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10.1 Introduction

Vitamin K-dependent coagulation factors deficiency (VKCFD) is a rare bleeding
disorder and literature is only restricted to a few case reports and small case series
[1], even if the progress of genotyping techniques has recently allowed to improve
the knowledge of the disease. VKCFD is an autosomal recessive disorder, which
arises from defects in either y-glutamyl carboxylase (GGCX) or subunit 1 of vita-
min K epoxide reductase complex (VKORCI) genes. If there is a mutation in the
former enzyme it will be considered as type I disorder, and if the responsible muta-
tion involves the latter, it will be considered as type II [2]. These genes are encoding
proteins that are involved in the y-carboxylation of the glutamate (Glu) residues of
several vitamin K-dependent (VKD) proteins including a number of coagulation
factors (FII, FVII, FIX, and FX), and also some non-hemostatic proteins entangled
in mineralization or cell signaling. VKCFD is usually symptomatic since infancy
with life-threatening bleeding events [3]. VKCFD can be diagnosed by prolongation
of PT, APTT with normal TT, and parallel reduction of VKD coagulation factors,
usually around 1-30%. However, the definite diagnosis is based on molecular anal-
ysis of GGCX and VKORC1 genes. Management of the disorder is mainly through
administration of vitamin K1 or four-factor prothrombin complex concentrate
(PCCO) [4].

M. S. Hosseini
Tehran, Iran

M. Napolitano (><)
PROMISE Department, University of Palermo, Palermo, Italy

Hematology Unit-Reference Regional Center for Thrombosis and Hemostasis,
Universita di Palermo, Palermo, Italy
e-mail: mariasanta.napolitano@unipa.it

© The Author(s), under exclusive license to Springer Nature 249
Switzerland AG 2023

A. Dorgalaleh (ed.), Congenital Bleeding Disorders,
https://doi.org/10.1007/978-3-031-43156-2_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-43156-2_10&domain=pdf
https://doi.org/10.1007/978-3-031-43156-2_10#DOI
mailto:mariasanta.napolitano@unipa.it

250 M. S. Hosseini and M. Napolitano

10.2 Structure and Function of GGCX and VKOR

GGCX is an integral trans-membrane protein, which is located on the ER mem-
brane. It consists of 758 amino acids with a disulfide bond between cysteines 99 and
450 [3]. There is limited information on the structure of GGCX. However, it seems
that GGCX contains 5 trans-membrane domains. The amino terminal of this enzyme
is located in cytoplasm and the carboxyl terminal is exposed to ER lumen [5]. Based
on the studies on the structure and mechanism of action, different binding and cata-
lytic sites are considered for GGCX. Accordingly, GGCX contains a propeptid
binding site, a glutamate binding site, a vitamin K binding site, a carboxylation
active site, an epoxidation active site, and probably, a CO, binding site; however, the
information on the exact location of these functional regions is limited [6].

The VKOR protein is also an integral protein in the ER membrane with 163
amino acids [3]. There are two topology models which consider three or four trans-
membrane domains for the protein. According to the different studies, three trans-
membrane model is more reasonable. In this model, the amino terminal of VKOR is
located in the ER lumen and the carboxy terminal is located in the cytoplasm [5].
For a long period, it was assumed that the VKOR was a multi-enzyme complex, a
theory, which is now questioned [5].

10.2.1 Vitamin K Cycle

VKD carboxylation is a post-translational modification, which is critical for proper
function of VKD proteins. The most important VKD proteins are coagulation fac-
tors (F) FII, FVII, FIX, and FX, natural anticoagulants protein C, protein S, and
protein Z, and non-hemostatic proteins including osteocalcin (also known as bone
Gla protein, BGP), matrix Gla protein (MGP), growth arrest-specific protein 6
(Gasb6), and Gla rich protein (GRP) [7].

In VKD carboxylation, specific glutamate (Glu) residues are modified to gamma-
carboxyglutamate (Gla). Each VKD factor contains 10-12 Gla residues in the amino
terminus which is called Gla domain. The responsible enzyme for this conversion is
GGCX which requires reduced vitamin K (KH,), CO,, and O, as cofactors. When
each Glu is modified, one KH, molecule is oxidized to vitamin K 2, 3 epoxide (KO).
For restoration of KH,, this KO molecule needs to be converted back to the reduced
form (Fig. 10.1). This conversion occurs in a two-step reaction, first KO is reduced
to vitamin K using VKOR and then vitamin K is reduced to KH, using vitamin K
reductase [5, 8].

Recognition of protein substrates by GGCX is mediated via binding to the
N-terminal propeptide of the substrate which plays a pivotal role in the carboxyl-
ation of clotting factors and determines the carboxylation efficiency. The propeptide
of coagulation factors exerts various affinities towards GGCX. Although naturally
occurring mutations involving the propeptide of coagulation factors do not have a
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Fig. 10.1 Carboxylation of glutamate (Glu) to carboxyglutamate (Gla) residues by GGCX is
necessary for activation of vitamin K-dependent coagulation factors. VKH, is the cofactor of this
conversion. In this process, VKH, is oxidized into KO and then reduced to vitamin K quinone and
VKH,, respectively by VKORC1. Warfarin can block the VKORC1. Another reductase, NQO1 can
also convert VK to VKH,. Warfarin can inhibit VKORCI but not NQO1 [9]. GGCX y-glutamyl
carboxylase; VKH, vitamin K hydroquinone; KO vitamin K epoxide; VKORC] vitamin K epoxide
reductase complex subunit 1; NOOI NADPH quinone oxidoreductase; VK vitamin K

considerable impact on the carboxylation and the normal levels of active VKD clot-
ting factors, it has been recently suggested that such mutations may predispose to
warfarin hypersensitivity during anticoagulant treatment [10].

Gamma-carboxylation of the Glu residues is necessary for binding of calcium
ions which then allows binding of VKD factors to phospholipid membranes such as
surface of activated platelets or damaged endothelium. This phenomenon leads to
concentration of clotting factors at the site of vascular injury [5].

Non-hemostatic VKD proteins also possess several biological functions for
which carboxylation is necessary, such as vascular calcification, bone metabolism,
and signal transduction. Therefore, disrupted carboxylation of VKD proteins may
also lead to comorbid phenotypes in VKCFD patients including skeletal, dermato-
logical or cardiac abnormalities [11].
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10.3 Vitamin K-Dependent Coagulation Factors Deficiency

VKCFD (OMIM #277450 and #607473) was first described in 1966 by McMillan
and Robert in a 4-month-old girl [12]. She presented with several bruises and bleed-
ing events, a prolonged PT and APTT, and undetectable levels of FII, FVII, FIX,
and FX by clotting assays. However, neither liver disease nor malabsorption had
been detected. Low level of coagulation factors showed a partial recovery following
administration of high doses of vitamin K [12]. The patient was further investigated
at age of 15 years and the clotting factors were reevaluated by immunologic assays
[13]. However, the molecular mechanism remained unclear.

Now, VKCFD is known as an autosomal recessive bleeding disorder that arises
from defects in either GGCX or VKORC1 genes. Plasma level of VKD coagulation
factors in VKCFD may be around 1-30% [14].

10.4 Clinical Manifestations

VKCEFD usually manifests in infancy, although it may also remain latent for a short
time. Severity of clinical manifestations depends on the level of reduced coagula-
tion factors [15]. However, the clinical picture is not closely correlated to the activ-
ity of VKD coagulation factors [4]. Severe bleeding such as intra cranial hemorrhage
(ICH) or umbilical cord bleeding has been described in affected neonates [16—18].
Mucocutaneous, soft tissue bleeding and post traumatic hemorrhages are also
reported in these patients (Table 10.1) [17, 19]. Less commonly, VKCFD may pres-
ent with hemorrhagic events in adulthood or even may be found incidentally [4].
Some affected individuals may also suffer from mental retardation, skin, cardiac
and skeletal abnormalities which are attributed to the impaired y-carboxylation of
other VKD proteins [16, 20]. Skeletal abnormalities including nasal hypoplasia,
distal digital hypoplasia, and epiphyseal stippling are similar to those seen in war-
farin embryopathy [21]. Pseudoxanthoma elasticum-like (PXE-like) disorders have
also been reported in patients affected by VKCFD with GGCX mutations [22].
Recently, the effect of GGCX variants on their ability to y-carboxylate non-
hemostatic VKD proteins in the presence of different concentrations of vitamin K

Table 10.1 Clinical manifestations of vitamin K-dependent coagulation factors deficiency

Clinical manifestations Incidence
Intracranial hemorrhage 34%
Ecchymoses/easy bruising 21%
Skeletal abnormalities/growth or developmental 21%
retardation

Umbilical cord bleeding 17%
Post-trauma/post-operative 17%
Epistaxis 17%
Gingival/oral cavity 12%
Hemarthrosis 4%
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has been explored; variants with a markedly reduced ability to y-carboxylate the
upper zone of the growth plate and cartilage matrix-associated protein (UCMA/
GRP) have been identified in patients with a PXE-like phenotype [23].

Some natural anticoagulants including protein C, protein S, and protein Z also
require Glu residues to be modified into y-carboxyglutamate (Gla) residues and
therefore there are also low levels of protein C and protein S in the deficiencies of
GGCX or VKOR. The fact that no cases with thrombosis have been reported in the
literature so far, may suggest the dominant effect of these two enzymes in procoagu-
lant activities [1, 24].

10.5 Molecular Basis

The gene encoding for GGCX with 13 kb length is located on chromosome 2p11.2
and comprises 15 exons. The responsible gene for VKORCI protein that is called
VKORCI is located on chromosome 16p11.2. It is a small gene with 5126 bp length
and includes 3 exons [15]. Defect in GGCX is known as type I VKCFD. Another
enzyme that plays an important role in this cycle is VKORCI1. VKORCI catalyzes
reconversion of vitamin K epoxide (KO), which is produced during the last reaction,
to KH2. Defect in VKORCI is known as type II VKCFD [4, 7]. It seems that a mis-
sense mutation that leads to the substitution of tryptophan to arginine at amino acid
number 98 is the only reported mutation involving VKORCI (Table 10.2).

To date, at least 34 mutations have been reported in the GGCX gene, which are
associated with VKCFD and the majority of them are point mutations (Table 10.2)
[1, 15]. The mutations can be observed in homozygous or compound heterozygous.
Jin et al. showed that 1657delA and IVS13-6G>A are the underlying mutations of
the first case of VKCFD which was reported by McMillan and Robert [25].

Considering various VKD proteins as substrates of GGCX, different mutations
of GGCX have been linked to distinct bleeding and non-bleeding phenotypes. A
number of these mutations lead to PXE-like disorder combined with reduced activ-
ity of VKD coagulation factors with or without abnormal bleeding tendency. The
variable clinical picture of patients harboring GGCX mutations, regarding both
hemostatic and non-hemostatic features, may be explained by the recent findings of
Hao et al. and Gosh et al. The study of the first group revealed that GGCX mutations
have differential impacts on the carboxylation efficiency of structurally/functionally
discrete VKD proteins, including FIX, BGP, and MGP in a cell-based study.
Furthermore, the effect of administrating vitamin K as a cofactor of carboxylation
was affected differentially, a finding which also explains why vitamin K administra-
tion improves bleeding but not non-bleeding disorders/manifestations [26]. Another
in vitro study by Gosh et al. was indicative of the differential impacts of GGCX
mutations on carboxylation of VKD coagulation factors. According to this study,
different GGCX mutations also have variable impacts on the responsiveness to vita-
min K. Such findings can be useful in predicting the risk of bleeding and also the
effectiveness of vitamin K therapy based on the molecular defect [27].
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Table 10.2 Vitamin K-dependent coagulation factors deficiency causing mutations in the GGCX
and VKORC] genes

Type Nomenclature Gene region
Mutations in GGCX gene (type 1 Undefined® | IVSldell4bp Intron 1
disorder)

Splicing IVS1-1G>A Intron 1

Missense Asp31Asn Exon 2

Splicing IVS2+1G>T Intron 2

Splicing IVS2-1G>T Intron 2

Missense Pro80Leu Exon 3

Missense Arg83Pro Exon 3

Missense Arg83Trp Exon 3

Missense Cys139Trp Exon 4

Missense Cys139Tyr Exon 4

Missense Aspl53Gly Exon 4

Missense Trpl57Arg Exon 4

Missense Metl174Arg Exon 4

Missense Aspl183Val Exon 5

Missense Arg204Cys Exon 5

Missense Val255Met

Missense Ser284Pro

Missense Phe299Ser

Missense Ser300Phe

Nonsense Trp315Ter

Nonsense GIn374X Exon 8

Missense Gly386Val

Missense Leu394Arg Exon 9

Missense His404Pro Exon 9

Missense Arg476Cys Exon 10

Missense Arg476His Exon 10

Missense Arg485Pro Exon 11

Missense Trp493Cys Exon 11

Missense Trp501Ser Exon 11

Missense Arg513Lys Exon 11

Missense 11e532Thr Exon 11

Missense Gly537Ala Exon 11

Missense Gly558Arg Exon 11

Splicing IVS114+3A>G Intron 11

Frameshift 1657del A Exon 12

Missense Thr591Lys Exon 13

Splicing IVS13-6G>A Intron 13

Nonsense Arg704X Exon 15

Missense Ser741Leu Exon 15
Mutations in VKORC1 gene (type 11 Missense Arg98Trp Exon 3
disorder)

GGCX y-glutamyl carboxylase; VKORC/ vitamin K epoxide reductase complex subunit 1

4t seems that the deleted region in intron 1 is probably associated with cis-acting elements and
thereby is involved in gene regulation [28]

"This splice site mutation in intron 2 results in a loss of exon 3 (Gly72-Leul24del)
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Most recently, Rishavy et al. reported the significance of GGCX processivity and
complete carboxylation for appropriate function of VKD proteins. The assay was
based on comparing the carboxylase activity of wild type and mutant (V255M)
GGCX enzymes in the presence of a VKD protein (FIX or MGP) and a challenge
protein as an interfering agent for VKD protein carboxylation. In the presence of
wild type enzyme, the VKD protein became fully carboxylated before the initiation
of Challenge protein carboxylation, while both VKD protein and Challenge protein
became carboxylated simultaneously but not completely in the presence of mutant
carboxylase, indicating that GGCX V255M mutant has lost its processivity in car-
boxylation which subsequently results in poor clotting activity of FIX. the latter was
obtained by an in vitro-study using FIX-HEK?293 cells, a finding that explains the
impaired hemostasis in patients with mutant GGCX [28].

10.6 Diagnosis

There is a weak relationship between severity of clinical manifestations and labo-
ratory results of VKCFD [4]. VKCFD can be diagnosed by prolongation of PT,
APTT with normal TT, and parallel reduction of FII, FVII, FIX, and FX activity
[4, 14]. Although both PT and APTT are prolonged in VKCFD, PT test is slightly
more affected. Factor activities are usually around 0.2-0.6 IU/mL and less com-
monly are <0.1 IU/mL at baseline [4]. Presence of inhibitors can be excluded by
mixing study.

Differentiation of VKCFD and acquired vitamin K deficiency must be inten-
tioned with normal fasting serum KH, (reduced vitamin K) concentration in
VKCFD. Acquired vitamin K deficiency may arise from intestinal malabsorption of
vitamin K in the inflammatory bowel disease or celiac disease, liver cirrhosis, and
exposure to coumarin anticoagulants [4]. The differential diagnosis of the disorder
in neonates mainly includes vitamin K deficiency. In healthy newborns the levels of
VKD coagulation factors gradually increase up to the age of 6 months. Therefore,
the diagnosis in neonates has to be confirmed by repeating the test at 6 months of
age [4, 29].

In the subject of type I and II of the disorder, it should be considered that oxi-
dized vitamin K (KO) is typically undetectable in VKCFD type I, even after vitamin
K supplementation, but in VKCFD type II, an elevation of KO level can be observed
following vitamin K supplementation [2, 4]. In addition, VKCFD must be distin-
guished from congenital factor deficiency including FII deficiency, isolated FVII
and FIX deficiencies, and FX deficiency, as well as combined FVII and FX defi-
ciency. In this setting, inhibitor against FIX (acquired hemophilia B) and FVII must
be assayed [2]. For definite diagnosis, molecular analysis for mutations of VKORC
or GGCX is necessary. Recently, a cell-based system for the detection of GGCX
activity has been developed, it may thus be adopted for the diagnosis of VKCFD1
caused by GGCX variants [30].
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10.7 Management

Management of the disorder is mainly through administration of vitamin K1 (phy-
tomenadion), but in severely affected patients and in major surgeries, four-factor
prothrombin complex concentrate (PCC) (containing prothrombin, FVII, FIX, and
FX) is also required (Table 10.3) [31]. Most of the cases (not all) may show a partial
restoration in the level of deficient factors with high doses of vitamin K [15].

As VKCFD may lead to life-threatening hemorrhagic events, prophylaxis at
diagnosis is highly recommended. Dose of treatment for long-term prophylaxis is
5-20 mg/day of oral vitamin K1 and when response is poor, 5-20 mg/week of par-
enteral vitamin K1 is recommended [4, 31]. In the subject of mild bleeding or minor
surgery, 15-20 mL/kg tranexamic acid or 1 g four times daily alone is recommended
[4]. In connection with severe bleeding or major surgery, 20-30 [U/kg of four-factor
PCC combined with 5-20 mg of vitamin K1 is recommended. In the lack of four-
factor PCC, 15-25 mL/kg of virus inactivated FFP can be administered [4, 31].

In normal pregnancy, the levels of FVII and FX usually increase, while FII and
FIX levels do not alter. The level of FVII in some pregnant women may elevate even
up to tenfold [32]. However, in some pregnant women affected by VKCFD, the
physiologic increase in the deficient factors may be inadequate for an uneventful
delivery. Pregnant women in whom each of the VKD factors has an activity below
20 IU/mL in the third trimester must be managed carefully at the time of delivery.
In this condition, one dose of four-factor PCC 20-30 IU/kg before delivery or before
cesarean section is recommended, treatment with PCC should be continued for at
least 72 h [4].

It currently seems that prenatal diagnosis of VKCFD is not preferred, taking into
account the potential bleeding risk of the procedure but also because major hemor-
rhagic events in the affected newborn can be prevented by the administration of
vitamin K in the third trimester of pregnancy in mothers which are prone to have a

Table 10.3 Different therapeutic choices for management of patients with vitamin K-dependent
coagulation factors deficiency (VKCFD) in different conditions

Condition Recommended dosages

Long-term prophylaxis Oral vitamin K1 (5-20 mg/day)

If response is poor: Parenteral vitamin K1

(5-20 mg/week)

Mild bleeding events/minor surgeries Tranexamic acid (15-20 mL/kg or 1 g four times
daily)

Severe bleeding events/major surgeries | Four-factor PCC (20-30 IU/kg) +

Vitamin K1 (5-20 mg)

Four-factor PCC can be substituted by virus
inactivated FFP (15-25 mL/kg)

Pregnancy (each of the vitamin Four-factor PCC (20-30 IU/kg), one dose at the
K-dependent factors activity <20 IU/mL | time of delivery or before cesarean section and
in the third trimester) continued for at least 3 days

PCC prothrombin complex concentrate
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child with VKCFD. Antenatal management and timing of Vitamin K administration
for prophylaxis of intrauterine bleeding need, however, to be better defined also in
order to prevent bone and skin manifestations of the disease [2, 33].
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