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THROMBOSIS AND HEMOSTASIS
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KEY PO INT S

� Severe thrombophilia
caused by antithrombin
deficiency is detected
only by impaired anti-
FVIIa activity and
increased thrombin
generation.

� This antithrombin
deficiency is caused by
2 new SERPINC1
variants affecting
N-glycosylation.

Antithrombin deficiency, the most severe congenital thrombophilia, might be
underestimated, as some pathogenic variants are not detected by routine functional
methods. We have identified 2 new SERPINC1 variants, p.Glu227Lys and p.Asn224His, in
4 unrelated thrombophilic patients with early and recurrent thrombosis that had normal
antithrombin activity. In one case, the mutation was identified by whole genome sequencing,
while in the 3 remaining cases, the mutation was identified by sequencing SERPINC1
based on a single functional positive finding supporting deficiency. The 2 variants shared a
common functional defect, an impaired or null N-glycosylation of Asn224 according to a
eukaryotic expression model. Carriers had normal anti-FXa or anti-FIIa activities but
impaired anti-FVIIa activity and a detectable loss of inhibitory function when incubating the
plasma for 1 hour at 41°C. Moreover, the b glycoform of the variants, lacking 2 N-glycans,
had reduced secretion, increased heparin affinity, no inhibitory activity, and a potential
dominant–negative effect. These results explain the increased thrombin generation

observed in carriers. Mutation experiments reflected the role that Lysine residues close to the N-glycosylation sequon
have in impairing the efficacy of N-glycosylation. Our study shows new elements involved in the regulation of
N-glycosylation, a key posttranslational modification that, according to our results, affects folding, secretion, and
function, providing new evidence of the pathogenic consequence of an incorrect N-glycosylation of antithrombin. This
study supports that antithrombin deficiency is underestimated and encourages the development of new functional and
genetic tests to diagnose this severe thrombophilia.

Introduction
Antithrombin is the most important endogenous anticoagulant.
It inhibits not only thrombin but also all other procoagulant ser-
ine proteases.1 Additionally, as a member of the serpin super-
family, antithrombin inhibits target proteases by an efficient
suicide mechanism that is enhanced by its cofactor, heparin.1

Thus, even mild antithrombin deficiencies significantly increase
the risk of thrombosis.2 Congenital antithrombin deficiency is a
dominant disorder. The defect of 1 allele of SERPINC1, the
gene encoding antithrombin, significantly increases the risk of
venous thrombosis, while complete or very severe deficiency
causes embryonic lethality.3,4 Antithrombin deficiency was the

first inherited thrombophilia identified and the most severe.5

Diagnosis of antithrombin deficiency has clinical implications for
providing extended anticoagulant treatment in symptomatic car-
riers6 and for using thromboprophylaxis under predisposing sit-
uations in asymptomatic carriers.7 In addition, patients with
antithrombin deficiency may benefit from a specific anticoagu-
lant therapy by using concentrates of antithrombin.8 All these
data support the screening of antithrombin deficiency among
patients with thrombophilia, which is currently done in most
hospitals by functional methods.9 Unfortunately, these methods
may fail to detect some pathogenic variants causing type II
deficiencies.10 This may also contribute to explaining the
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contradiction between the relatively high prevalence of anti-
thrombin deficiency in the general population (around 1 out of
500),11 the high risk of thrombosis (odds ratio, .10) associa-
ted with this disorder,12 and the low incidence of antithrom-
bin deficiency in consecutive cases with venous thrombosis
(1% to 5%).13

Methods
Antithrombin assays in plasma samples
After informed consent following ethical guidelines, blood sam-
ples were collected, and plasma and DNA were obtained
(supplemental Methods).

Anti-FXa and anti-FIIa assays were performed using chromogenic
methods (supplemental Methods). Antigen levels were measured
by Rocket immunoelectrophoresis, enzyme-linked immunoassay
(ELISA), or immunonephelometry. Analysis of plasma antithrom-
bin included crossed immunoelectrophoresis (CIE) in the pres-
ence of heparin and polyacrylamide gel electrophoresis. Western
blot immunostaining and CIE was done using specific antihuman
antithrombin polyclonal antibodies (A9522 from Sigma-Aldrich
and OSAY09 from Siemens, respectively).

Thrombin–antithrombin complexes were evaluated by Western
blotting in the presence and absence of thrombin.

FVIIa-antithrombin complexes were determined by ELISA
(00491, Stago, Valencia, Spain) following the manufacturer’s pro-
cedures after the incubation of plasma with recombinant acti-
vated FVII (FVIIa) (Novoseven, Novo Nordisk, Madrid, Spain)
and unfractionated heparin (UFH, Hospira, Spain) for 30 minutes
at 37�C. FVIIa antithrombin complexes were also detected by
Western blotting in basal plasma samples as well as in samples
supplemented with FVIIa and unfractionated heparin.

Densitometry analyses of Western blots were done with the
Image J software (ImageJ 1.49n).

Thrombin generation potential
Thrombin generation triggered by 5 pM tissue factor was mea-
sured in platelet-poor plasma using calibrated automated
thrombogram (CAT) method.14 The main output parameter of
this assay was the area under the thrombin generation curve,
which represents the endogenous thrombin potential (ETP).
ETP was calculated in nM.min by the Thrombinoscope software
(Stago, Valencia, Spain).

Genetic analysis
For the French thrombophilic family, the proband was included
in a whole-genome sequencing (WGS) program including 200
unrelated individuals with unprovoked venous thrombosis, family
history of venous thrombosis, or multiple unprovoked venous
thrombotic events, and no evidence of classical biological
thrombophilia recruited in the CEHT (Centre d’Exploration des
Pathologies H�emorragiques et Thrombiques) of La Timone Hos-
pital, Marseille, France. WGS was done as indicated in the sup-
plemental Methods. Variant calling was performed using the
GATK Haplotype Caller (GenomeAnalysisTK-v3.3-0, https://
software.broadinstitute.org/gatk/documentation/article.php?id=
4148) tool, followed by recalibration. Single nucleotide variants

that succeeded the “PASS” filter were then annotated using
Annovar.15 Prediction of pathogenicity was made using a Muta-
tion taster.16 The entire coding and flanking intron regions of
SERPINC1 were sequenced by NGS on a Miseq sequencer (Illu-
mina, France). Raw data analysis was done on Workbench (Qia-
gen, France) pipeline. The alignment was made using a variant
studio (Illumina).

For all remaining cases, Sanger’s sequencing of the 7 exons and
intron and exon boundaries of the SERPINC1 gene was done
using primers and conditions previously described.17

Multiplex ligation-dependent probe amplification (Holland, SER-
PINC1) was performed in all patients following the manufac-
turer’s protocol.

Recombinant antithrombins
Antithrombin has 4 N-glycosylation sites, Asn128, Asn167,
Asn187, and Asn224. Since Asn167 is inefficiently glycosylated, 2
glycoforms may be generated: a and b with 4 and 3 N-glycans,
respectively.18,19 Expression of the human antithrombin comple-
mentary DNA (cDNA) in eukaryotic cells generates these 2 glyco-
forms at a 60/40 proportion (supplemental Figure 1). However,
the higher heparin affinity of the b glycoform increases its clear-
ance from circulation, and the proportions of antithrombin glyco-
forms in plasma are 90/10. To reduce the heterogeneity of
antithrombin N-glycoforms and facilitate its purification by heparin
affinity chromatography, most models of recombinant expression
of human antithrombin usually introduce a mutation in the cDNA,
Ser169Ala. Cells transfected with a plasmid containing this cDNA
only generate b antithrombin (supplemental Figure 1). The b gly-
coform with this mutation (p.Ser169Ala) has full anticoagulant
activity.17

For this study, recombinant antithrombins in wild-type (Ser169)
or b (Ala169) backgrounds were generated by site-directed
mutagenesis in the pCEP4-human antithrombin plasmid, gener-
ously donated by J. Huntington, and they were expressed in
HEK293T-EBNA cells. Recombinant antithrombins were purified
as described elsewhere.17

Glycosylation of recombinant antithrombins was studied by We-
stern blotting/silver staining after PNGase F treatment (Sigma-
Aldrich, Madrid, Spain) (supplemental Methods).

Functional analysis of recombinant antithrombins included chro-
mogenic assays (anti-FXa and anti-FIIa) and identification of
thrombin–antithrombin complexes by Western blotting, follow-
ing the same procedures used in plasma.

Heparin affinity was evaluated by endogenous fluorescence
titration as described elsewhere.20

For all studies, at least 3 independent experiments were done.

In silico studies and statistical analysis
Structural representation of antithrombins was performed by using
SWISS-MODEL and the Swiss-PdbViewer programs21 using native
(protein data bank, PDB accession number: 1t1fA) conformational
states as a template. Electrostatic potential was studied using both
Poisson-Boltzmann Solver program22 and a Coulomb computation
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method. Python Molecule Viewer23 was used as the graphic inter-
face for the calculated Poisson-Boltzmann electrostatic potential.

Values were shown as mean (standard deviation) or median
(interquartile range) for normally and nonnormally distributed
data. Student t test (ANOVA for more than 2 groups) or Mann-
Whitney U (nonparametric K samples analysis for more than 2
groups) tests were used for group comparisons of normally and
nonnormally distributed data, respectively. A P value ,0.05 was
considered statistically significant. These studies were performed
using IBM SPSS software v21.

Results
SERPINC1 p.Glu227Lys
Figure 1A and supplemental Table 1 summarize the clinical char-
acteristics and main laboratory data from the index French throm-
bophilic family. The proband (patient 1) is a 44-year-old man
presenting an unprovoked thrombosis of the portal vein. He had
no acquired risk factors for vascular complications other than a his-
tory of tobacco in the previous 5 years. During the acute episode,
under therapeutic doses of heparin, laboratory findings demon-
strated low functional antithrombin (0.52 IU/mL [reference values
0.80 to 1.20 IU/mL]). A few months later, after stopping anticoag-
ulant treatment, both functional (0.83 IU/mL) and immunologic
(0.27 g/L; reference values 0.24 to 0.36 g/L) values of antithrom-
bin were normal. Complete thrombophilia workup was negative.

His mother had a deep vein thrombosis (DVT) at the age of 70.
Moreover, his 2 daughters presented venous thrombosis. The
older one had an unprovoked proximal DVT and a massive pul-
monary embolism (PE) at the age of 18 while on a combined oral
contraceptive for 2 years. She had been smoking for 1 year. Dur-
ing the acute event and while receiving therapeutic heparin, both
functional and immunological antithrombin levels were normal
(0.80 IU/mL and 0.25 g/L, respectively); 3 days later, the functional
dosage was low (0.66 IU/mL), apparently due to hemolysis. The
younger daughter had a proximal DVT at the age of 19 when a
plaster cast was applied for a sprained knee and while receiving a
combined oral contraceptive for 4 years. Her antithrombin was
normal (0.98 IU/mL of functional antithrombin).

Plasma antithrombin of 2 symptomatic members of this family (III-2
and III-3) was evaluated. CIE revealed normal antithrombin levels
without a significant increase in forms with low heparin affinity
(Figure 2A). However, an aberrant form of antithrombin with
reduced electrophoretic mobility in native polyacrylamide gel elec-
trophoresis (PAGE) was detected in both subjects (Figure 2B).
Moreover, an aberrant form of antithrombin was also observed in
the 2 sisters after native PAGE with 5 M urea (Figure 2B). The anti-
coagulant activity of these samples was nearly normal, as verified
by anti-FXa and anti-FIIa activity (both progressive and heparin
cofactor activity), and the levels of thrombin–antithrombin com-
plexes formed after the addition of thrombin were also normal
(Figure 2C).

The thrombin generation potential of platelet-poor plasma from
all symptomatic members of the family was evaluated using the
5 pM tissue factor. Supplemental Table 1 shows ETP results as
well as other coagulation parameters. The first study was done
on the proband (II-3) and youngest daughter (III-2) as they were

not under anticoagulant treatment. Both subjects showed a high
ETP (2759 and 3095 nM.min; normal range ,2268 nM.min)
when anti-FXa antithrombin activity of the same sample was
0.82 IU/mL and 0.98 IU/mL, respectively. A few months later, a
CAT assay was done for patient III-3 showing a high ETP of
2254 nM.min (normal range ,1616 nM.min) when her anti-
thrombin activity was 0.85 IU/mL. Figure 2D shows the profile of
thrombin generation observed in the 3 symptomatic members
of the family and a healthy control subject.

The severe clinical phenotype of thrombosis in this family and
increased thrombin generation capacity strongly suggested a
dominant thrombophilia. However, as all thrombophilic studies
rendered negative or conflictive results, the search for this
thrombophilia was done by WGS in the proband. The selection
of potentially pathogenic variants, considering a dominant
effect, was firstly focused on genes involved in coagulation and
inflammation. This analysis revealed an interesting heterozygous
mutation in SERPINC1: c.679G.A, potentially responsible for a
missense change p.Glu227Lys. This mutation is not included in
the SERPINC1 mutation database of the HGMD, ExAC, or Gno-
mad. The mutation was confirmed by NGS and Sanger sequenc-
ing and verified in the 2 symptomatic daughters (Figure 1A).

The mutation changes an electronegative glutamic acid residue
by a positively charged lysine. The glutamic acid 227 is not con-
served among the serpin superfamily but is located at the end
of helix F in a region containing a high proportion of conserved
residues in the serpin superfamily (supplemental Figure 2).
Moreover, it is highly remarkable the close position of Glu227 to
the Asn224 N-glycosylation sequon (supplemental Figure 2).

In silico studies suggested a minor effect of this mutation on the
molecular weight (1 Da less for the mutant) but a relevant
impact on the pI; 6.32 for the wild-type and 6.97 for the mutant
(supplemental Figure 3). This may explain the aberrant electro-
phoretic mobility in native PAGE of the variant antithrombin, as
we have documented for other variants removing or inserting
electropositive residues (supplemental Figure 4).

The significance of this mutation increased when we identified
an unrelated patient carrying the same genetic variant that also
shared other clinical, biochemical, and functional characteristics
with the French family. The patient, a 43-year-old woman origi-
nally from Peru, had a severe clinical history of thrombosis, with
a first early DVT event (31 years old) after immobilization due to
trauma and a recurrent DVT after a transoceanic flight. The anti-
FXa activity was low (0.60 IU/mL) in a sample drawn during the
second event, but the sample collected 6 months later showed
normal activity (0.82 IU/mL). The anti-FIIa heparin cofactor and
progressive activity were normal (0.90 and 0.88 IU/mL, respec-
tively). Antigen levels were also in the normal range (0.29 g/L).
The aberrant antithrombin detected in the French family was also
observed in this patient (supplemental Figure 5). The patient
was also heterozygous for the prothrombin G20210A polymor-
phism (rs1799963).

The consequences of the p.Glu227Lys mutation were evaluated
in a recombinant system. Site-directed mutagenesis to generate
the p.Glu227Lys mutation was done in a plasmid containing the
cDNA of human antithrombin in the b context (ie, with a muta-
tion p.Ser169Ala). Expression of the Lys227 variant resulted in a
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twofold reduction of the secretion of the variant compared with
the wild-type molecule. The mutation generated similar amounts
of 2 antithrombin forms, one with the wild-type size and one
smaller (Figure 3A). As the mutation was close to an N-glycosyla-
tion site (Asn224), we speculated a potential hypoglycosylation.
This hypothesis was confirmed by PNGase F treatment, as both
forms uniformed their size, which was identical to that of the
wild-type molecule treated with this glycosidase (Figure 3A). To
demonstrate that the Lys227 variant impaired N-glycosylation,
Lys227 was mutated to Ala227, and the resulting antithrombin
was fully glycosylated at Asn224 (Figure 3B).

Expression of the Lys227 variant in the wild-type background
(Ser169) generated 3 glycoforms with 4, 3, and 2 N-glycans
(Figure 3C).

Both anti-FXa activity, analyzed by chromogenic assays, and
anti-FIIa activity, evaluated by Western blotting detection of
thrombin–antithrombin complexes, revealed significant impairment

of the anticoagulant activity of the mutated Lys227 antithrombin in
the b context (Ala169) (Figure 3D-E).

Modulation of N-glycosylation efficiency by lysine
(Lys) residues
In order to validate if a Lys electropositive residue close to the
N-glycosylation sequon might affect the efficacy of the glycosyl-
ation, we performed a set of variations in the N-glycosylation
sequons of antithrombin by introducing or deleting Lys residues
and evaluating the effect on the N-glycosylation efficacy (supple-
mental Figure 6). The presence of a new Lys up to 4 positions
before or after an Asn significantly impaired the N-glycosylation
of the sequon. In contrast, the mutation of any of the 3 Lys resi-
dues surrounding Asn167 (at positions 22, 11, and 14 of this
sequon) in the wild-type background, with Ser169, that produ-
ces similar amounts of a and b glycoforms, resulted in nearly full
occupancy of Asn167 by the N-glycan, and thus, all secreted
antithrombin had 4 N-glycans. Similarly, the mutation of any of
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Figure 1. Thrombophilic families carrying new SERPINC1 variants affecting N-glycosylation of Asn224. Clinical information, including type and age of the first
thrombotic event (between brackets) and recurrence, functional values (anti-FXa activity), antigen levels, and molecular data (including the electropherogram of exon 4
in a symptomatic patient and a healthy control patient) are shown. Symbols half filled with red represent heterozygous subjects, and a red border indicates a patient
who had a thrombotic event. The proband is pointed by an arrow. (A) p.Glu227Lys. Pedigree tree of the index French thrombophilic family. Thrombin generation data
in available subjects are also shown. The c.679G.A (p.Glu227Lys) mutation is pointed by a red arrow. (B) p.Asn224His. Pedigree 3 of 2 unrelated Norwegian families.
The c.670A.C (p.Asn224His) mutation is pointed by a red arrow. DVT, deep venous thrombosis; PVT, portal venous thrombosis; PE, pulmonary embolism; ND, not
determined; AT Ag, antithrombin antigen; ETP, endogenous thrombin potential; OC, oral contraceptives; R, recurrence; F1, family 1; F2, family 2.

IMPAIRED N-GLYCOSYLATION OF ANTITHROMBIN blood® 14 JULY 2022 | VOLUME 140, NUMBER 2 143

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/140/2/140/1906697/bloodbld2021014708.pdf by guest on 17 O

ctober 2022



the 2 Lys residues present in the Asn224 sequon restored a full
occupancy of N-glycosylation in the p.Glu227Lys background
(supplemental Figure 6).

SERPINC1 p.Asn224His
The interest in knowing the pathogenic consequences of a
genetic variant disturbing the N-glycosylation at Asn224 sig-
nificantly increased when we identified 2 unrelated Norwegian
patients with early and severe thrombosis having a conflictive
antithrombin deficiency that shared the same heterozygous SER-
PINC1 mutation affecting the Asn224 sequon: c.670 A.C
(p.Asn224His) (Figure 1B). This mutation is not described in
HGMD, ExAC, or Gnomad, although the p.Asn224Asp was
found in 3 out 282 864 alleles. Mutation Taster and PROVEAN

(Protein Variation Effect Analyzer) predicted a potentially damag-
ing effect for the p.Asn224His and p.Asn224Asp mutations.

In the first family with p.Asn224His, the proband is a male who
got a proximal DVT at the age of 53 complicated with PE. He
suffered a recurrent DVT a few weeks after discontinuing antico-
agulation. Since then, he remains with lifelong anticoagulation.
His antithrombin anti-FXa activity and antigen levels were nor-
mal (97% and 87%, respectively; reference, 80% to 120%). The
proband has 2 asymptomatic children, both carrying the muta-
tion. In the second family (Figure 1B), the proband is a young
man who was diagnosed with venous thrombosis in the inferior
cava vein at the age of 11. He was anticoagulated for 1 year,
but at the age of 14 years, he was again admitted with pelvic
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Figure 2. Analysis of plasma antithrombin (AT) in symptomatic members of the French thrombophilic family (II-3, III-2, and III-3, p.Glu227Lys1/2) and in a
control plasma generated with a pool of 100 healthy blood donors. (A) Crossed immunoelectrophoresis in the presence of heparin. Plasma from a patient
heterozygous carrier of the p.Arg79Cys variant (AT Toyama), a genetic defect that causes a type II deficiency with heparin-binding site (HBS) defect, was also included.
(B) Western blotting of native PAGE in the presence and absence of 5M urea. The aberrant forms of antithrombin detected in the sisters are pointed by red arrows.
(C) Western blotting after SDS-PAGE in the presence or absence of thrombin and unfractionated heparin (UFH). Thrombin-antithrombin complexes (T-AT) and
antithrombin are pointed by arrows. The anti-FXa and anti-FIIa (heparin cofactor and progressive) activity of the samples evaluated by chromogenic assays is also
indicated. (D) Thrombin generated in platelet-poor plasma of 3 symptomatic members of the French thrombophilic family (II-3, III-2, and III-3) and 1 healthy control after
triggering the coagulation by 5 pM tissue factor. Thrombin was measured using the CAT method.
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vein thrombosis. Since that time, he has been permanently anti-
coagulated. Anti-FXa activity measured outside the thrombotic
episodes and while on warfarin treatment was between 67%
and 87%. The proband had 2 siblings, a younger healthy
brother and a sister who died abruptly at 18 years old after a
short period of mild infectious symptoms. She was on oral con-
traceptives at the time. The autopsy showed massive PE. The
healthy father also carried the mutation.

Analysis of plasma antithrombin in probands from both families
revealed nearly normal antigen levels with no increase of forms
with low heparin affinity, but the presence of smaller antithrom-
bin with slower mobility than the wild-type antithrombin in
native PAGE and faster mobility in SDS-PAGE (Figure 4).

Recombinant expression of the p.Asn224His variant in the wild-
type background (Ser169) showed slighter reduced secretion
than the wild-type molecule (Figure 5). As for the wild-type, 2 gly-
coforms were also observed for the mutant antithrombin, but
with 1 glycan less (Figure 5). Interestingly, the variant antithrombin
showed similar anticoagulant activity as the wild-type by chromo-
genic assays (anti-FXa: 1.38 IU/mL and 1.39 IU/mL, respectively)
and Western blotting after adding thrombin (Figure 5). The

expression of the variant in the b background (Ala169), with no
glycosylation at Asn167, resulted in a significant reduction of the
secretion of the variant antithrombin that only presented 2 N-gly-
cans. Interestingly, this 2 N-glycan variant had no anticoagulant
activity and seemed to be cleaved by thrombin (Figure 5).

Recombinant antithrombins in the b background were purified,
and further biochemical analysis was done. Heparin affinity
determined by intrinsic fluorescence analysis revealed higher
heparin affinity than wild-type antithrombin (Kd: 22.1 6 2.9 nM
vs 36.8 6 1.2 nM, respectively) (supplemental Figure 7). More-
over, the variant had negligible anti-FXa activity (0.05 6 0.07
IU/mL). Interestingly, the b glycoform of variant His224 impaired
the anticoagulant activity of the wild-type molecule when mixed
at equimolecular concentrations (0.53 6 0.29 IU/mL) (supple-
mental Figure 8).

Anti-FVII activity of variants affecting the
glycosylation of Asn224
The severe clinical phenotype, together with the increased
thrombin generation but the nearly normal anti-FXa and anti-
FIIa observed in carriers of these mutations, suggested that the

Glu227 Lys227 (Mut)
0

D+PNGase F

Lys227 Glu227

SDS-PAGE

A –PNGase F

Lys227 Glu227

3 N-gly

0 N-gly

2 N-gly

Ala169

Lys227 Glu227 Glu227 Ala227

SDS-PAGE

B

3 N-gly
2 N-gly

Glu227

Ser169

Lys227

SDS-PAGE

C

4 N-gly
3 N-gly
2 N-gly

Lys227

Thrombin + UFH

Lys227 Glu227

SDS-PAGE

E

2 N-gly A3 N-gly

T-AT

Lys227

Thrombin

Lys227 Glu227 Lys227

Basal

Lys227 Glu227

20

40

60

80

100

120

140

An
ti-

FX
a (

%
)

Figure 3. Recombinant antithrombin Lys227 variant expressed in HEK-EBNA cells. (A) Glycoforms generated in the b context (Ala169) revealed an impaired
N-glycosylation in Lys227 antithrombin compared with Glu227 antithrombin (residue present in the wild-type molecule). The study was done with (1) or without (2)
treatment with PNGase F. (B) Forms secreted to the conditioned medium of cells transfected with the Glu227 (residue present in the wild-type molecule) plasmid and
the mutated plasmids Lys227 and Ala227 in the b context (Ala169). The proposed number of N-glycans of each form of antithrombin is indicated. (C) Antithrombin
glycoforms secreted to the conditioned medium of HEK-EBNA cells transfected with plasmids in the wild-type context (Ser169). A more complex heterogeneity of forms
was observed for both Glu227 (residue present in the wild-type molecule) and mutated Lys227 plasmids, the last one generating increased levels of
3N-hypoglycosylated form and a new 2N-glycan variant form. The proposed number of N-glycans of each form of antithrombin is indicated. (D) Anticoagulant activity
of the b AT (Glu227, residue present in the wild-type molecule) and mutant (Lys227) recombinant antithrombins. Anti-FXa activity was determined by a chromogenic
assay. The activity of a pool of plasma of 100 healthy blood donors was taken as a reference value of 100%. (E) T-AT complexes were detected by Western blotting
after adding thrombin (T) with or without UFH. The abnormal antithrombin is pointed by a red arrow.

IMPAIRED N-GLYCOSYLATION OF ANTITHROMBIN blood® 14 JULY 2022 | VOLUME 140, NUMBER 2 145

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/140/2/140/1906697/bloodbld2021014708.pdf by guest on 17 O

ctober 2022



variant antithrombins might have a defect not detected by cur-
rent functional methods. We evaluated the anti-FVIIa activity of
variants impairing or abolishing the N-glycosylation of Asn224.
Carriers of both p.Glu227Lys and p.Asn224His variants had
reduced levels of FVIIa-antithrombin complexes than healthy
control samples (Figure 6A-B) detected by Western blotting.
Although a small reduction of free antithrombin was observed
by Western blotting in carriers of p.Asn224His and p.Glu227Lys,
total antithrombin in basal samples without treatment of FVIIa
was similar in controls and patients according to ELISA, Western
blotting, and Rocket immunoelectrophoresis. Thus, the ratio
FVIIa-antithrombin/total antithrombin was significantly lower in
carriers of these mutations (Figure 6B). Moreover, the quantifica-
tion of FVIIa-antithrombin complexes by ELISA also revealed
reduced levels in carriers of these mutations (Figure 6C). The
normalization of these values by total antithrombin also main-
tained these differences (Figure 6C).

Anticoagulant activity after moderate heating
The plasma anti-FXa activity of carriers of p.Asn224His,
p.Glu227Lys, and healthy control samples was evaluated in basal
conditions and after heating for 1 hour at 41�C. Although the
loss of activity was small, it was higher in carriers of mutations
impairing the glycosylation at Asn224, and differences reached
statistical significance for p.Asn224His carriers (Figure 7).

Discussion
The relevance of genetic factors in thrombosis and their high heri-
tability have been proven to a great degree by the description of
thrombophilic families.24,25 Since the discovery of antithrombin
deficiency in 1965, hundreds of studies have tried to identify new
gene defects increasing the risk of thrombosis. In the 1980s, the
study of families with thrombophilia and intermediate phenotypes
in the hemostatic system allowed the identification of congenital
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protein C and protein S deficiencies as another class of strong
dominant thrombophilias.12 In the 1990s, after the discovery of
FV Leiden,26 genetic risk factors of thrombosis also included cer-
tain common prothrombotic polymorphisms. However, a recent
meta-analysis of GWAS evaluating more than 34 million SNPs
comprising more than 20000 patients and 400000 control sam-
ples revealed that only a few common polymorphisms signifi-
cantly increase the risk of thrombosis, most of them with a very
mild effect.27,28 Currently, the search for new thrombophilias
returned to the first strategy: the recruitment of thrombophilic
families with new intermediate hemostatic phenotypes such as

increased FIX activity, antithrombin resistance, or increased FVIII
levels. The genetic defects in these families were identified by
sequencing the candidate genes (F9, F2, and F8, respec-
tively).29-31 However, the results obtained by massive sequencing
(whole exome or whole genome) of thrombophilic families or
patients with thrombosis have not been very gratifying, as only a
few novel (and conflicting) thrombophilias have been identi-
fied.32,33 We speculated that genetic defects affecting key hemo-
static proteins previously involved in classical thrombophilias
might not have been detected because of the limitation of cur-
rent diagnostic functional tests. This study underscores that
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classical thrombophilia may still go missing with current diagnostic
approaches and provides new concepts for the recognition of
antithrombin deficiency, the congenital thrombophilia with the
most severe consequences.

Here, we describe 4 unrelated patients with thrombosis and
antithrombin deficiency not identifiable by current functional
methods that shared a common pathogenic mechanism. Detec-
tion of the gene defect was done by a nontargeted strategy
(WGS) or sequencing of the candidate gene, not following cur-
rent diagnostic algorithms since probands had no family history
of antithrombin deficiency, and samples drawn at basal condi-
tions exhibited normal anticoagulant activity. Our findings sup-
port the limitation of current functional tests, which have been
designed to identify strong functional defects and fail to recog-
nize milder forms or, as in this study, genetic variants that impair
other hemostatic roles. The p.Asn224His and p.Glu227Lys var-
iants have a negligible effect on the anti-FXa or anti-FIIa activity,
which are the common assays used to diagnose antithrombin
deficiency,9 but might impair an effect of the anticoagulant
which has been barely studied: the anti-FVIIa activity.34-38 It is a
fact that FVIIa–antithrombin complexes are considered good
biomarkers of prothrombotic states.39 In the cascade of proteo-
lytic reactions leading to the generation of thrombin, any ele-
ment that can reduce, even moderately, the inhibition of the
first procoagulant protease, FVIIa, will probably result in a signifi-
cantly higher thrombin generation, as our study also found.
Thus, new functional assays (or modifications of current ones),
such as thrombin generation assays, might improve the diagno-
sis and prognosis of cases with SERPINC1 defects.

Our study also emphasizes the relevance of minority forms of
hemostatic elements, such as the b glycoform, which is signifi-
cantly impaired in its anti-FXa and anti-FIIa anticoagulant activity
by these mutations. In addition, the higher heparin affinity of the
b variants explains a dominant–negative effect on the wild-type
antithrombin that contributes to the severe clinical phenotype,
as it has been previously suggested for antithrombin London
(p.Arg425del).40

We aimed to further identify and characterize the underlying
pathogenic mechanism of these 2 variants. N-glycosylation is a
key PTM involved in the folding, secretion, stability, specificity,
and function of most secreted proteins,41 and its results are

crucial for the hemostatic system.42 There are few data support-
ing the consequences that PTM might have in the functional
activity of antithrombin. The physiological inefficient glycosyla-
tion of Asn167 causes the b form,18 a hypoglycosylated anti-
thrombin with higher heparin affinity; that, despite being minor
in circulation, could have a relevant anticoagulant role.19 A more
pronounced defect of glycosylation, such as the one caused by
congenital disorders of glycosylation, a heterogeneous group of
disorders with reduced capacity to generate the glycan precur-
sor, is usually associated with antithrombin deficiency.43 We
have demonstrated that up to 20% of cases with antithrombin
deficiency but no SERPINC1 defect have hypoglycosylation.44

However, few papers have reported specific clues on a potential
pathogenic effect of an aberrant N-glycosylation specific to anti-
thrombin caused by mutations in SERPINC1. As far as we know,
3 mutations introducing new N-glycans cause antithrombin defi-
ciency, 1 in the heparin-binding domain, p.Ile71Asn, causing a
type II HBS deficiency,45 and 2 in the shutter of antithrombin,
p.Ser146Asn and p.Ile283Thr, which cause type I deficiencies
probably by disturbing the correct folding of antithrombin.46,47

In contrast, only 1 report found a genetic variant disturbing an
N-glycosylation site of antithrombin, p.Asn167Thr, in a family
with mild antithrombin deficiency, increased b glycoform con-
centrations, and a nondefinitive higher risk of thrombosis48 but
increased antimicrobial protection.49 Our study identified for the
first time 2 genetic variants disturbing another N-glycosylation
site with thrombotic consequences. It remains to be determined
whether this impaired N-glycosylation may cause a transient
deficiency of antithrombin and the triggering factors exacerbat-
ing the pathological consequences of these mutations that
cause antithrombin deficiency and a high risk of thrombosis.

The biological bonus of our study was the identification of a new
key residue that determines the N-glycosylation efficacy, which,
when corroborated, should be incorporated into in silico predic-
tions. Classically, the consensus sequence for N-glycosylation only
considers 3 residues: Asn-X-Ser/Thr.41 However, data suggest that
other residues close to this sequence must modulate, positively or
negatively, the incorporation of the N-glycan precursor to the
Asn.50 Our previous report demonstrated that an aromatic residue
close to Asn167 in antithrombin increased the efficacy of glycosyl-
ation.51 In silico studies showed the involvement of charge and
polarity environment of amino acids in the N-glycosylation pro-
cess.52,53 In this study, we demonstrated that the presence of the
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electropositive Lys close to an N-glycosylation sequon negatively
modulates the efficiency of this PTM, probably by impairing the
binding of the oligosaccharyltransferase (OST EC 2.4.1.119). The
final consequence is a reduced efficacy of glycosylation and the
presence of secreted hypoglycosylated forms. This finding might
also be useful for glycoengineered recombinant proteins.

In addition, this work also highlights the concept of transitory
deficiency of antithrombin and the possibility that the deleteri-
ous effect of pathological alterations is manifested only in cer-
tain conditions at certain times.54 The precise function of
antithrombin is sensitively dependent on the maintenance of its
metastable structure. Glycosylation protects this fragile stability
by forming an encompassing surrounding to the folded protein.
The loss of a major glycosyl sidechain renders it vulnerable to
perturbations that may affect its inhibitory activity. Such pertur-
bations favor the transient loss of function and can result from a
number of challenges, including a mild increase in body temper-
ature, as observed during incidental viral infections.55,56 Strong
indications that this may indeed contribute to transient and epi-
sodic thrombotic episodes associated with the identified muta-
tions in the submitted paper come from family 2 with the
sudden death of an 18-year-old female due to a massive throm-
botic episode during an infectious bout. The increased loss of
anticoagulant activity after moderate heating observed in car-
riers of these mutations supports this protective role of N-glyco-
sylation and points toward new conditions that may cause a
transient antithrombin deficiency with an increased risk of
thrombosis.

In conclusion, we identified 2 new SERPINC1 defects that cause
hypoglycosylation of Asn224. These variants have minor, if any,
functional consequences when using routine methods to diag-
nose antithrombin deficiency but increase thrombin generation
and reduce the inhibition of FVIIa. Moreover, these gene defects
might significantly increase the risk of thrombosis according to
the segregation of genetic and clinical phenotypes in affected
families. The severity of these mutations may be explained by
multiple prothrombotic mechanisms: a loss of function for the
2N-glycan variant that also has a dominant–negative effect, an
impaired anti-FVIIa activity, and an overexposed sensitivity to
stress factors caused by the hypoglycosylation. Finally, this study
reinforces the usefulness of molecular analysis to identify throm-
bophilic defects, supports the notion that antithrombin defi-
ciency may be an underestimated disorder, and encourages the
development of new functional assays to diagnose antithrombin
deficiency to unveil additional pathogenic defects affecting this
key anticoagulant.
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