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Abstract
Inherited factor XIII (FXIII) deficiency is an extremely rare and under-diagnosed autosomal recessive inherited coagulopa-
thy, which is caused by genetic defects in the F13A1 or F13B gene. More than 200 genetic mutations have been identified 
since the first case of inherited FXIII deficiency was reported. This study aimed to identify underlying gene mutations in a 
patient with inherited FXIII deficiency who presented with recurrent intracerebral hemorrhage. Levels of plasma FXIII-A 
antigen were measured, F13A1 and F13B genes were sequenced, mutation information was analyzed, and the mutated protein 
structure was predicted using bioinformatics methods. Molecular genetic analysis identified four mutations of FXIII-related 
genes in the proband, including three previously reported mutations inherited from his parents (c.631G>A, p.Gly210Arg and 
c.1687G>A, p.Gly562Arg of F13A1 gene and c.344G>A, p.Arg115His of F13B gene) and a novel spontaneous mutation of 
F13A1 gene (c.2063C>G, p.Ser687Cys). Molecular structural modeling demonstrated that the novel Ser687Cys mutation 
may cause changes in the spatial structure of FXIII-A and increase its instability. In conclusion, we identified a novel and 
likely pathogenic mutation of the F13A1 gene, which enriched the gene mutation spectrum of inherited FXIII deficiency. 
The findings may provide promising targets for diagnosis and treatment of inherited FXIII deficiency.

Keywords Coagulation factor XIII · Inherited FXIII deficiency · F13A1 gene · Missense mutation · Compound 
heterozygote

Introduction

The plasma protransglutaminase, factor XIII (FXIII), is a 
heterotetramer composed of two A subunits (FXIII-A2) and 
two B subunits (FXIII-B2). The three-dimensional structure 
of the A subunit was determined by X-ray crystallography. 
The FXIII-A subunit includes five domains: the activation 
domain (residues 1–37), beta-sandwich (residues 38–184), 
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catalytic core region (residues 185–515), beta-barrel 1 (resi-
dues 516–628), and beta-barrel 2 (residues 629–731) [1]. The 
crystal structure of FXIII-B is not available yet [2]. FXIII-B 
is composed of ten Sushi domains [3]. FXIII is the final factor 
involved in the blood coagulation cascade. With the help of 
calcium ions, it can be activated by thrombin to form active 
configuration (FXIIIa), which then cross-links the fibrin α-, 
γ-chains and fibrinolytic inhibitors (α2-plasmin inhibitor) to 
fibrin through covalent bonds to mechanically stabilize the 
fibrin clot and avoid fibrinolysis [4]. The role of FXIII is not 
just restricted to hemostasis; it is also involved in wound heal-
ing, tissue repair, angiogenesis, and pregnancy maintenance 
[5–8]. In recent years, many investigations have expanded the 
function of FXIII in the context of osteoblast differentiation, 
immunology, and adipogenesis [2].

FXIII deficiency can be inherited or acquired, and can lead 
to pathological bleeding episodes. Acquired FXIII deficiency 
is frequently caused by hyper-consumption, hypo-synthesis, 
or an immune-mediated process. Hyper-consumption is most 
common in surgery, disseminated intravascular coagulation, 
and pulmonary embolism. Hypo-synthesis can be seen in liver 
diseases, leukemia, and the administration of specific drugs 
(isoniazid, procainamide, and tocilizumab). Both hyper-
consumption and hypo-synthesis are non-immune-mediated 
processes. Immune-mediated acquired FXIII deficiency is 
characterized by the presence of FXIII autoantibodies, mainly 
occurring secondary to autoimmune diseases such as systemic 
lupus erythematosus and rheumatoid arthritis. It can also be 
idiopathic, and is more common in elderly individuals over 
60 years of age [9, 10].

Inherited FXIII deficiency is an autosomal recessive inher-
ited coagulopathy with an estimated prevalence of one in two 
million people, and the incidence is much higher in consan-
guineous marriages [11, 12] Almost all patients with FXIII 
deficiency will have a lifelong bleeding tendency [13].

A total of 235 mutations have been reported to cause inher-
ited FXIII deficiency worldwide thus far. The complete listing 
of all mutations in the F13A1 and F13B genes can be found 
in the Human Gene Mutation Database Professional (HGMD 
Professional; https:// www. hgmd. cf. ac. uk). The distribution of 
the known FXIII-related gene mutations reveals no hotspot 
region [14]. To further enrich the gene mutation spectrum, 
we performed molecular genetic analysis, laboratory exami-
nations, and clinical phenotype study on a 25-year-old man 
suffering from recurrent spontaneous intracerebral hemorrhage 
(ICH) secondary to inherited FXIII deficiency.

Materials and methods

Patients

A 25-year-old man with inherited FXIII deficiency was 
recruited for this study. Basic laboratory evaluation and 
molecular genetic analysis of the patient and his parents were 
performed at Qilu Hospital of Shandong University and Shan-
dong Hemophilia Treatment Center. The patient had no tumor, 
liver or kidney dysfunction, or severe infections. All partici-
pants provided informed consent to participate in the study, in 
accordance with the Declaration of Helsinki.

FXIII antigen assay and coagulation screen test

Peripheral blood samples were collected from the patient and 
his parents. Platelet-poor plasma was used to detect blood 
coagulation factors, and the blood cells were cryopreserved 
at − 80 °C for genomic DNA extraction. Coagulation indica-
tors, including prothrombin time (PT), prothrombin time activ-
ity (PTA), international normalized ratio (INR), and activated 
partial thromboplastin time (APTT), were detected using an 
ACL TOP 300 CTS automatic blood coagulation analyzer 
(Werfen, Spain). FXIII-A antigen levels were measured by 
latex-enhanced immunoturbidimetry using a HemosIL kit 
(Werfen, Spain).

DNA isolation and PCR amplification

Genomic DNA was extracted from peripheral blood using 
a DNA extraction kit (TIANGEN, China), according to the 
manufacturer's instructions. Primers were designed for the 
sequencing of exons, 5′ untranslated region (5′ UTR), 3′ UTR, 
and flanking sequences of the F13A1 and F13B genes using 
PRIME 5.0 software (primer sequences are shown in Tables 1, 
2). Amplification was performed using a Touchdown PCR pro-
gram. The PCR conditions are shown in Fig. 1.

Genomic analysis of F13A1 and F13B genes

The PCR products were purified and sequenced using the 
Sanger dideoxy chain-termination method on an ABI3730XL 
DNA Analyzer (Applied Biosystems, USA). DNA sequenc-
ing results were compared with the F13A1 and F13B refer-
ence sequences (NM_000129.4 and NM_001994.3) using the 
Blaster software to identify the mutation sites and confirmed 
by reverse sequencing.

Bioinformatics analysis

Single nucleotide polymorphisms (SNP) were queried using 
the SNP database (https:// www. ncbi. nlm. nih. gov/ snp/). 

https://www.hgmd.cf.ac.uk
https://www.ncbi.nlm.nih.gov/snp/
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Gene conservation analysis was performed using Clustal 
Omega (version 1.2.2). The prediction of the potential func-
tion of de novo mutations was evaluated using PolyPhen-2 
(http:// genet ics. bwh. harva rd. edu/ pph2/), SIFT (http:// 
sift. jcvi. org/), and Provean (http:// prove an. jcvi. org). The 

mutated protein was modeled using Swiss-Pdb Viewer (ver-
sion 4.1). AlphaFold (http:// alpha fold. ebi. ac. uk/), the deep 
learning algorithm developed by DeepMind, was also used 
to model the three-dimensional structure of mutated protein. 
We used the ranked_0.pdb file for further analysis, which 

Table 1  Polymerase Chain 
Reaction primers of the F13A1 
gene

Exon FORWARD (5′–3′) REVERSE (5′–3′)

Exon1 CCG GGA TAA CAG GCC AGA TG CTA AGC AAG CAA CGG CTT CG
Exon2 TTA TGG AGG GTG GGG GAA TCT TTC CTT TTG TGG GAA CCC CA
Exon3 GCC TTG TGG TCT GAA ACG AGA GTA ATT CAG GGG CTG GAT GTCA 
Exon4 AAT GGA TTA CTC CTG TCC CT AAA GAG CTG GGA GTA TAG GC
Exon5 CCA GAG TTC GTC AGC ATT TTGC TCC CTA CTC CTA TGC TCT CTGC 
Exon6 CAC TAT ACA GGA AAC ACA CAT TTC T GCA CAT CTT CTG TGC ACC TTG 
Exon7 ACT CCT CCT ATC TGC CGT TCA TAC ATC CCA GAA TGG CTC ACC 
Exon8 GGG TTG AAT GAC CAC CCT TTT GTG CTG TTG AAT GGT CCT CAAA 
Exon9 CAT ATG CAC AGG ATT TGG GGTCA GGT TCC CAC ACA TCA AAT GCAAG 
Exon10 TGC AGG AAT AGT GTT GCC TTG ACC TTT GTC AAC ACG AAG CATA 
Exon11 ATC ACA AGG ACA GAG GAG GGA CAA ATG CTG CAA ATG CCA GTG 
Exon12 TGG GGA GGT CTG AAG CTT GTAT GAG GCT TTT GCA GAA TGA GTGG 
Exon13 CTA ATG TGG GAG GGG TAG GGA TCT GGA GAG GAG AGG AAA GTGT 
Exon14 CAT CAC ACT GGT TCC ATT GCC CCC TAG TTT TAC TCC ACG CCC 
Exon15-1 CAG TGT CCT AAG CAC CAA CTGA TGA GTG TTG CAC CTG CTT TCTT 
Exon15-2 AAC AAG ACT TCA GAT TCC CCACT TCA CCC TCA TAG GTT AGT GCTG 
Exon15-3 CAC TCA GGT GCT GAA GGG TAATA GCT TGT TGT TTT CCT ATC CAGGG 

Table 2  Polymerase Chain 
Reaction primers of the F13B 
gene

Exon FORWARD (5′–3′) REVERSE (5′–3′)

Exon1 GCT CTT ACT GGA CTC TGA CATGG TGA CTT ATG CTA CTG TAA GAA CAC T
Exon2 AAA GGA CTG CTT GAG TTG TCAC AGA CAG ATT GCT AGT GAT TTT GTT C
Exon3 AGT AGA TGT GGT AGG GGT AGAAA AGG TGG GTT GTA GGG ATT GAG 
Exon4 AGA GGC AAA GAA AAA TTG GGGC TTT TTC TGC TAC AAC AAA ATG CAC 
Exon5 TTG TCA TGC TCA TTA TGT TTC ACC TGA CCA CAG GAA TTT TGT CAGA 
Exon6-7 GCT CCT AGA ATC AGT CTG CCAT ACA CAG ATC AGA TAA CCG TGCTT 
Exon8 TAG GTA ACA TAT TTG CTG TCA ACT C TCA GCT AGG AGA AAG ACA ACCC 
Exon9 AGG TGT TTC TCC CAG TTA GAAGG ACC GAG GTA GCA GAT ATT GGT CAA G
Exon10 GGG AGG CTA AGA CAG GAG GAT CCC ATA CCA ACC TGA TGT GTG 
Exon11 TTC TGA TTA ACT GAC TTG CTG CTC T ACG TTG CTT TCA CTT CAG ACAAT 
Exon12 AAA GGG AAC TGG TGG TAT TAT TTA C TGA CAG TGT TGC TGT TTC ATGTC 

Fig. 1  The amplification condition of Touchdown PCR was dena-
turation at 94 °C for 3 min, followed by 20 cycles of 30-s denatura-
tion (94 °C), 30-s annealing (the annealing temperature was reduced 

by 0.5  °C each cycle until 55  °C was reached) and 40-s extension 
(72 °C). A final 10-min extension step finished the synthesis

http://genetics.bwh.harvard.edu/pph2/
http://sift.jcvi.org/
http://sift.jcvi.org/
http://provean.jcvi.org
http://alphafold.ebi.ac.uk/
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contained the prediction result with the highest confidence. 
The results were visualized by PyMol (version2.5) software.

Results

Clinical presentation of the patient

A 25-year-old man who presented with a persistent unre-
lieved headache for 2 days accompanied by nausea and vom-
iting was admitted to the emergency department of our hos-
pital. Routine blood test results and coagulation indicators 
were all within the normal ranges, as described below. Cra-
nial computed tomography (CT) revealed a cerebral hemor-
rhage in the left temporal lobe (Fig. 2A). The patient was 
diagnosed with ICH. Surgery was ruled out after an assess-
ment by neurosurgeons and he was prescribed symptomatic 
treatments, including hemostasis, lowering of intracranial 
pressure, and neurotrophic therapy. However, the patient did 
not exhibit any significant clinical improvement. Another 
CT examination four days later indicated an increase in the 
extent of bleeding (Fig. 2B). The patient's detailed medi-
cal history was acquired to reassess his condition. He had 
a history of repeated spontaneous bleeding and hematoma. 
The patient had undergone two craniotomies for hematoma 
removal due to ICH and one exploratory laparotomy for 
abdominal hematoma after abdominal trauma. He came 
from a non-consanguineous family and had no family his-
tory of pathological bleeding. Given that the patient had no 
abnormalities in routine coagulation tests but had significant 
bleeding symptoms, he was suspected to have a rare coagu-
lation factor deficiency. A FXIII antigen assay confirmed 
this hypothesis. The patient was diagnosed with inherited 
FXIII deficiency and treated with cryoprecipitate infusion. 

After the infusion, he achieved rapid clinical improvement. 
The FXIII antigen level increased to 21.5% and a repeated 
CT examination showed a decreased extent of bleeding 
(Fig. 2C).

Coagulation test results

Neither the patient nor his parents had any abnormal rou-
tine coagulation parameters. However, the patient had a sig-
nificantly decreased FXIII-A antigen level at 2.4% (normal 
value 50–150%). His father had a mildly decreased FXIII-A 
antigen level (41%). Coagulation test data are presented in 
Table 3.

Molecular genetic analysis of F13A1 and F13B genes

DNA sequencing revealed four missense mutations in the 
family: three in the F13A1 gene and one in the F13B gene 
(Table 4, Fig. 3 and Supplementary Table 1). The first muta-
tion in exon 5 of the F13A1 gene, a c.631G>A replace-
ment, resulted in a glycine to arginine substitution at position 
210. This variant was present in the patient and his father 
in a heterozygous form. The second mutation was a G to A 
nucleotide exchange in exon 12 of the F13A1 gene, resulting 

Fig. 2  Cranial CT showed the extent of left temporal lobe hemorrhage (red arrow): A–C are the cranial CT images at day1, day 4 and day 19, 
respectively

Table 3  Coagulation test results of the proband and his parents. Ref-
erence value: PT: 10.5s–14s, PTA: 70%–150%, INR: 0.8–1.2, APTT: 
22.7s–35s, FXIII Ag: 50–150%

PT (s) PTA (%) INR APTT (s) FXIII Ag (%)

Proband 11.1 94.6 0.92 23.2 2.4
Father 10.0 109.7 0.82 22.5 41.0
Mother 11.1 94.6 0.92 28.1 58.3
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in the substitution of glycine with arginine at position 562. 
This mutation originated in the patient’s mother. The third 
was a de novo mutation in exon 15 of the F13A1 gene, in 
which a C to G transition at nucleotide 2063 resulted in a 
serine-to-cysteine substitution at position 687. This mutation 
was not identified in his parents and has never been previ-
ously reported. The last mutation was located in exon 3 of 
the F13B gene, a G to A nucleotide change at position 344, 
causing an arginine to histidine substitution at amino acid 
position 115. The last mutation was present in a homozygous 
form in the patient and his parents.

Bioinformatics analysis

As there have been no reports on the novel Ser687Cys muta-
tion, several bioinformatic computational programs were 

used to analyze its pathogenicity. The frequency of the de 
novo mutation in the healthy population was determined 
using the SNP database. Results showed that the mutation 
was absent in the normal alleles, ruling out the possibil-
ity of a known genetic polymorphism. Clustal Omega was 
used to compare the homologous sequences of F13A1 genes 
between humans and other species. The results indicated 
that Ser687 of F13A1 gene was conserved among different 
species, including Homo sapiens, Macaca mulatta, Bos tau-
rus, Gallus gallus, and Xenopus tropicalis (Fig. 4). There-
fore, serine-to-cysteine exchange is unfavorable in terms 
of amino acid conservatism. Furthermore, Ser687Cys was 
predicted to be possibly disease-causing based on in silico 
analysis (Table 5). Online software assays have suggested 
that changes in protein function caused by the mutation are 
deleterious and damaging. Protein structural changes caused 

Table 4  Sequencing results of F13A1 and F13B genes in the patient

Gene Mutation site Nucleotide change Amino acid change Mutation state Pathogenicity

F13A1 EXON5 c.631G>A p. Gly210Arg Heterozygous (Paternal) Pathogenic
EXON12 c.1687G>A p. Gly562Arg Heterozygous (Maternal) Pathogenic
EXON15 c.2063C>G p. Ser687Cys Heterozygous (Spontaneous) Not known

F13B EXON3 c.344G>A p. Arg115His Homozygous Benign

Fig. 3  Representative chromatograms from Sanger sequencing of 
the F13A1 and F13B genes in the pedigree. DNA sequencing of the 
proband revealed three heterozygous mutations in the F13A1 gene 
and one homozygous mutation in the F13B gene: A c.631 G>A, B 
c.1687 G>A, C c.2063 C>G, D c.344 G>A. The paternal and mater-
nal sequencing maps at the corresponding locus are also shown in 

E–L. Red arrows indicate the mutant peaks. †When the SNP site is 
homozygous, it forms a single peak, and the heterozygote forms over-
lapping peaks. Only one base could be read at the same site. Some 
mutations in this figure are heterozygous; therefore, there will be 
inconsistent bases marked at the same site. For example, the base 
indicated by the red arrow in B is A instead of G
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by the mutation were analyzed and assessed for their possi-
ble impact on protein function. The local spatial structure of 
the protein before and after the mutation is shown in Fig. 5.

Discussion

Inherited FXIII deficiency is a rare bleeding disorder caused 
by mutations in the F13A1 or F13B gene. The clinical phe-
notype of FXIII deficiency ranges from mild to severe, with 
the site and severity of bleeding varying greatly among 
different patients [15]. Umbilical cord bleeding, muscle 

bleeding, and central nervous system bleeding can occur. 
According to bleeding location, clinical impact, and sponta-
neity, the European Network of the Rare Bleeding Disorders 
divides the severity of bleeding into four categories: asymp-
tomatic, grade I, grade II, and grade III. Previous studies 
have found that patients with FXIII deficiency had the high-
est percentage of grade III bleeding [16]. Among all clinical 
manifestations, ICH is the primary cause of mortality, and 
develops in one-third of patients with FXIII deficiency over 
the disease course [17]. The brain parenchyma is the most 
common site of ICH (> 90%), whereas subdural and epidural 
hemorrhages are less common [13]. Consistent with previ-
ous studies, the patient in our case also had a parenchymal 
hemorrhage.

The heterogeneity of the clinical manifestations of FXIII 
deficiency makes its diagnosis difficult. The diagnosis of 
FXIII deficiency is based on clinical symptoms combined 
with laboratory examinations. According to the Scientific 
and Standardization Committee of the International Society 
on Thrombosis and Haemostasis, the quantitative detection 

Fig. 4  Homologous sequence 
alignment of Ser687 among 
different species

Table 5  Pathogenicity prediction by in silico analysis. SIFT<  0.05 is 
considered a damaging variation, PolyPhen-2 closer to 1 is more del-
eterious, PROVEAN< -2.5 is considered a deleterious variation

Nucleotide 
change

Amino acid 
change

SIFT POLYPHEN-2 PROVEAN

C.2063C>G P. Ser687Cys 0.026 0.868 − 3.13

Fig. 5  Detailed views of the local molecular environment of the 
wild-type FXIII-A subunit (ACE) and the mutated FXIII-A subunit 
(BDF). Yellow dashed lines represent hydrogen bonds. Hydrogen 

bond lengths are marked with black numbers. Residues and corre-
sponding colors are as follows: Gly210-red, Arg210-blue, Gly562-
yellow, Arg562-magentas, Ser687-green, Cys687-orange



32 L. Yan et al.

1 3

of FXIII activity is recommended as a first-line screening 
experiment. If FXIII activity decreases, subsequent tests for 
FXIII antigens and autoantibodies should be performed to 
determine the specific type of FXIII deficiency. Molecular 
genetic testing should also be performed if necessary [18].

Here, we presented a case of a man with ICH secondary 
to FXIII deficiency. The proband had experienced several 
severe bleeding events but had not been diagnosed with an 
FXIII deficiency until this time, due to the lack of under-
standing of the disease and limitations in diagnostic meth-
ods. Presently, there is no standardized clinical assay for 
FXIII activity. The most commonly used screening test is 
the clot solubility test, but the low sensitivity of this method 
leads to high false-negative rates [19]. Quantitative assays 
for FXIII activity can only be performed in certain specific 
laboratories and also have the disadvantage of low sensitiv-
ity. Therefore, when serious bleeding events of unknown 
reason occur but routine coagulation tests show no abnor-
malities, FXIII deficiency should be considered. A timely 
and proper diagnosis is crucial to avoid life-threatening 
bleeding events.

The treatment of inherited FXIII deficiency mainly 
depends on replacement therapy, including cryoprecipi-
tate, fresh frozen plasma (FFP), FXIII concentrates, and 
recombinant FXIII. FXIII concentrates (e.g. Fibrogammin 
P/corifact) are currently the first choice for the treatment of 
the disease because of their high safety. In 2011, these drugs 
were approved by the FDA to treat patients with F13A1 or 
F13B mutations [20]. However, frequent transfusion of 
plasma-derived FXIII concentrates poses potential risks of 
allergic reactions, viral transmission, and other side effects 
[21]. Hence, the FDA approved the recombinant FXIII-A 
subunit (rFXIIIA/catridecacog) for the treatment of F13A1 
mutants in 2013 [22]. Given that FXIII concentrate and rFX-
IIIA are not available in many countries, patients are often 
treated with FFP and cryoprecipitate instead. As FXIII has a 
long half-life (11–14 days), prophylactic treatment can pre-
vent most serious bleeding events and greatly reduce mor-
tality. Clinically, patients with FXIII levels as low as 2–5% 
can be asymptomatic, which may explain why even though 
the FXIII level of the patient in this case was lower than 
normal (21.5%) after cryoprecipitate supplement, he had no 
symptoms of bleeding [23, 24].

Since Duckert reported the first case in 1960, 208 FXIII-
A mutations and 27 FXIII-B mutations have been identified 
and registered in the HGMD Professional until April 2021 
[25]. The spectrum of mutations mostly consists of missense/
nonsense mutations and a few small deletions/insertions and 
splice-site mutations. Large deletions/large duplications are 
very rare and only seen in the F13A1 gene. Usually, only 
homozygous or compound heterozygous mutations can lead 
to significant bleeding manifestations. In patients of non-
consanguineous families, a higher frequency of compound 

heterozygosity mutations was observed. Homozygous or 
compound heterozygous mutations cause serious FXIII 
deficiency, while heterozygous mutations may cause mild 
deficiency in FXIII. This could explain the mild decrease in 
FXIII-A antigen in the patient's father [26, 27].

We detected three missense mutations in the F13A1 gene 
and one in the F13B gene in the pedigree. Their pathogenic-
ity was analyzed as follows.

The Gly210 residue of FXIII-A subunit is highly con-
served. A computerized structure-function correlation anal-
ysis of missense mutations predicted that Gly210Arg will 
introduce clashes with the neighboring Val210 andTyr227 
on the adjacent β-strand, causing misfolding and rapid deg-
radation of the mutated protein [28, 29].

A Gly562Arg mutation causes a conformational change 
in the FXIII-A subunit. Molecular modeling predicted that 
the Gly562Arg mutation can increase the total potential 
energy, making the mutated molecule less stable than the 
wild type. Mammalian expression studies have also con-
firmed that the mutated protein is normally synthesized but 
is rapidly degraded, which is consistent with the prediction 
of molecular modeling [30].

FXIII is converted into the active form by the synergistic 
action of thrombin and  Ca2+. Thrombin cleaves the pep-
tide bond between Arg37 and Gly38 in each FXIII-A subu-
nit. The FXIII-B subunits dissociate from the FXIII-A2B2 
tetramer in the presence of  Ca2+. FXIII in the plasma is then 
transformed into FXIIIa with or without proteolysis. Koma-
nasin et al. showed that the Arg115His mutation of F13B 
gene is only associated with an increased rate of dissociation 
of the FXIII tetramer, without affecting protein expression or 
secretion. They demonstrated that the mutation was benign, 
based on functional tests [1, 31, 32].

The American College of Medical Genetics and Genom-
ics (ACMG) provides a set of classification criteria for 
newly discovered gene variants. Each pathogenic criterion 
was weighed as very strong (PVS1), strong (PS1–4), mod-
erate (PM1–6), or supporting (PP1–5). The novel mutation 
from the proband, c.2063C>G (p. Ser687Cys), was not 
detected in his biological parents, which was classified as 
strong pathogenic evidence (PS2). In addition, the mutation 
was not found in the 1000 Genomes Project or the Exome 
Sequencing Project. Based on this, the level of evidence for 
pathogenicity was PM2. Using multiple missense muta-
tion interpretation tools (including SIFT, Polyphen2 and 
PROVEAN), the mutation was predicted to be deleterious 
(PP3). In summary, the novel mutation was judged to be a 
likely pathogenic mutation according to the ACMG guide-
line [42].

The function of protein largely depends on its spatial con-
formation. We detected the protein environment surround-
ing the mutated residue using protein structure visualization 
tools. Substitution of Gly210 by a larger Arg residue would 
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introduce clashes with the neighboring Val211 and Tyr227, 
which will significantly destroy the folding of catalytic 
domains (Fig. 5A, B). The mutant Arg562 residue gener-
ates adverse short contacts with adjacent residues (Ser368, 
Phe559, Gln622), and the replacement of a small residue 
by a large charged amino acid is expected to produce unsta-
ble misfolding structure (Fig. 5C, D). Structure–function 
correlation analysis results by computer modeling of the 
above two mutations were similar to the results of in vitro 
cell experiments, which confirms the feasibility of in silico 
analysis [28–30]. Therefore, we performed an in silico anal-
ysis of the novel mutation (Ser687Cys) to investigate the 
possible effect of the missense mutation on the structure of 
the FXIII-A subunit (Fig. 5E, F). Ser687 is located on the 
surface of the β-barrel 2 domain. When serine is replaced 
by a more hydrophobic cysteine, it tends to stay away from 
the surrounding water molecules and entrap itself within 
the protein, which may lead to the protein folding into an 
unstable spatial conformation. Ser687 shares three hydro-
gen bonds with neighboring residues, including Asn654, 
Pro685, and Arg684 (Table 5). The mutated Cys687 resi-
due will still form a hydrogen bond with Asn654, but the 
distance between oxygen and nitrogen atoms will change 
(2.37–2.67 Å). There would not be hydrogen bonds formed 
by Cys687 and Pro685. Furthermore, cysteine contains a 
highly reactive sulfhydryl group that forms two additional 
hydrogen bonds with Arg684. The sulfhydryl group intro-
duced by cysteine may offer the possibility of forming 
covalent disulfide bond cross-links with other cysteine-
containing proteins, resulting in the disruption of the local 
surrounding structure. As mentioned earlier, Ser687Cys is 
a spontaneous mutation, it must coexist with Gly210Arg on 
the paternal chromosome, or with Gly562Arg on the mater-
nal chromosome. We used AlphaFold to simulate mutant 
protein structure when two amino acids were substituted in 
one translation product. (Supplementary Fig. 1A, B) The 
prediction results show that Cys687 is far away from Arg210 
and Arg562, and there is no direct interaction between them. 
Despite this, the effect of Ser687Cys on protein structure is 
undeniable. We also applied AlphaFold to mimic the effect 
of the Ser687Cys mutation alone on protein structure. The 
prediction result of AlphaFold (Supplementary Fig. 1C) is 
similar to the result of Swiss-Pdb Viewer mentioned earlier 
in this article (Fig. 5F). The Ser687Cys mutation caused ser-
ine to be replaced by cysteine, which alters intermolecular 
forces between amino acid residues and increases instability 
of the mutant protein. By using these two different models 
in our computational analyses of protein stability, we will 
increase the robustness of our findings.

There is no doubt that in silico prediction cannot replace 
biological functional experiments. Phenotypic changes 
caused by gene mutations may not be significant because of 
gene dosage effects [14]. In addition, given the high risk of 

grade III bleeding, most patients start alternative treatment 
as soon as they are diagnosed, making genotype–phenotype 
association analysis more difficult to implement.

Conclusion

We reported a patient of inherited FXIII deficiency with 
ICH, who was a compound heterozygote with two known 
missense mutations (Gly210Arg and Gly562Arg) and a 
novel missense mutation (Ser687Cys) in the F13A1 gene, 
and a benign mutation in the F13B gene (Arg115His). Bio-
informatics analysis predicted the novel mutation to be a 
likely pathogenic gene. We acknowledge the limitations of 
the research. According to the current research results, it is 
premature to conclude that Ser687Cys is a disease-causing 
mutation, and more in vitro assays are needed to provide suf-
ficient evidence at the mRNA or protein level. In the future, 
we will try to construct in vitro expression vectors contain-
ing mutant cDNA to further study the effects of Ser687Cys 
mutation on gene transcription, protein synthesis and protein 
stability.
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