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Introduction: Antithrombin deficiency is associated with increased risk of venous thromboembolism (VTE). We
aimed to identify variants causing antithrombin deficiency in a Danish population.

Materials and methods: We performed Sanger sequencing and, in relevant cases, multiplex ligation-dependent
probe amplification analyses, in 46 individuals (23 index cases) with and 9 relatives without antithrombin
deficiency. Furthermore, in order to explore whether a combination of antithrombin type II heparin binding site
(HBS) deficiency and factor V Leiden single nucleotide variant (SNV) conferred a higher risk of VTE than either
risk factor alone, we performed genotyping for factor V Leiden in most of the carriers of type II HBS deficiency
(n = 25).

Results: We detected causal variants in all 46 carriers: three large and two small deletions, all causing type I
antithrombin deficiency, and seven SNVs: one causing type I, one causing type II reactive site (RS), four causing
type II HBS and one causing pleiotropic effect (PE) type II antithrombin deficiency. None of the relatives without
antithrombin deficiency had the family variant. All detected SNVs have been reported previously. Majority
(n = 27) of carriers had type II HBS deficiency, most often caused by the p.(Pro73Leu) SNV (n = 19).
Heterozygosity for factor V Leiden was observed in three (3/25 = 12%) carriers of type II HBS deficiency. Only
four (4/25 = 16%) carriers of type II HBS antithrombin deficiency experienced VTE, and two of these were
heterozygous for factor V Leiden.

Conclusions: In a systematic search to identify variants causing hereditary antithrombin deficiency in a Danish
population, we achieved a variant detection rate of 100%.

1. Introduction

Antithrombin is a major circulating inhibitor of thrombin, and to a
lesser extent coagulation factor Xa and other blood coagulation pro-
teases [1,2]. It is produced in the liver as a 464 amino acid precursor,
from which a 32-amino acid signal peptide is cleaved off before se-
cretion [1,2]. It folds into three B-sheets (A, B and C) and nine a-helices
(A-I) (Fig. 1). Antithrombin includes two functional domains: the C-
terminal reactive site (RS) and the N-terminal heparin binding site
(HBS) [1,2]. Proteases such as thrombin and coagulation factor Xa

attempt to cleave antithrombin at the RS. This induces conformational
changes in antithrombin, and results in entrapment of the protease [1].
Thus, one antithrombin molecule inhibits one protease molecule.
Consequently, individuals with decreased antithrombin activity have an
approximately 16-fold increased risk of venous thromboembolism
compared with individuals with normal antithrombin activity [3]. The
inhibitory activity of antithrombin is enhanced by the presence of he-
parin. Binding of heparin to the HBS increases the rate of protease in-
hibition by a 1000-fold [2]. This explains the therapeutic use of heparin
for prophylaxis and treatment of venous thromboembolism.

Abbreviations: SERPINCI, serpin peptidase inhibitor, Clade C Member 1; HBS, heparin binding site; RS, reactive site; PE, pleiotropic; MLPA, multiplex ligation-
dependent probe amplification analysis; DHPLC, denaturating high performance liquid chromatography; ExAC, exome aggregation consortium; PolyPhen-2, poly-
morphism phenotyping v2; PhD-SNP, predictor of human deleterious single nucleotide polymorphisms; MutPred2, mutation predictor version 2.; AA, amino acid;
NA, not applicable; ND, not detected; VTE, venous thromboembolism; PE, pulmonary embolism

* Declarations of interest: none.

* Corresponding author at: Department of Clinical Epidemiology, Olof Palmes Allé 43-45, DK-8200 Aarhus, Denmark.
E-mail addresses: alisa@devedzic.dk, alisa@clin.au.dk (A.D. Kjaergaard), ohl@clin.au.dk (O.H. Larsen), am.hvas@dadlnet.dk (A.-M. Hvas),

Peter.H.Nissen@aarhus.rm.dk (P.H. Nissen).

https://doi.org/10.1016/j.thromres.2019.01.022

Received 25 September 2018; Received in revised form 8 January 2019; Accepted 30 January 2019

Available online 31 January 2019
0049-3848/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00493848
https://www.elsevier.com/locate/thromres
https://doi.org/10.1016/j.thromres.2019.01.022
https://doi.org/10.1016/j.thromres.2019.01.022
mailto:alisa@devedzic.dk
mailto:alisa@clin.au.dk
mailto:ohl@clin.au.dk
mailto:am.hvas@dadlnet.dk
mailto:Peter.H.Nissen@aarhus.rm.dk
https://doi.org/10.1016/j.thromres.2019.01.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.thromres.2019.01.022&domain=pdf

A.D. Kjaergaard et al.

Ser214,

Thrombosis Research 175 (2019) 68-75

Ser426

Fig. 1. Structural image of antithrombin with locations of identified single nucleotide variants.
The reactive site (RS) is illustrated at the top of the figure, where the residue Ser426 is located. The heparin binding (HBS) site is illustrated on the right side of the

figure, where the residues Arg45, Pro73, Arg79 and Lys146 are located.

Heritable antithrombin deficiency is a rare autosomal dominant
disorder, with a prevalence estimated to be 1% in patients with venous
thromboembolism [2], and 0.2% in the general population [4-6]. The
human antithrombin gene, SERPINCI, is located on the long arm of
chromosome 1, at 1g25.1, and spans 13.5kb, of which the major
transcript NM_000488.3 contains seven exons [2]. More than 300 ge-
netic variants causing antithrombin deficiency have been identified for
this gene [2].

Antithrombin deficiency is classified into type I and type II [2]. In
type I deficiency, both antigen and activity levels are reduced, in-
dicating that the protein is not produced, or is being cleared faster due
to the mutant allele. In type II deficiency, antigen levels are normal,
while activity is reduced, indicating that a functionally defective pro-
tein is produced by the mutant allele. Type II can be further subdivided
into three types based on the location of variants in functional domains:
type II RS, type II HBS and type II PE (pleiotropic). This classification
has clinical importance because different types are associated with
different risks of venous thromboembolism [7].
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Type I is associated with greater risk of venous thromboembolism
than type II [7]. This is further supported by the fact that the most
common deficiency type in the general population is type II HBS, while
in populations of patients with venous thromboembolism, type I is more
common [2].

However, there is a substantial variability in risk of venous throm-
boembolism for individuals with antithrombin type II HBS deficiency
[8]. It has been suggested that this variability possibly could be ex-
plained by a coexistence of another relatively common genetic risk
factor, such as factor V Leiden [9]. Factor V Leiden is a single nucleotide
variant in the coagulation factor V gene, which eliminates one of its
three activated protein C cleavage sites, and results in an increased risk
of venous thromboembolism [10]. This single nucleotide variant is
present in 8% of the Danish general population [11]. Because SER-
PINC1 and the coagulation factor V gene are located close to each other,
(at 1g25.1 and 1q24.2, respectively) they may co-segregate, leading to
a higher risk of venous thromboembolism than either risk factor alone.
However, due to very few individuals with a combination of
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antithrombin deficiency and factor V Leiden, present evidence is not
clear on whether the combination of these genetic risk factors confers a
higher risk of venous thromboembolism than either risk factor alone
[9,12-14].

The aim of this study was to identify variants causing antithrombin
deficiency in a Danish population. In search of these variants, we per-
formed Sanger sequencing and, in relevant cases, multiplex ligation-
dependent probe amplification analyses (MLPA) in individuals pre-
viously diagnosed with antithrombin deficiency and their relatives
without antithrombin deficiency. Furthermore, in a post hoc analysis, in
order to explore whether a combination of antithrombin type II HBS
deficiency and factor V Leiden single nucleotide variant conferred a
higher risk of venous thromboembolism than either risk factor alone,
we performed genotyping for factor V Leiden in most of the carriers of
type II HBS deficiency.

2. Materials and methods
2.1. Participants

The study was performed at the Centre for Hemophilia and
Thrombosis, Department of Clinical Biochemistry, Aarhus University
Hospital, Denmark. All individuals referred to the department due to a
cardiovascular event (venous thromboembolism, arterial thrombosis),
obstetrical complications, family history (of cardiovascular events or
antithrombin deficiency) or other reasons (incidental finding, etc.), and
diagnosed with antithrombin deficiency were invited to participate in
this study. The individuals were identified through the department's
journal records and contacted by letter or during ambulatory visit. The
ethical approval of the study did not allow identification and direct
contact to the first-degree relatives of individuals with antithrombin
deficiency. Therefore, we informed all the participants that all their
first-degree relatives were welcome to participate regardless whether
they had antithrombin deficiency or not. Because antithrombin defi-
ciency is an autosomal dominant defect with full penetrance, we ex-
pected the relatives with normal antithrombin activity not to carry the
family variant. In other words, we used relatives without antithrombin
deficiency as controls. In a post hoc analysis, we asked all carriers of
type II HBS deficiency for whom we did not have information on factor
V Leiden genotype, for permission to perform this analysis as well.
Majority (25 out of 27) responded and gave their consent.

We collected information based on medical records on diagnoses of
venous thromboembolism, and did not collect information on diagnosis
of arterial thrombosis.

2.2. Ethics

All participants gave written informed consent. The study was ap-
proved by The Central Denmark Region Committees on Health
Research Ethics (No. 1-10-72-333-14), and performed according to the
declaration of Helsinki.

2.3. Antithrombin measurements

Antithrombin activity was measured by a chromogenic assay using
human FXa and bovine serum albumin on automated standard la-
boratory equipment (Sysmex CS 5100i, Siemens healthineers, Erlangen,
Germany). The reference interval for antithrombin activity was
80-120%.

2.4. DNA analyses

DNA was isolated from blood EDTA stabilized samples by use of
either the QiaSymphony DSP mini kit (Qiagen, Hilden, Germany) or the
Maxwell 16 Blood DNA Purification Kit (Promega, Nacka, Sweden)
according to the manufacturer's instructions. EDTA blood and DNA
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samples were stored at —20 °C until analysis. Seven PCR fragments
were amplified, covering all 7 exons and adjacent splice sites, according
to a previously described method [15]. The annealing temperature was
59 °C for exon 6, while it was 55 °C for all other exons. We used la-
boratory's standard PCR conditions and AmpliTag-Gold DNA poly-
merase (Life Technologies Europe BV). After ethanol precipitation and
wash, the sequences were separated on an Applied Biosystems 3500 or
3500x] Genetic analyzer (Life Technologies Europe BV). Sequence
traces were aligned to reference sequence NM_000488.3 using SeqScape
software (version 2.7, Life Technologies Europe BV). Variants were
named based on the NM_000488.3 reference sequence according to
guidelines of the Human Genome Variation Society [16]. Every variant
was confirmed independently by a second run. Relatives without an-
tithrombin deficiency were only tested for the family variant.

Individuals, in whom no variant was detected by sequencing, were
subjected to further DNA analyses by multiplex ligation-dependent
probe amplification analysis (MLPA). This was performed using SALSA
MLPA probemix P227-B2 SERPINCI1 kit (MRC-Holland, Amsterdam,
Netherlands) according to manufacturer's instructions. This kit detects
deletions and duplications of one or more sequences in SERPINCI. DNA
samples from normal individuals were used as controls in each run.
Heterozygous deletions of recognition sequences are expected to give a
35-50% reduced relative peak height of the amplification product of
the exon-specific probe. Every deletion was confirmed by a second run.

Genotyping for factor V Leiden (NM_000130.4:c.1610G > A,
rs6025) was performed by high resolution melting (HRM). Briefly,
asymmetrical PCR was performed with LightScanner Mastermix
(BioFire Defense, Salt Lake City, USA), and HRM was performed with a
LightScanner HR96 (BioFire Defense). Primer and probe sequences are
available on request.

2.5. Data analysis

All detected single nucleotide variants were evaluated for the pos-
sible impact of the amino acid substitutions on the structure and
function of antithrombin using three bioinformatic tools: PolyPhen-2
(URL: http://genetics.bwh.harvard.edu/pph2/), PhD-SNP (URL: http://
snps.biofold.org/phd-snp/phd-snp.html) and MutPred2 (http://
mutpred2.mutdb.org/index.html#qform).

In order to evaluate their prevalence, we performed a search for
detected variants in the Exome Aggregation Consortium (ExAC). This
database spans 60,706 unrelated individuals sequenced as part of var-
ious disease-specific and population genetic studies (URL: http://exac.
broadinstitute.org/.)

We used PdbViewer (Swiss-PdbViewer at https://spdbv.vital-it.ch/)
for producing structural image of antithrombin (protein identification:
1T1F) with locations of identified single nucleotide variants (Fig. 1).

Statistical analyses were performed using STATA 13.1. Fisher's exact
test or Cuzick's nonparametric test for trend was used for comparisons.

3. Results

The study included 46 individuals with inherited antithrombin de-
ficiency from 23 families and 9 relatives without antithrombin defi-
ciency from 6 of the families.

We detected a causal variant in every single carrier of antithrombin
deficiency, while none of the relatives without antithrombin deficiency
had the family variant.

Twelve different variants were detected: three large deletions, two
small deletions: p.(Asn159ProfsTer28) and p.(Glu277ValfsTer20), and
seven single nucleotide variants: p.(Ser214Phe), p.(Ser426Leu), p.
(Arg45Trp), p.(Pro73Leu), p.(Arg79His), p.(Lysl46Glu) and p.
(Alal75Asp) (Table 1). All seven single nucleotide variants have been
reported previously: five of them had a dbSNP ID number, and three
were observed in the EXAC database (p.(Arg45Trp), p.(Pro73Leu) and
p-(Arg79His)). All single nucleotide variants were evaluated to be likely


http://genetics.bwh.harvard.edu/pph2
http://snps.biofold.org/phd-snp/phd-snp.html
http://snps.biofold.org/phd-snp/phd-snp.html
http://mutpred2.mutdb.org/index.html#qform
http://mutpred2.mutdb.org/index.html#qform
http://exac.broadinstitute.org
http://exac.broadinstitute.org
https://spdbv.vital-it.ch

Thrombosis Research 175 (2019) 68-75

A.D. Kjaergaard et al.

(8pd 1x2u UO panunU0)

1c

S¢vC

€¢

0¢

61

[9AON

[9AON

[°AON

[9AON

[9AON

sruagoryed
AArT
oruadoyped
AP
sruagoyed
AArT
oruadoyped
APArT
sruadoyed
APt
sruagoyed
A1
sruadoyed
APArT
sruagoyed
APArT
Jruadoyyed
A1
sruadoyyed
APArT
sruadoyyed
A1
sruadoyed
AP
sruadoyed
APArT
sruadoyped
A1
sruadoyed
SC iy
a[qedridde
10N
d[qeoridde
10N
a[qedridde
10N
d[qeoridde
10N
siqeoridde
10N

0o

o

o

02) 1

o

o

o

o

09z

(194

(S2) 1

®D €

o

09 €

(VZ)k4
o
(00T) T
(00D T
(s e

(194

S€

09 9% ‘sT

VN

9¢ ‘81 9T

8¢ ‘0T

VN

e

91

o ‘61°LT

oy ‘1T

(£9-8¢€) 85

(TL-12) Sv

(S¥-8¢€) Tv

(8¥-61) S€

(1s-61) 1€

(29-92) v¥

29

184

(19-92) Lv

(0s-6%) 0S

(65-8%) €S

(89-L¥)LS

(¥T-22) €T

(0£-89) ¥9

(S9-19) LS

(¥9-8%) 95

0s

s

(09-59) £S

(09-s¥) €5

SAH I

SAH II

SAH II

sS4 11

VN

©s

VN

VN

M

Mt

VN

VN

VN

VN

@y

(6) L1

Mz

@s

me

me

Mt

Mt

My

Mz

%100

%v1°0

(YN)
%€00°0

aN

aN

aN

aN

aN

aN

aN

SIH6/31V

naTgLoid

(n97gL0Id +)
d11sp31v

nIT9¢H IS

oYdy 1198
0CIOLSIIBALLTND
8CI9LSJOId6S TUSY

VN
VN

VN

V < D9gC

L < D8I¢

(I < D8IC+)
1 < D€l

L < D4/T1

L < DI¥9
OVPP1ES 08
DIDVVIPP6LY SLY
VN

VN

VN

C¢SS6061CTst

1SS6061CTsT

(1SS606TTTSI+)
89/¥0£89/51

0SS6061C1st

VN

VN

VN

VN

VN

VN

(T uoxa) ANS

(T uoxa) ANS

(T uoxa) ANS

(£ uox?) ANS

(¥ uoxa) ANS

(G uoxa)
uona[ep [[ews

(¢ uox?)
uona[ep [[ews
(9-G uox?)
uons[ap adret
(5T uoxa)
uonaRp J81e
(4—1 uox3)
uonaap a8re]

e

TPRI1dINIA
dNS-aud
C-URYJATOdx

(%) N ‘H1A
JuRIINdY

(%) N
‘ALA

s1BaA ‘LA
1s11j Je 93y

s1eak
ur (e8uer)
ueaur ‘ 28y

% ‘Ay1anoe
uIquIOIINUY

Aousyyep
Jo adAJ,

N “(sorprurey)
LSOATIRIY

N “(sotyrurey)
sjuedpnied

Aduanbaiy
ovxd

a3ueyd vy

93ueypd apnospnN

Isquinu g1 dNSqP

(uUonEdO0] UOXD)
JUBLIBA

*Kousroyep urquorynue ym uonemdod ysiueq e ur syueLreA [DNIJYIS

1 9IqeL

71



A.D. Kjaergaard et al. Thrombosis Research 175 (2019) 68-75

Q ) E pathogenic by PolyPhen-2, PhD-SNP (sequence and profile-based pre-
;3 g' ~ § g diction) and MutPred2, with the exception of the p.(Lys146Glu), which
8 2 was evaluated to be likely pathogenic by PolyPhen-2 and PhD-SNP, but
cg ~ g2 g g g2 z|g8 2 benign by MutPred2. Physical location of the 7 single nucleotide var-
E;% T go . Eo g > go . go . Eo ::;? R iants in the antithrombin molecule is shown in Fig. 1.
EEEREEE RN EEE R EE R B £5 Type I antithrombin deficiency was less common than type II (28%
FRZ)SaSdmsasasa ) R and 72%, respectively). Type I antithrombin deficiency was caused by
= g E ’f; E deletions or a single nucleotide variant (p.(Ser214Phe)) in exon 4
§ Z _ _ é = (Tables 1 and 2). Variants causing type II HBS deficiency were all found
é E E g 2 ; 5 in exons 2 and 3. One single nucleotide variant causing type II RS de-
ﬁ ‘g B ficiency (p.(Ser426Leu)) was encoded by exon 7.
s s s _g 8 = All single nucleotide variants were heterozygous, including a pro-
Ez o o g .g 2 posed compound heterozygous variant (two different mutated alleles in
- § B2 § SERPINCI: p.(Arg45Trp) and p.(Pro73Leu), Table 1). Type of deficiency
',“E: g E g o was determined by antithrombin antigen levels (type I or II distinction)
goﬁ < < E iﬁ and sequencing (known variants causing subgroups of type II defi-
g = = £F ciency).
g & 2 E g The most common single nucleotide variant was c.218C > T, p.
E,g lfg ;°§ ;g * (Pro73Leu) (rs121909551), causing type II HBS antithrombin defi-
Qg;; %" % 2 N 2 E _:E ciency, observed in 41% of all carriers, and in 58% of the carriers of
<SS sy «® g T F type II antithrombin deficiency. This single nucleotide variant was also
g E E observed in 0.14% of the EXAC population.
80 (S
e
E ? ‘;l g § g 3.1. Type of antithrombin deficiency and venous thromboembolism
B2 5 ~ j=% =
£8 is e _§~ '!'év é Sixteen of 46 carriers (35%) had experienced a venous throm-
§ o= boembolism at an age of 29 years in average (range: 16-60 years). A
g & g § larger proportion of carriers of type I and type II RS than type II HBS
;ﬁ é’ 5 § g N deficiency experienced a first-time (60-69% versus 15%, P = 0.001;
3 = = b % = Table 2) and a recurrent venous thromboembolism (20-31% versus 0%,
g o< P = 0.01; Table 2). Compared to the carriers of type II HBS antith-
< i 3 S 2 % rombin deficiency, the carriers of type I and II RS deficiency had more
g é § % -§ g first-degree relatives with venous thromboembolism, more severe
;3 E ps b R g = thromboembolism and were more often referred due to having events
= % g -é E (Table 2). None of the relatives without antithrombin deficiency have
. = g E € experienced a venous thromboembolism.
2 a g g
g% w8 9=
Ig% g ; é g‘ 3.2. SERPINC]1 variants and antithrombin activity
T < Sy © el
) % < £ ii The carriers had an antithrombin activity of 56% in average. All but
g ; E E g three carriers had an activity of 45-70%. The two siblings who pro-
g % g < i }; posedly were compound heterozygotes had an antithrombin activity of
& & g g = é g 22% and 24%, while a single carrier of a single nucleotide variant at the
E 8= 3 reactive site, had an activity of 80% at study entry (Table 1). However,
T f % :g the average antithrombin activity for the latter individual's five last
o = o % % 3 '_E measurements was 67%. . .
s 3 & g TE E=I= The relatives without antithrombin deficiency had an antithrombin
5 i % g = 8 S activity of 109% in average (range: 97-120%).
- SFE
% g § % 5 3.3. Type II HBS antithrombin deficiency and heterozygosity for factor V
S a8 8D Leiden
$ © < cega g |
;"54 </r\: n/; % 2 i ‘% E é Heterozygosity for factor V Leiden was observed in 12% (three out
; § § € E f‘; % o 3 of 25) of carriers of type Il HBS deficiency. Only 16% (four out of 25) of
5 g j 'é N 'E a carriers of type II HBS antithrombin deficiency experienced venous
g © § 23 < S § thromboembolism, and half of these carriers (two out of four) were
g E g £ g 3 s g heterozygous for factor V Leiden (P = 0.06). The four carriers with
E § ls':) g LgJ % E o £ venous thromboembolism were not related: two of them had no re-
G = « ‘% g E 58 § latives in the study, while other two had one first-degree relative each
S| s ¢ zZ co‘é'gf“_gg-" . . bolism). Only one
< g2 i E £E g (factor V Leiden wildtype and no venous thror.nboerr% olism). Only
§ g o~ = = 2 E 8 'g carrier who was heterozygous for factor V Leiden did not develoP ve-
S g g g g g £ 2 % % g nous thromboembolism. This individual had the p.(Pro73Leu) single
~ | g i & & S 5 é g ERE nucleotide variant and also had four uncomplicated pregnancies. Her
% k % e 2 [f) L= § :‘ :: :J four children were included in the study (two as carriers and two as
CH e s s EE% % relatives without antithrombin deficiency).
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Table 2
Characteristics of participants according to type of antithrombin deficiency.
Type I Type II RS Type II HBS P-value
Total number of participants, N 13 5 27 NA
Age”, mean (range) in years 44 (19-62) 35 (19-48) 46 (21-72) 0.72
Age at 1st event, mean (range) in years 25 (16-40) 23 (16-36) 42 (25-60) 0.11
Women, N (%) 8 (62) 4 (80) 16 (59) 0.82
1st degree relatives with venous thromboembolism, N (%) 10 (77) 4 (80) 15 (56) 0.38
Venous thromboembolism, N (%) 9 (69) 3 (60) 4 (15) 0.001
Deep vein thrombosis only, N (%) 6 (67) 1(33) 4 (100) 0.54
Pulmonary embolism, N (%) 2(22) 1(33) 0(0)
Visceral thromboembolism, N (%) 1(11) 1(33) 0 (0)
Reffered due to:
Event, N (%) 7 (54) 3 (60) 8 (30) 0.37
Family history, N (%) 6 (46) 2 (40) 15 (56)
Other, N (%) 0(0) 0 (0) 4 (15)
Recurrent venous thromboembolism, N (%) 4 (31) 1 (20) 0 (0) 0.01

Event = venous or arterial thromboembolism and/or obstetrical complications.

Family history = family history of thromboembolism or antithrombin deficiency.

RS = reactive site. HBS = heparin binding site. NA = not applicable.

P-value is for Fisher's exact test, except for age, where Cuzick's nonparametric test for trend was used.

@ Age in years at recruitment.
4. Discussion

In this study of 46 carriers (from 23 families) of antithrombin de-
ficiency, we detected causal variants in every single carrier, i.e. the
variant detection rate was 100%. This is remarkable because we used
the same approach as earlier studies of 163-188 carriers of antith-
rombin deficiency that only had a variant detection rate of approxi-
mately 80% [17,18].

All detected single nucleotide variants have been reported pre-
viously. The single nucleotide variant p.(Ser214Phe) caused type I de-
ficiency, possibly due to a substitution of a small serine by a larger
phenylalanine, that may have prevented correct a-helix F packing
against [-sheet A [19]. The single nucleotide variant p.(Ser426Leu)
caused type II RS deficiency, possibly due to a substitution of serine by
the strongly apolar leucine, that may have made the reactive site less
accessible for binding by thrombin [20].

Heparin and the closely related heparan sulfate bind with high af-
finity to the amino acids Arg45, Pro73, Arg79 and Lys146 at the HBS
[21-23]. This exposes the reactive site, and increases the inhibitory
activity of antithrombin by approximately 1000-fold [21]. All four re-
sidues are highly conserved among antithrombins from 13 vertebrate
sequences known representing all five vertebrate families, thus illus-
trating their importance [21]. More than half of the carriers of type II
deficiency were carriers of p.(Pro73Leu). A previous Danish study of 16
patients with antithrombin deficiency and a negative Denaturating
High Performance Liquid Chromatography (DHPLC) variant screening,
found this single nucleotide variant in half of the patients when se-
quencing was performed [24]. Also, p.(Pro73Leu) was one the most
common single nucleotide variants detected in the EXAC database with
a frequency of 0.14% in this population (URL: http://exac.
broadinstitute.org/gene/ENSG00000117601 [August 2018]). Finally,
in a Finnish study of 104 patients with type II antithrombin deficiency,
this single nucleotide variant was observed in more than 85% of pa-
tients and families [25]. Deep vein thrombosis had a prevalence of 22%
in the Finnish study, which is not so different from the 15% reported by
our study. There seems to be a heterogeneity in geographic distribution
of single nucleotide variants causing antithrombin deficiency. While p.
(Pro73Leu) is a founder single nucleotide variant in Finland, and
probably also common in Denmark, p.(Ala416Ser), a type II RS single
nucleotide variant is the most common variant in The United Kingdom
[4] and Spain [6] with a frequency of up to 0.2% of the general po-
pulation. The latter single nucleotide variant was not detected in our
study population, even though this single nucleotide variant has pre-
viously been detected in Denmark [24]. We observed p.(Alal75Asp)
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single nucleotide variant in one single carrier, who had not experienced
a venous thromboembolism. This single nucleotide variant has pre-
viously only been reported in 2 individuals from one study [17]. It is
located on strand 2A and partially buried under a-helix F, which would
destabilize the molecule and might cause latency, suggesting that this
might cause type II PE antithrombin deficiency. Additional in-vitro
studies such as heparin affinity and progressive activity assays and
analysis of plasma antithrombin by Western blot etc., are required to
conclusively define the type of antithrombin deficiency. Unfortunately,
we were unable to perform these analyses.

We confirmed the previous finding that venous thromboembolism
was most common in type I, less common in type II RS, and least
common in type II HBS antithrombin deficiency [17]. This is in
agreement with the fact that homozygosity for type I antithrombin
deficiency has not been reported, and is thought to be incompatible
with life, while homozygosity for some type II HBS single nucleotide
variants has been reported, and is associated with severe venous
thromboembolism in childhood [26-28]. In this study, all the hetero-
zygous carriers had half of the normal antithrombin activity, while the
two siblings who proposedly were compound heterozygous had quarter
of the normal antithrombin activity. The latter suggests that the siblings
had inherited one single nucleotide variant on each allele. However, we
do not know whether this is truly the case, and what role each single
nucleotide variant had on the final anticoagulant activity. Neither sib-
ling, an older brother and a younger sister, had experienced venous
thromboembolism. However, the sister had a transitory cerebral
ischemia at a young age, and is in treatment with warfarin. She was
specifically not in treatment with oral contraceptives at the time of
diagnosis due to her migraine diagnosis. However, she has had two
spontaneous miscarriages, one in first and the other in second trimester,
and one normal pregnancy with a minor placental thrombosis. Ac-
cording to the siblings, only their mother was diagnosed with antith-
rombin deficiency, and neither parent had experienced venous throm-
boembolism. We were not able to confirm this by medical records as
neither parent participated in the study.

Only four (15%) of carriers of type II HBS deficiency experienced
venous thromboembolism. Half of them were also heterozygous for
factor V Leiden. This suggests that a combination of these two genetic
risk factors has a synergistic effect on risk of venous thromboembolism.
Indeed, only one carrier of both genetic risk factors was free from ve-
nous thromboembolism. Interestingly, this individual had four un-
complicated pregnancies, illustrating that genetic modifiers [29], or
some other risk factors also play a role in developing venous throm-
boembolism. Our study was underpowered to answer the question
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whether the combination of antithrombin type II HBS deficiency and
factor V Leiden single nucleotide variant conferred a higher risk of
venous thromboembolism than either risk factor alone. Heterozygosity
for factor V Leiden was present in 12% of the carriers of type II HBS
antithrombin deficiency, similar to 8% in the general population.

The strength of this study is that it is the largest Danish study sys-
tematically reporting SERPINCI variants causing hereditary antith-
rombin deficiency. Limitations include survival bias, selective non-re-
sponse to the invitation, lack of information on diagnoses of arterial
thrombosis, and lack of additional analyses for the characterisation of
the type of antithrombin deficiency. Another possible limitation is that
we only used a single coagulation factor Xa based method for mea-
suring antithrombin activity. This method has been reported to over-
estimate antithrombin activity, especially in the presence of type II HBS
deficiency such as p.(Pro73Leu) and p.(Arg79His) [8,24,30,31]. Despite
the numerous functional assays available, no single assay is able to
detect all the deficiencies [31]. This is further supported by studies
reporting that among individuals with venous thromboembolism and
normal antithrombin activity, 3-5% had variants causing hereditary
antithrombin deficiency [32,33]. This suggests that true antithrombin
deficiency is probably underestimated. Indeed, on a single occasion, we
measured normal antithrombin activity (80%) in a single carrier of type
II RS deficiency. Genetic testing can help our understanding of the
underlying molecular pathomechanisms and could be considered for
the purpose of 1) differentiating between acquired and inherited
thrombophilia 2) in a diagnostic work-up of patients with unexplained
venous thromboembolism and normal antithrombin activity, and 3) in
first-degree relatives of individuals with a known variant.

In conclusion, in this study of 46 carriers of antithrombin defi-
ciency, we achieved a variant detection rate of 100%. The majority of
carriers had type II HBS deficiency, most often caused by the p.
(Pro73Leu) single nucleotide variant, a Finnish founder single nucleo-
tide variant. This and four other type II single nucleotide variants
(Thr147Ala (rs2227606), Pro305His (rs549991084), Val30Glu
(rs2227624) and Ala416Ser (rs121909548)), were detected in almost
1% of the EXAC population (which is 5 times the presently estimated
prevalence in the general population), suggesting that the prevalence of
type II HBS deficiency in the general population is probably under-
estimated. Future studies are needed to determine the prevalence of
SERPINC1 variants in the general population, and whether a combi-
nation of antithrombin type II HBS deficiency and other common ge-
netic risk factors confers a higher risk of cardiovascular events (venous
and arterial) than either risk factor alone.
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