown be-
cause she has not experienced high estrogen states. There are 5 male carriers of the Thr328Lys mutation, 11 individuals with at least 1 copy of the A allele of
rs3788853, and 11 relatives with 1 or more copies of the | allele in ACE. Note that rs3788853 is located on the X chromosome, and thus male subjects are

hemizygotes.

in the generation of the estrogen-dependent nature of the pheno-
type in this family. Previous studies have demonstrated that
estrogen suppresses ACE expression26 and increases bradykinin
concentrations”’** independent of the ACE I/D genotype.? Al-
though the effect of estrogen on APP activity is unknown, a recent
report suggests that androgens increase APP levels.*® Because an-
drogens and estrogens often have antagonistic effects, it is not un-
reasonable to speculate that estrogen might reduce APP activity.
In healthy individuals high estrogen states would facilitate high
bradykinin levels through both increased production (increased
Factor XII level) and reduced degradation (reduced ACE and pos-
sibly APP levels). In affected members of this family, the normal
effects of estrogen on bradykinin levels would be accentuated by
the presence of the mutant Factor XII with a gain of function and
the polymorphisms associated with pre-existing low activities of
ACE and APP.

Although specific measurements for Factor XII, APP, and ACE
levels were not performed, this study suggests that genetic
variants in multiple loci can contribute to angioedema, possibly
through their effects on bradykinin levels. The presence or
absence of genetic variants at these additional loci might
contribute to the observed heterogeneity of clinical phenotypes
(ie, estrogen-dependent vs estrogen-associated angioedema)3 !
and even heterogeneity within the classic forms of HAE. Further
studies of bradykinin catabolic enzymes in other families with
EDIA would help delineate these issues.

This report also demonstrates the application of predictive
testing to identify presymptomatic carriers of risk alleles, which
will aid in the management of EDIA. Because the affected

members of this family have reported multiple episodes of near-
fatal laryngeal edema, the prevention of clinical symptoms in
at-risk individuals might be life-saving. For example, a female
subject of undetermined phenotype (IV:6) carries 1 risk allele of
the Thr328Lys mutation in F'/2, as well as alleles associated with
lower APP and ACE levels. This genetic information will allow
this individual to avoid symptoms by selecting contraceptive
strategies other than estrogen-containing agents, careful observa-
tion during pregnancy, and, later in life, alternative strategies to
estrogen-containing hormone replacement regimens to manage
menopausal symptoms. In addition, we have also identified
several male family members who carry the mutation but have
never been affected because of the strict estrogen dependence
of the phenotype in this family. Identification of such male
carriers will allow targeted screening of their offspring so that
symptoms can be avoided in subsequent generations.

We thank the family for their participation in this study, Ms Olga Likhodi
for sample collection, and Dr Patrick Dion for careful review of this
manuscript.

Clinical implications: Increased bradykinin production and

decreased bradykinin catabolism might contribute to EDIA.
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