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Abstract: High plasma levels of factor VIII (FVIII) and von Willebrand factor (VWF) have been
indicated as independent risk factors for venous thromboembolism. However, the genetic factors
responsible for their increase remain poorly known. In a large Italian family with high FVIII/VWF lev-
els and thrombotic episodes, whole exome sequencing (WES) was performed on 12 family members
to identify variants/genes involved in FVIII/VWF increase. Twenty variants spread over a 8300 Kb
region on chromosome 5 were identified in 12 genes, including the low frequency rs13158382, located
upstream of the MIR143/145 genes, which might affect miR-143/145 transcription or processing. The
expression of miR-143/145 and VWF mRNA were evaluated in the peripheral blood mononuclear
cells of six family members. Members with the variant (n = 3) showed lower levels of both miRNAs
and higher levels of VWF mRNA compared to members without the variant (n = 3). An analysis of ge-
netic and expression data from a larger cohort of individuals from the 1000 Genomes and GEUVADIS
project confirmed a statistically significant reduction (p-value = 0.023) in miR-143 in heterozygous
(n = 35) compared to homozygous wild-type individuals (n = 386). This family-based study identified
a new genetic variant potentially involved in VWF increase by affecting miR-143/145 expression.

Keywords: high-throughput DNA sequencing; von Willebrand factor; factor VIII; microRNAs;
thrombosis

1. Introduction

Factor VIII (FVIII) is a plasma glycoprotein predominantly synthesized in the liver by
sinusoidal endothelial cells that circulates in a stable complex with von Willebrand factor
(VWF), a large multimeric glycoprotein synthesized by endothelial cells and megakary-
ocytes. It is constitutively secreted and released upon stimulation by endothelial cells and
secreted by activated platelets [1]. FVIII is involved in the intrinsic coagulation pathway by
promoting the activation of factor X. VWF plays a dual role in hemostasis by supporting
the adhesion and cohesion of platelets by acting as a ligand for their glycoproteins and
preventing the degradation of plasma FVIII. The levels of FVIII and VWF in plasma are
correlated, and both have been independently associated with a higher risk of venous
thromboembolism (VTE) [2–6].

VTE is a multifactorial disease that develops as the result of three major mechanisms:
blood stasis, endothelial damage, and hypercoagulability [7,8]. Several environmental
risk factors are known to predispose VTE [9], while genetic risk factors predisposing VTE
are partially known. Inherited risk factors that cause a hypercoagulable state, commonly
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known as thrombophilia abnormalities, include factor V Leiden (rs6025), the prothrombin
variant rs1799963, and deficiencies of the natural anticoagulants antithrombin, protein
C, and protein S. In addition, several genes mainly related to erythrocytes, platelets, and
inflammation, but also including F8 and VWF, that code for FVIII and VWF have been
associated with the risk of VTE in meta-analyses of genome-wide association studies [10,11].

Plasma FVIII coagulant activity (FVIII:C) >150 UI/dL has been associated with an
increased risk of VTE in a dose-dependent manner [12,13]. Moreover, high FVIII levels
have been associated with an increased risk of VTE recurrence [2,14,15]. Thus, plasma
levels of FVIII are sometimes measured as part of thrombophilia screening. High levels
of FVIII may be due to congenital or acquired conditions (e.g., systemic inflammation).
Only a few family-based studies have investigated the genetic factors responsible for FVIII
increase [16], and the mechanism of this association is not well characterized. Recently,
a prospective study confirmed the association between an increased risk of unprovoked
VTE and high plasma levels of VWF [6]. In healthy individuals, plasma levels of VWF
vary greatly, and approximately 65% of this variability is inherited [17] (with levels being
regulated by several genetic loci) [18,19]. In this study, whole exome sequencing (WES)
was performed on a large Italian family with high/extremely high levels of FVIII and
VWF and episodes of thrombosis to identify new genetic risk factors associated with
FVIII/VWF increase.

2. Results
2.1. Patient Data

In March 2016, an Italian woman (proband; II-8) was referred to the Angelo Bianchi
Bonomi Hemophilia and Thrombosis Center (Milan, Italy) after a distal deep vein throm-
bosis of the left leg. Over the next 4 months, the proband suffered from two additional
episodes of left-leg superficial thrombophlebitis. All the episodes were successfully treated
with low-molecular-weight heparin. Thrombophilia screening performed two weeks after
the second episode demonstrated very high levels of FVIII:C (>400%) (Figure 1, Table 1).
In three subsequent measurements performed during the 7-month follow-up period, high
or extremely high plasma levels of FVIII:C (up to 549%), FVIII antigen (FVIII:Ag) (520%),
VWF activity (VWF:RCo) (209%), and VWF antigen (VWF:Ag) (308%) were also found
(Table 1). FVIII and VWF were re-measured after 3 and 5 years. The levels decreased
but still remained high (Table 1). The activity of the VWF-cleaving protease ADAMTS13
was slightly high (167%), while normal levels of anticoagulant protein S (105%), protein C
(106%), and antithrombin (94%) were measured.
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Figure 1. Pedigree of the family. Levels of FVIII coagulant activity (FVIII:C) and VWF antigen
(VWF:Ag) are indicated below each symbol and reported as percentages (%) (FVIII:C normal range
51–147%; VWF:Ag normal range 40/55–165/169%). Values above the upper normal limits are
indicated in bold. The arrow indicates the proband. Barred boxes refer to deceased family members,
and gray boxes denote family members not tested by WES. na, not available.
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Table 1. Clinical and laboratory data of analyzed subjects.

Subject a Sex Age
at First Visit

Blood
Group BMI Thrombosis Comorbidity b Therapy FVIII:C

(51–147%)
FVIII:Ag

(51–147%)

VWF:Ag
(40–165%) c

(55–169%) d

VWF:RCo
(41–160%) c

(53–168%) d

Proband
II-8 F 51 B 40.1 Deep vein thrombosis

Superficial thrombophlebitis

Type III obesity
Diabetes

Dyslipidemia

Semaglutide
Ezetimibe
Vitamin D

415
389
398
549
239
269

-
-
-

520
-
-

-
-
-

308
151
210

-
-
-

209
133
157

II-2 M 55 B 29.1 no Overweight
Diabetes no 180 195 185 120

II-3 F 65 B 35.2
Pulmonary embolism

Superficial thrombophlebitis
Iliac artery stent

Type II obesity
Diabetes

Atrial fibrillation

Insulin
Vitamin K
antagonist

317 336 295 234

II-5 M 63 B 29.4 Superficial thrombophlebitis

Overweight
Diabetes

Hypertension
Prostate

carcinoma

Metformina
Antihypertensive

drug

397
225

458
-

390
210

307
157

II-6 M 57 O 19.0 no HIV Anti-retroviral drug 140 151 117 117

II-9 F 66 O 32.0 Iliac artery thrombosis Type I obesity Aspirin 188
189

194
-

194
203

145
176

III-1 F 12 B - - - - 142 - 111 103

III-2 M 19 B - no no no 101 - 89 72

III-3 M 10 B - - - - 200 - 227 146

III-5 F 31 O 25.7 no Overweight no 198 251 145 108

III-7 M 15 O 18.3 no no no 79 97 71 61

III-8 F 30 O 21.0 no no no 122 124 79 79

III-4 M - - - - - - 164 - 126 123

III-6 M - - - no no no 165 - 153 134

III-9 F - - - no no no 165 - 132 122

Abbreviations: F, female; M, male; BMI, body mass index; FVIII:C, factor VIII coagulant activity; FVIII:Ag, factor VIII antigen; VWF:Ag, von Willebrand factor antigen; VWF:RCo, von
Willebrand Ristocetin cofactor. a Subjects are named according to the pedigree depicted in Figure 1; subjects not analyzed via WES are in italics. b Diseases that may be associated with
an increase in FVIII/VWF levels. c Normal range for O blood type. d Normal range for non-O blood type. The “-” denotes unknown data.
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The family’s medical history revealed that three family members of the proband had
had venous (II-3, II-5) and arterial (II-9) thrombosis (Table 1). Factor V Leiden (C>T) and
prothrombin variant (G>A) genotyping performed on family members with available
DNA (II-2, II-3, II-5, II-6, II-8, II-9, III-1, III-2, III-3, III-5, III-7, III-8) showed homozygous
wild-type alleles (CC/GG) in all individuals except one (II-9) who was heterozygous for
the prothrombin variant (CC/GA). Extremely high levels of FVIII:C (up to 397%), FVIII:Ag
(up to 458%), VWF:RCo (up to 307%), and VWF:Ag (up to 390%) were also found in two
proband’s siblings (II-3, II-5). Furthermore, high FVIII:C levels (up to 200%) and VWF:Ag
(up to 227%) were measured in three family members (II-2, II-9, III-3), and four additional
members (III-4, III-5, III-6, III-9) showed FVIII levels that were slightly above the upper
limit of the normal range (Figure 1, Table 1).

In this family, additional disorders that may be associated with FVIII/VWF increase
were reported, including the following: obesity (II-8, II-3, II-9), overweight (II-2, II-5, III-
5), diabetes (II-8, II-2, II-3, II-5), dyslipidemia (II-8), atrial fibrillation (II-3), tumor and
hypertension (II-5) (Table 1). Thus, the effect of these comorbidities, age, and blood group
on high or extremely high FVIII and VWF levels was evaluated. For each variable, a
positive relationship was found with extremely high levels of FVIII:C (range: 317–400%)
and VWF:Ag (range: 295–390%) but not with high levels of FVIII:C (range: 180–200%) and
VWF:Ag (range: 185–227%) (Figure S1). Thus, in the family, the presence of high levels of
FVIII/VWF in (i) young subjects with O blood group and no/few comorbidities (Figure
S1A–C) and in (ii) two consecutive generations suggested a possible genetic predisposition
to high levels of both FVIII and VWF and an autosomal modality of inheritance of both
phenotypes. Hence, a whole exome sequencing study was initiated.

2.2. WES Reveals Variants Associated with High Levels of FVIII and VWF

WES was undertaken and carried out on subjects with DNA available at the time of
the analysis: the proband (II-8) and 11 family members (II-2, II-3, II-5, II-6, II-9, III-1, III-2,
III-3, III-5, III-7, III-8) (Figure 1, Table 1). After quality control, data analysis revealed a total
of 208,103 variants in 26,457 genes. Variants were filtered according to the plasma levels of
FVIII:C or VWF:Ag. Two case–control association analyses were then performed, assuming
an autosomal dominant inheritance model in both cases (high levels being present in two
consecutive family generations).

The FVIII-based analytical approach, conducted in seven cases (II-2, II-3, II-5, II-8,
II-9, III-3, III-5) with FVIII:C > 150% and five controls (II-6, III-1, III-2, III-7, III-8) with
FVIII:C < 150% (Figure 1, Table 1), allowed for the identification of three intronic variants in
the CYFIP2 gene and one synonymous variant in the FNDC9 gene (Table 2, part A) located
in the CYFIP2 intron 23. All the variants found in the heterozygous state in the cases but
absent in the controls were localized in a 56 Kb region on chromosome 5 and were common
SNPs with a minor allele frequency (MAF) ranging between 8 and 46% (Table 2, part A).

The VWF-based approach, performed on six cases (II-2, II-3, II-5, II-8, II-9, III-3) with
VWF:Ag > 180% and six controls (II-6, III-1, III-2, III-7, III-5, III-8) with VWF:Ag < 180%
(Figure 1, Table 1), allowed for the identification of 13 variants (7 intronic, 4 synonymous,
and 2 missense) in 9 genes (ARHGEF37, TCOF1, NDST1, CCDC69, SLC36A3, SPARC,
GALNT10, LARP1, and CYFIP2), 2 variants in the 5′UTR of THG1L gene, and 1 variant
located upstream of the MIR143/145 genes (Table 2, part B). All these variants, which
were found in the heterozygous state in the cases but not in the controls, were spread in a
~8300 Kb region of chromosome 5; most of them are common (MAF ranging 5.4–29.5%),
four have a low frequency (MAF 1.2–4.1%), one is rare (MAF 0.1%), and one is not reported
in dbSNP (Table 2, part B).
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Table 2. Variants identified via WES through (A) the FVIII-based approach and (B) the VWF-based approach.

(A)

PredictSNP2

Position a Variant dbSNP ID MAF b Gene RefSeq cDNA Protein Type of
Variant CADD DANN FATHMM FunSeq2 GWAVA Final

Output ClinVar

156714137 G>A rs2288068 0.093 CYFIP2 NM_001037333 c.207 + 20G>A / intronic neutral deleterious neutral deleterious deleterious neutral -

156727692 T>C rs3815829 0.082 CYFIP2 NM_001037333 c.388 − 31T>C / intronic neutral neutral neutral - neutral neutral -

156766037 A>G rs3734027 0.465 CYFIP2 NM_001037333 c.2386 − 28A>G / intronic deleterious neutral - deleterious neutral deleterious -

156770209 G>A rs10214194 0.229 FNDC9 NM_001001343 c.336C>T p.S112= synonymous deleterious neutral neutral neutral neutral neutral -

(B)

PredictSNP2

Position a Variant dbSNP ID MAF b Gene RefSeq cDNA Protein Type of
Variant CADD DANN FATHMM FunSeq2 GWAVA Final

Output ClinVar

148808474 C>T rs13158382 0.037 MIR143/145 NR_029684 c.−112C>T / upstream deleterious deleterious neutral deleterious neutral neutral -

149003532 C>A - - ARHGEF37 NM_001001669 c.1336 − 43C>A / intronic deleterious neutral - - deleterious neutral -

149776232 C>T rs15251 0.219 TCOF1 NM_001135243 c.4169C>T p.A1390V missense neutral deleterious neutral neutral - neutral benign

149776355 G>C rs45491898 0.016 TCOF1 NM_001135243 c.4292G>C p.G1431A missense neutral deleterious neutral neutral - neutral likely
benign

149919778 G>A rs61732050 0.041 NDST1 NM_001543 c.1701G>A p.A567= synonymous neutral neutral neutral neutral neutral neutral -

149932712 G>A rs62383060 0.001 NDST1 NM_001543 c.2530 − 63G>A / intronic deleterious neutral neutral neutral neutral neutral -

150578574 A>G rs3734038 0.195 CCDC69 NM_015621 c.303T>C p.N101= synonymous neutral neutral neutral neutral neutral neutral -

150603444 C>G rs248461 0.295 CCDC69 NM_015621 c.−40487 + 40G>C / intronic neutral neutral neutral deleterious neutral neutral -

150666933 C>A rs375396 0.218 SLC36A3 NM_001145017 c.705G>T p.L235= synonymous neutral neutral neutral neutral neutral neutral -

151046928 C>T rs729853 0.168 SPARC NM_003118 c.585 + 100G>A / intronic neutral neutral neutral - neutral neutral -

151054137 A>C rs2116780 0.170 SPARC NM_003118 c.120 + 36T>G / intronic neutral neutral neutral - neutral neutral -

153783753 C>T rs6580076 0.242 GALNT10 NM_198321 c.1146C>T p.A382= synonymous neutral neutral neutral neutral neutral neutral -

154135386 G>A rs78112077 0.054 LARP1 NM_015315 c.206 − 34499G>A / intronic neutral deleterious - neutral neutral deleterious -

156816521 C>T rs142867180 0.012 CYFIP2 NM_001037333 c.3446 + 86C>T / intronic deleterious neutral neutral deleterious neutral neutral -

157158414 C>A rs2270819 0.115 THG1L NM_017872 c.−35C>A / 5′UTR neutral deleterious deleterious - deleterious deleterious -

157158439 C>A rs2270818 0.115 THG1L NM_017872 c.−10C>A / 5′UTR deleterious neutral deleterious deleterious deleterious deleterious -

Abbreviations: MAF, minor allele frequency; CADD, Combined Annotation Dependent Depletion; DANN, Deleterious Annotation of Genetic Variants using Neural Networks;
FATHMM, Functional Analysis Through Hidden Markov Models; GWAVA, Genome-Wide Annotation of Variants; HGMD, Human Gene Mutation Database. The “-” denotes a variant
not properly evaluated via the means of a specific tool. a Genomic coordinates of chromosome 5 (hg19). b Frequency from 1000 Genomes Project Phase 3_European population.
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2.3. In Silico Prediction of Variants Identified by WES

The PredictSNP2 consensus classifier, which combined the five best performing predic-
tion methods (CADD, DANN, FATHMM, FunSeq2, and GWAVA) to provide a prediction
on the pathogenicity of the variants, was assessed. Among the four variants identified via
the FVIII:C approach, only the rs3734027 variant was predicted to be deleterious (Table 2,
part A). This is an A to G transition localized at -28 nucleotides from the acceptor splice site
(3′ss) of the CYFIP2 exon 21. This A>G nucleotide substitution was predicted by the Human
Splicing Finder tool (http://www.umd.be/HSF3/, accessed on 1 March 2019) to reduce
the branch point score from 95.75 to 66.12 (Figure S2A). Among the variants identified by
the VWF:Ag approach, the deep intronic variant rs78112077 in LARP1 and both rs2270818
and rs2270819 localized in the 5′UTR of THG1L were predicted to be deleterious (Table 2,
part B). The rs78112077 variant is a G to A transition that is localized in the exon 1 of the
LARP1 alternative transcripts NM_001367718 and NM_033551 (Figure S3A), resulting in
the synonymous Gly23 = substitution (Figure S3B), was also predicted via the use of the
NNSPLICE tool (https://www.fruitfly.org/seq_tools/splice.html, accessed on 15 February
2022) to activate an intronic cryptic donor splice site (5′ss) (score 0.75) localized 369 nt
upstream of the physiologic exon 1 5′ss (score 0.93) of the LARP1 alternative transcripts
NM_001367718 and NM_033551 (Figure S3C).

No deleterious effect was predicted by PredictSNP2 for the two rare intronic variants
in the ARHGEF37 and NDST1 genes (Table 2, part B).

The two missense variants (p.A1390V, rs15251 and p.G1431A, rs45491898) in TCOF1
were classified as benign and likely benign by ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/, accessed on 28 January 2019) (Table 2, part B).

The VarElect tool was also used to prioritize genes identified via WES analysis. A total
of nine genes with a direct (seven) or indirect (two) link with thrombosis, inflammation,
and VWF were found (Table 3). Among them, the MIR143, MIR145, and SPARC genes had
the higher score (range: 5.38–8.45) (Table 3). No pathogenic role was predicted for variants
rs729853 and rs2116780 in the SPARC gene (Table 2), and no correlation with the chosen
phenotypes was found for the CTB gene, the putative target of the regulatory elements
(promoter and enhancer) where these variants are localized (Table 3). Conversely, the
rs13158382 variant, mapped via EnhancerAtlas in the common promoter of MIR143/145
genes (Table 2, part B), was localized at −122 nucleotides from the mature miR-143 and
−7 nucleotides from the precursor of miR-143 with a possible role on miRNAs process-
ing/expression.

Taken together, these findings prompted us to further investigate the predicted
pathogenic role of the two intronic variants (rs3734027 and rs78112077) in CYFIP2 and
LARP1, the two variants (rs2270818 and rs2270819) in the 5′UTR of THG1L, and the
rs13158382 variant located upstream the MIR143/145 in vitro.

2.4. Analysis of Intronic Variants in CYFIP2 and LARP1

The effect of the CYFIP2 rs3734027 (A>G) and LARP1 rs78112077 (G>A) was evalu-
ated via reverse transcription (RT)-polymerase chain reaction (PCR) on total RNA from
peripheral blood mononuclear cells (PBMCs). An analysis of the CYFIP2 transcript in
the heterozygous (AG) proband and two homozygous (AA and GG) subjects showed
two amplicons of different intensity for all three analyzed samples (Figure S2B). Direct
sequencing of the strong high band (399 bp) showed expected splicing, while the low-light
band (199 bp) resulted from the skipping of exon 21. Quantitative polymerase chain reac-
tion (qPCR) analysis showed no increase in the skipped isoform in individuals with the
G allele (Figure S2B). Our analysis of LARP1 alternative transcripts in the heterozygous
(GA) proband and a homozygous (GG) subject showed no amplification of LARP1 in both
samples despite the amplification of the housekeeping GAPDH transcript, thus suggesting
a possible lack of expression of the alternative transcripts in the analyzed cells.

http://www.umd.be/HSF3/
https://www.fruitfly.org/seq_tools/splice.html
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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Table 3. VarElect gene prioritization.

Gene
(Direct) Category Matched

Phenotypes
Score

(Direct Gene)

MIR145 RNA Gene
thrombosis,

inflammation,
VWF

8.45

SPARC Protein
Coding

thrombosis,
inflammation,

VWF
5.60

MIR143 RNA Gene
thrombosis,

inflammation,
VWF

5.38

NDST1 Protein
Coding

thrombosis,
inflammation 0.80

CYFIP2 Protein
Coding

inflammation,
VWF 0.64

ARHGEF37 Protein
Coding VWF 0.15

CCDC69 Protein
Coding inflammation 0.14

Gene
(Indirect) Category Matched

Phenotypes
Score

(Indirect Gene)
Gene
(Target)

Score
(Target Gene)

THG1L Protein
Coding

thrombosis,
inflammation,

VWF
2.51 IL10 1.81

THG1L Protein
Coding

thrombosis,
inflammation,

VWF
2.51 TP53 1.02

THG1L Protein
Coding

thrombosis,
inflammation,

VWF
2.51 CALR 0.49

THG1L Protein
Coding

thrombosis,
inflammation,

VWF
2.51 PTEN 0.33

THG1L Protein
Coding

thrombosis,
inflammation,

VWF
2.51 SERPINE1 0.27

CARMN a Protein
Coding

thrombosis,
inflammation,

VWF
0.05 CSNK1A1 0.03

CARMN a Protein
Coding inflammation 0.05 IL17B 0.02

CARMN a Protein
Coding VWF 0.05 PCYOX1L 0.01

CARMN a Protein
Coding inflammation 0.05 GRPEL2 0.00

a MIR143 and MIR145 genes are localized in an exonic region and an intronic region of the CARMN gene,
respectively.

2.5. Analysis of 5′UTR Variants in THG1L

Expression of THG1L was evaluated in a larger cohort of subjects with and without the
rs2270818 (C>A) and rs2270819 (C>A) variants by retrieving RNA sequencing data available
at the GEUVADIS consortium. No statistically significant difference in gene expression was
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found among the groups of compound heterozygotes (CA/CA) and homozygotes (CC/CC;
AA/AA).

2.6. Analysis of the Variant in the Promoter of MIR143/145

The effect of the rs13158382 (C>T) variant on levels of miR-143 and miR-145 was first
evaluated in three heterozygous (CT) (II-8, II-5, II-9) and three homozygous (CC) (III-4,
III-6, III-9) family members. In them, levels of VWF and F8 mRNAs were also analyzed. A
slight reduction in both miR-143 and miR-145 and a slight increase in VWF compared to
homozygotes was observed in the heterozygous subjects (Figure 2A–C, respectively), while
no difference regarding F8 was observed between the two groups (Figure 2D). The observed
differences did not reach statistical significance, perhaps due to the very small number of
analyzed individuals. To confirm the putative effect of rs3158382 on miR-143 and miR-145
expression in a larger cohort, the genetic and miRNA profiling data of 452 subjects from the
GEUVADIS project were obtained and analyzed. A total of 31 subjects—27 homozygous
(CC) and 4 heterozygous (CT)—who exceeded the first or the third interquartile were
excluded from the analysis as outliers. Due to the non-normal distribution of miRNA ex-
pression values (Shapiro–Wilk: p-value = 0.03653), the nonparametric test (Mann–Whitney
U) was performed and confirmed the statistical significance (p-value = 0.023) of the reduc-
tion in miR-143 expression among the heterozygous subjects compared to the homozygous
wild-type ones (Figure 3A). The expression levels of miR-145 were too low to allow for
a differential expression analysis. The mRNA data of VWF and F8 were also retrieved
and analyzed using the same statistical approach; levels of VWF expression were too low
(mean count of unnormalized matrix < 7) to allow a differential expression analysis, and no
difference in the expression of F8 was found (Figure 3B).
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Figure 2. rs13158382 (C>T) variant and transcript levels in heterozygous and homozygous family
members. Box plots show the relative quantitation (RQ) of (A) miR-143, (B) miR-145, (C), VWF, and
(D) F8 transcripts in heterozygous (CT) and homozygous (CC) family members. “n” denotes the
number of analyzed individuals for each genotype.
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Figure 3. rs13158382 (C>T) variant and transcript levels in heterozygous and homozygous subjects
from the GEUVADIS project. Box plots show the number of reads of (A) miR-143 and (B) F8 evaluated
in heterozygous (CT) and homozygous (CC) subjects from the GEUVADIS project. “n” denotes the
number of analyzed individuals for each genotype.

2.7. Impact of the rs13158382 Variant on miRNA Synthesis and Processing

Additional investigations were performed in order to assess whether the reduction in
mature miRNAs resulted from a lowered synthesis of primary miRNA (pri-miRNA) and/or
from the aberrant processing of precursor miRNA (pre-miRNA). Levels of pri-miRNA-
143/145, evaluated in heterozygous (CT) (II-5, II-9) and homozygous (CC) (III-4, III-6,
III-9) family members were slightly reduced in heterozygotes compared to homozygotes
(Figure S4), thus suggesting that the rs13158382 variant had an impact on miRNA synthesis.
The impact of the rs13158382 variant on the secondary structure of the pre-miR-143 was
also evaluated using the miRVaS tool. Three different representations of secondary struc-
tures (centroid, maximal expected accuracy, and minimal free energy) were accessed. All
strategies predicted structural changes in the hairpin and flanking regions that may affect
miRNA processing, such as an alteration of Drosha cleavage site (Figure 4). The effect of
rs13158382 on the secondary structure of miR-145 could not be predicted since this variant
is located 1735 nucleotides upstream of the pre-miRNA sequence.
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Figure 4. Prediction of miR-143 secondary structures. (A) miRVaS visual output shows the predicted
structure of pri-miR-143 with (Variant) and without (Reference) the rs13158382 variant. A structural
change in the 5p flanking region upstream of the hairpin arm is shown. Functional regions within the
pre-miRNA are differentially colored: seed sequence (orange), mature miRNAs (magenta), terminal
loop (blue), hairpin arm (cyan). The localization of the rs13158382 variant (red) and the nucleotides
involved in putative structural changes (black) are highlighted. (B) miRVaS output shows the
predicted most important region (arm) with a structural impact and the predicted conservation of
the hairpin along with the number of changed bases within the hairpin. All predictions are based
on minimal free energy (MFE), maximal expected base-pair accuracy (MEA), and the smallest total
base-pair distance to the sampled structures of that ensemble (centroid).
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3. Discussion

A large Italian family presenting with high/extremely high levels of both FVIII and
VWF was investigated to identify new genetic factors predisposing to FVIII/VWF increase.
Since, in the general population, VWF:Ag and FVIII:C levels are regulated by genetic
(blood group) and acquired factors (comorbidities, body mass index, age) [20], the putative
contribution of these variables on the levels of FVIII and VWF was evaluated in the family.
The expected correlation was found in subjects with normal and extremely high levels
of FVIII/VWF (>500% the lower limit of normal ranges). Conversely, no correlation was
found in family members with high levels (up to 300% the lower limit of normal ranges)
(Figure S1). These observations suggested the presence of a possible genetic predisposition
to high FVIII/VWF levels, coupled with an additive effect of non-O blood group, elderly
age, and other acquired variables on the additional FVIII/VWF increase in family members
with extremely high levels of VWF. Levels (normal/high/extremely high) of FVIII and
VWF were positively correlated in the majority (11) of family members; only 4 members
(III-4, III-5, III-6, III-9) had FVIII levels slightly above the upper normal limit and VWF
levels in the normal range. Since member III-3 had FVIII levels similar to those of member
III-5 (200% vs. 198%) but higher levels of VWF (227% vs. 145%) (Figure 1, Table 1), the
reduced levels of VWF found in III-5 could be assay-related or partially due to the different
blood groups (non-O vs. O) that are known to contribute to ~15% of the VWF:Ag variance
in plasma [21]. In our family, high levels of FVIII and VWF were found in two consecutive
generations, suggesting an autosomal dominant inheritance of both phenotypes (Figure 1).
Hence, two (FVIII and VWF based) case–control association analyses were performed on
WES data, leading to the identification of two overlapping regions on chromosome 5 (56 Kb
at q32 and 8350 Kb at q32-q33.3, respectively) (Table 2). This result is not surprising because
FVIII is bound by VWF, and the plasma levels of the two proteins are closely related.
Indeed, VWF deficiency is accompanied by low levels of FVIII, and, in turn, increased VWF
levels induce an increase in FVIII [22,23]. In addition, previous genetic association studies
identified and replicated few loci associated with FVIII plasma levels that were a subset
of 15 loci spread on different chromosomes associated with VWF plasma levels [18,24–26].
Concerning chromosome 5, two genes (TMEM171 and TNPO1) localized at q13.2 have been
functionally characterized in vitro, and their silencing was found to increase the release of
VWF by HUVEC cells [18].

Among the genes identified by our analysis, only NDST1, CYFIP2, and MIR143/145
have a putative functional link to VWF. NDST1 is involved in the differentiation of embry-
onic stem cells into endothelial cells, with transcript and protein levels of NDST1 being
directly correlated to the levels of VWF in endothelial cells [27]. CYFIP2 protein is a compo-
nent of the WAVE1 complex; the binding of WAVE1 to RAC1 mediates actin polymerization,
and the depletion of RAC1 has been demonstrated to prevent VWF secretion in HUVEC
cells [28]. Concerning miR-143 and miR-145, their downregulation has been associated
with the upregulation of the VWF protein in patients with acute coronary syndrome and
of the VWF transcript during the endothelial differentiation of human adipose-derived
stem cells (hADSCs) [29–31]. It is worth noting that individuals in the family under study
with reduced levels of miR-143/145 and high (II-9)/extremely high (II-3, II-8) levels of
VWF suffer from a different type of obesity (Table 1). miR-143 and miR-145 have also
been linked to thrombosis. In particular, the intravenous injection of miR-145-transfected
endothelial progenitor cells (EPCs) facilitates the recanalization of arterial thrombi [32].
Coagulation factor XI and tissue factor (TF) are targets of miR-145 [33,34]; in patients with
VTE, both proteins were elevated, and an inverse correlation between miR-145 levels and
TF levels was observed [34]. Moreover, the restoration of miR-145 levels in thrombotic
rats via miR-145 mimic delivery resulted in decreased TF level and activity, accompanied
by reduced thrombogenesis [34]. Since TF is a potent stimulator of VWF secretion [35], a
possible link between the reduction in miR-143/145 and increase in VWF mediated by TF
may be hypothesized, but TF measurements were not performed for our family members.
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Low levels of miR-143 and miR-145 are also associated with metabolic diseases such
as type 2 diabetes, atherosclerosis, obesity, and an increased inflammatory response [36–38].
Recently, it has been reported that miR-145, which is secreted by mesenchymal-stem-
cells, packaged in exosomes, and delivered to endothelial cells, reduces the formation
of atherosclerotic plaques in mice [39]. It is worth noting that several diseases, such as
diabetes, obesity, cancer, and hypertension, were present in our family members.

Very recently, experiments in HEK293 and HUVEC cell lines also demonstrated that
miR-143 could target and inhibit VWF [40].

In vitro and in silico studies on the identified variants highlighted a possible causal
role only for the low-frequency rs13158382 variant (located upstream of the MIR143/145
genes). The MIR143/145 genes clustered at 5q32 share a common promoter consisting
of a conserved region of 4.2 Kb that regulates their expression. miR-143 and miR-145
are co-transcribed into a single bicistronic unit consisting of a primary transcript (pri-
miRNA) [41] with a hairpin structure and are released into the nucleus as precursor miRNA
(pre-miRNA) after Drosha and DGCR8 cleavage [42]. The identified rs13158382 variant is a
low-frequency SNPs (MAF 0.037) located 7-bp from pre-miRNA that has been previously
predicted to modify a transcription factor binding site [43]. Two other SNPs (rs4705342 and
rs4705343), located in the promoter of MIR143/145 at −400 and −510 bp, respectively, have
been functionally characterized via dual-luciferase reporter assays and have been found
to increase and reduce luciferase activity respectively, thus suggesting altered promoter
activity and miR-143/145 synthesis [44,45], as observed in our family (Figure S4).

Since genetic variants in or close to miRNA genes can affect structural modifica-
tions [46], we also assessed the impact of the rs13158382 variant on the secondary structure
of pre-miR-143 using the mirVAS tool. A conformational change in the miRNA secondary
structure was predicted, with potential consequences on mature miRNA processing.

To assess the (inverse) correlation between miR-143/145 and VWF transcript levels,
we performed transcript analysis in the available cells (PBMCs) of family members with
and without the rs13158382 variant. The expected trend was observed, even if differences
were not statistically significant, perhaps due to the small number of analyzed samples
and low (i.e., ectopic) expression of F8/VWF in PBMCs. To further tackle this issue, we
analyzed miR-143, miR-145, F8, and VWF transcript data from a larger cohort of sub-
jects [47]. A differential expression analysis, feasible only for miR-143 and F8, confirmed a
statistically significant reduction in miR-143 in heterozygous rs13158382 individuals, thus
suggesting a possible role for the identified variant in miR-143 expression. We assessed
BioGPS, Geo Profiles, and ImmGen Project databases containing expression data [48], but
no genetic and transcriptional evidence concerning cells expressing the VWF were available
for further analyses.

The limitations of this study are attributable to the following: (i) the unavailability of
endothelial cells to evaluate the real expression of F8/VWF transcripts and (ii) the lack of
in vitro studies to confirm the role of the rs13158382 variant on miR-143/145 transcription
or processing. Hence, a luciferase assay should be performed to confirm our findings. In
conclusion, notwithstanding the aforementioned limitations, there is evidence that the
rs13158382 variant modulated miR-143/145 expression, even though deeper investigations
are needed in order to understand the effective contribution of this genetic variant to
miRNA expression and to elucidate new possible molecular mechanisms underlying VWF
expression and VTE. If confirmed, the rs13158382 variant may become a new genetic
risk factor of VTE and miR-143/145 potential biomarkers of VTE and a potential future
therapeutic tool to reduce VWF expression.

4. Materials and Methods
4.1. Patients and Blood Samples

A 51-year-old Italian woman (proband; II-8) and a total of 14 proband’s family mem-
bers (5 siblings: II-2, II-3, II-5, II-6, II-9; 2 children: III-7 III-8; and 7 nieces/nephews; III-1,
III-2, III-3, III-4, III-5, III-6, III-7, III-8, III-9) were investigated (Figure 1). All individuals
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signed an informed consent form prior to blood sampling. A total of 10 mL of whole
blood were collected in sodium citrate tubes for plasma separation and DNA extraction. In
addition, 2.5 mL of whole blood were collected in PaxGene® tubes (BD, Franklin Lakes, NJ,
USA) for RNA extraction.

4.2. Plasma Measurements

Plasma was obtained via the centrifugation of sodium citrate tubes at 3000 rpm
for 15 min at room temperature. FVIII:C and FVIII:Ag were measured via a one-stage
clotting assay [49] and via enzyme immunoassay, respectively, using the Asserachrom
VIII:Ag kit (Stago, Asnières sur Seine, France) (normal range for both tests: 51–147%).
VWF:RCo and VWF:Ag were evaluated using the von Willebrand Ristocetin Cofactor
(normal range 41–160% and 53–168% for O and non-O blood groups, respectively) and
an automated immunoassay on ACL TOP analyzer (Instrumentation Laboratory, Milan,
Italy), respectively (normal range: 40–165% and 55–169% for O and non-O blood groups,
respectively). ADAMTS13 activity was measured using FRETS-VWF73 [50] (normal range:
45–138%). The activity of antithrombin (AT), protein C (PC), and protein S (PS) were
measured via chromogenic (AT, PC) and clotting (PS) assays (Instrumentation Laboratory,
Milan, Italy) using an ACL TOP analyzer (normal range: 82–112%, 65–160%, and 58–114%,
respectively).

4.3. DNA and RNA Extraction

Genomic DNA was extracted from PBMCs via the standard salting-out method [51].
Total RNA, including miRNA, was extracted from whole blood using the PaxGene®

Blood miRNA kit (Preanalytix, Zurich, Switzerland), following manufacturer’s protocol.
The DNA and RNA samples were quantified using the NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). A total of 15 DNA samples (12 collected
before and 3 after the whole exome sequencing) and 6 RNA samples were available
for study.

4.4. WES and Data Analysis

WES was performed on proband and 11 family members (II-2, II-3, II-5, II-6, II-9,
III-1, III-2 III-3, III-5, III-7, III-8) (Figure 1). Library preparation was performed using the
SureSelect Human All Exon kit (Agilent Technologies, Santa Clara, CA, USA) according to
the manufacturer’s instructions. The sequencing of paired-end fragments was conducted
on an Illumina HiSeq 2500 sequencing platform (Illumina, San Diego, CA, USA) at the
Genewiz (Genewiz, South Plainfield, NJ, USA).

Raw sequencing data were analyzed according to the guidelines of the Broad Insti-
tute (https://software.broadinstitute.org/gatk/best-practices/, accessed on 25 January
2019) [52]. The quality of the FASTQ files was verified using FastQC v0.11.5 (Babraham Insti-
tute, Cambridge, UK) [53]. The reads were aligned to the reference genome (GRCh37/hg19)
using the Burrows–Wheeler Aligner v0.7.17 [54], and indel realignment was conducted
using the GATK toolkit v4.0.12.0. The bed file for the analysis was padded with 100 nu-
cleotides. Variants were called using the haplotype caller (GATK), and the obtained VCF file
was annotated via the use of Annovar (https://annovar.openbioinformatics.org/en/latest/,
accessed on 28 January 2019) [55] and KGGseq v.1.0 [56]. Variants with allele numbers > 2, a
lack of the vcf filter in PASS, and a sequencing quality score < 30 were removed. Genotypes
with depth reads < 10 and a quality score < 20 were excluded from analysis.

High levels of FVIII and VWF were considered as two different phenotypes, and
variant filtering was performed twice. Variants were filtered according to an autosomal
dominant inheritance model of high levels of FVIII or VWF; variants observed to be in
the heterozygous state in all family members with FVIII:C > 150% or VWF:Ag > 180%
(i.e., cases) and absent in individuals with FVIII:C < 150% or VWF:Ag < 180% (i.e., controls)
were further analyzed (FVIII and VWF cut-off values were chosen based upon literature

https://software.broadinstitute.org/gatk/best-practices/
https://annovar.openbioinformatics.org/en/latest/
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data and the upper normal limits of FVIII/VWF measurement assays). Only variants with
a call rate of 100% were included.

4.5. Prioritization of Variants and Genes

The effect of the identified variants was predicted in silico using the PredictSNP2 tool
v2.1 [57]. The localization of variants in predicted regulatory regions was accomplished
using the Enhancer Atlas (http://enhanceratlas.org/, accessed on 17 September 2021)
database [58]. Genes were prioritized based on the phenotype of interest (i.e., thrombosis,
VWF disease, and inflammation) using the VarElect tool (https://varelect.genecards.org/,
accessed on 17 September 2021) [59]. Genotyping of cases and controls was performed
via the direct sequencing of the regions encompassing the identified variants using the
BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Waltham,
MA, USA) and an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). Primers and
PCR conditions are available upon request.

4.6. First-Strand cDNA Synthesis and qPCR

First-strand cDNA synthesis was performed on total RNA by using random nonamers
and the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher, Waltham, MA,
USA). miRNA-specific RT was performed on total RNA by using a specific RT primer and
the TaqMan™ MicroRNA Reverse Transcription kit (Thermo Fisher).

The genotyping of factor V Leiden and the prothrombin variant was performed on
175 ng of DNA by using the Q-PCR Alert Kit (ELITechGroup, Berkhamsted, UK).

Expression analysis of F8, VWF, pri-miRNA-143/145, and the TBP housekeeping
gene was performed on 50 ng of cDNA by using TaqMan™ Gene Expression Assays
Hs00252034_m1, Hs01109446_m1, Hs03303166_pri/Hs03303169_pri, Hs00427620_m1, re-
spectively (Thermo Fisher), and TaqMan Fast Advanced Master mix (Thermo Fisher).
Expression analysis of miR-143 (hsa-miR-143-3p), miR-145 (hsa-miR-145-5p), and of the
housekeeping RNU6B was performed on 50 ng of miRNA specific cDNA by using Taq-
Man™ MicroRNA Assays 002249, 002278, 001093, respectively (Thermo Fisher), and Taq-
Man Fast Advanced Master mix (Thermo Fisher).

The fluorescence signals were monitored using the StepOnePlus Real-Time PCR system
(Applied Biosystems) and StepOne software v2.3 (Applied Biosystems). Two duplicates of
each sample were analyzed, and the relative amounts were determined using the 2−∆∆Ct
method. Student’s t-test was applied for the statistical analysis.

4.7. In Silico Analysis of Public Expression Data

RNAseq data available at the GEUVADIS consortium (https://www.internationalgenome.
org/data-portal/data-collection/geuvadis, accessed on 20 September 2021) [47] and ob-
tained from lymphoblastoid cell lines of 465 subjects enrolled in the 1000 Genomes project
were analyzed. The relative normalized expression matrix of mRNA and miRNA were
downloaded from the EBI Array Express archive (https://www.ebi.ac.uk/arrayexpress/
files/E-GEUV-1/analysis_results/GD462.GeneQuantRPKM.50FN.samplename.resk10.txt.
gz (accessed on 20 September 2021) and http://www.ebi.ac.uk/arrayexpress/files/E-
GEUV-3/analysis_results/GD452.MirnaQuantCount.1.2N.50FN.samplename.resk10.txt, re-
spectively, accessed on 20 September 2021). For each variant, the genotype of each sub-
ject was downloaded (https://www.ebi.ac.uk/arrayexpress/files/E-GEUV-1/genotypes/,
accessed on 20 September 2021), and data were extracted using VCFtools v.0.1.16 [60].
Statistical analysis was performed using R-4.1.0. Outliers exceeding 1.5× the first or the
third interquartile were excluded from the analysis. The Shapiro–Wilk test was used to
check the expression value distribution. A non-parametric Mann–Whitney U-test was
used to evaluate the differential expression of miRNAs. A p-value < 0.05 was considered
statistically significant.

http://enhanceratlas.org/
https://varelect.genecards.org/
https://www.internationalgenome.org/data-portal/data-collection/geuvadis
https://www.internationalgenome.org/data-portal/data-collection/geuvadis
https://www.ebi.ac.uk/arrayexpress/files/E-GEUV-1/analysis_results/GD462.GeneQuantRPKM.50FN.samplename.resk10.txt.gz
https://www.ebi.ac.uk/arrayexpress/files/E-GEUV-1/analysis_results/GD462.GeneQuantRPKM.50FN.samplename.resk10.txt.gz
https://www.ebi.ac.uk/arrayexpress/files/E-GEUV-1/analysis_results/GD462.GeneQuantRPKM.50FN.samplename.resk10.txt.gz
http://www.ebi.ac.uk/arrayexpress/files/E-GEUV-3/analysis_results/GD452.MirnaQuantCount.1.2N.50FN.samplename.resk10.txt
http://www.ebi.ac.uk/arrayexpress/files/E-GEUV-3/analysis_results/GD452.MirnaQuantCount.1.2N.50FN.samplename.resk10.txt
https://www.ebi.ac.uk/arrayexpress/files/E-GEUV-1/genotypes/
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4.8. Secondary Structure Prediction

The impact of the genetic variant on miRNA secondary structure was predicted
using the mirVAS tool (http://mirvas.bioinf.be/, accessed on 8 October 2021); the default
setting (i.e., 100 nucleotides upstream and downstream of the pre-miR-143) was used for
the analysis.
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https://www.mdpi.com/article/10.3390/ijms241814167/s1.

Author Contributions: Conceptualization, S.S., A.C., F.G., I.G., I.M. and F.P.; methodology, A.C.;
validation, A.C.; formal analysis, S.S. and A.C.; investigation, S.S., A.C., E.P., M.M. and I.G.; resources,
F.G. and I.M.; data curation, A.C.; writing—original draft preparation, S.S. and A.C.; writing—review
and editing, S.S. and A.C.; visualization, S.S.; supervision, F.P.; project administration, S.S., A.C.
and F.P.; funding acquisition, F.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research study was funded by the Bando Ricerca Corrente 2021 and 2022 (RC2021 and
RC2022).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Fondazione IRCCS Ca’ Granda,
Ospedale Maggiore Policlinico, Milan (444_2016, 19 July 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data sharing is not applicable.

Acknowledgments: The authors acknowledge the support of the APC central fund of the University
of Milan. The authors also thank Cristina Novembrino, Massimo Boscolo, Giovanna Cozzi, and Paola
Colpani (Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Angelo Bianchi Bonomi
Hemophilia and Thrombosis Center, Milan, Italy) for plasma measurements of FVIII/VWF and Luigi
Flaminio Ghilardini (Università degli Studi di Milano, Milan) for providing help with the figures.
Pier Mannuccio Mannucci critically revised the manuscript.

Conflicts of Interest: F.P. is consultant/advisory board member for CSL Behring, Biomarin, Roche,
Sanofi, Sobi, and has participated in speaker’s bureau for Takeda/Spark. The authors declare no
additional conflict of interest.

References
1. Terraube, V.; O’Donnell, J.S.; Jenkins, P.V. Factor VIII and von Willebrand factor interaction: Biological, clinical and therapeutic

importance. Haemophilia 2010, 16, 3–13. [CrossRef] [PubMed]
2. Kyrle, P.A.; Minar, E.; Hirschl, M.; Bialonczyk, C.; Stain, M.; Schneider, B.; Weltermann, A.; Speiser, W.; Lechner, K.; Eichinger,

S. High plasma levels of factor VIII and the risk of recurrent venous thromboembolism. N. Engl. J. Med. 2000, 343, 457–462.
[CrossRef] [PubMed]

3. Tsai, A.W.; Cushman, M.; Rosamond, W.D.; Heckbert, S.R.; Tracy, R.P.; Aleksic, N.; Folsom, A.R. Coagulation factors, inflammation
markers, and venous thromboembolism: The longitudinal investigation of thromboembolism etiology (LITE). Am. J. Med. 2002,
113, 636–642. [CrossRef] [PubMed]

4. Pépin, M.; Kleinjan, A.; Hajage, D.; Büller, H.R.; Di Nisio, M.; Kamphuisen, P.W.; Salomon, L.; Veyradier, A.; Stepanian, A.; Mahé,
I. ADAMTS-13 and von Willebrand factor predict venous thromboembolism in patients with cancer. J. Thromb. Haemost. 2016, 14,
306–315. [CrossRef]

5. Cohen, W.; Castelli, C.; Suchon, P.; Bouvet, S.; Aillaud, M.F.; Brunet, D.; Barthet, M.C.; Alessi, M.C.; Trégouët, D.A.; Morange,
P.E. Risk assessment of venous thrombosis in families with known hereditary thrombophilia: The MARseilles-Nimes prediction
model. J. Thromb. Haemost. 2014, 12, 138–146. [CrossRef]

6. Edvardsen, M.S.; Hindberg, K.; Hansen, E.S.; Morelli, V.M.; Ueland, T.; Aukrust, P.; Brækkan, S.K.; Evensen, L.H.; Hansen,
J.B. Plasma levels of von Willebrand factor and future risk of incident venous thromboembolism. Blood Adv. 2021, 5, 224–232.
[CrossRef]

7. Virchow, R. Thrombose und Embolie. Gefässentzündung und Septische Infektion. In Gesammelte Abhandlungen zur Wis-
senschaftlichen Medicin; Von Meidinger & Sohn: Frankfurt am Main, Germany, 1856; pp. 219–732.

8. Bagot, C.N.; Arya, R. Virchow and his triad: A question of attribution. Br. J. Haematol. 2008, 143, 180–190. [CrossRef]
9. Khan, F.; Tritschler, T.; Kahn, S.R.; Rodger, M.A. Venous thromboembolism. Lancet 2021, 398, 64–77. [CrossRef]

http://mirvas.bioinf.be/
https://www.mdpi.com/article/10.3390/ijms241814167/s1
https://doi.org/10.1111/j.1365-2516.2009.02005.x
https://www.ncbi.nlm.nih.gov/pubmed/19473409
https://doi.org/10.1056/NEJM200008173430702
https://www.ncbi.nlm.nih.gov/pubmed/10950667
https://doi.org/10.1016/S0002-9343(02)01345-1
https://www.ncbi.nlm.nih.gov/pubmed/12505113
https://doi.org/10.1111/jth.13205
https://doi.org/10.1111/jth.12461
https://doi.org/10.1182/bloodadvances.2020003135
https://doi.org/10.1111/j.1365-2141.2008.07323.x
https://doi.org/10.1016/S0140-6736(20)32658-1


Int. J. Mol. Sci. 2023, 24, 14167 16 of 18

10. Lindström, S.; Wang, L.; Smith, E.N.; Gordon, W.; van Hylckama Vlieg, A.; de Andrade, M.; Brody, J.A.; Pattee, J.W.; Haessler,
J.; Brumpton, B.M.; et al. Genomic and transcriptomic association studies identify 16 novel susceptibility loci for venous
thromboembolism. Blood 2019, 134, 1645–1657. [CrossRef]

11. Thibord, F.; Klarin, D.; Brody, J.A.; Chen, M.H.; Levin, M.G.; Chasman, D.I.; Goode, E.L.; Hveem, K.; Teder-Laving, M.; Martinez-
Perez, A.; et al. Cross-Ancestry Investigation of Venous Thromboembolism Genomic Predictors. Circulation 2022, 146, 1225–1242.
[CrossRef]

12. Jenkins, P.V.; Rawley, O.; Smith, O.P.; O’Donnell, J.S. Elevated factor VIII levels and risk of venous thrombosis. Br. J. Haematol.
2012, 157, 653–663. [CrossRef] [PubMed]

13. Saleem, T.; Burr, B.; Robinson, J.; Degelman, K.; Stokes, J.; Noel, C.; Fuller, R. Elevated plasma factor VIII levels in a mixed patient
population on anticoagulation and past venous thrombosis. J. Vasc. Surg. Venous Lymphat. Disord. 2021, 9, 1119–1127. [CrossRef]
[PubMed]

14. Kraaijenhagen, R.A.; in’t Anker, P.S.; Koopman, M.M.; Reitsma, P.H.; Prins, M.H.; van den Ende, A.; Büller, H.R. High plasma
concentration of factor VIIIc is a major risk factor for venous thromboembolism. Thromb. Haemost. 2000, 83, 5–9. [PubMed]

15. Cristina, L.; Benilde, C.; Michela, C.; Mirella, F.; Giuliana, G.; Gualtiero, P. High plasma levels of factor VIII and risk of recurrence
of venous thromboembolism. Br. J. Haematol. 2004, 124, 504–510. [CrossRef]

16. Soria, J.M.; Almasy, L.; Souto, J.C.; Buil, A.; Martinez-Sanchez, E.; Mateo, J.; Borrell, M.; Stone, W.H.; Lathrop, M.; Fontcuberta, J.;
et al. A new locus on chromosome 18 that influences normal variation in activated protein C resistance phenotype and factor VIII
activity and its relation to thrombosis susceptibility. Blood 2003, 101, 163–167. [CrossRef]

17. Swystun, L.L.; Lillicrap, D. Genetic regulation of plasma von Willebrand factor levels in health and disease. J. Thromb. Haemost.
2018, 16, 2375–2390. [CrossRef]

18. Sabater-Lleal, M.; Huffman, J.E.; de Vries, P.S.; Marten, J.; Mastrangelo, M.A.; Song, C.; Pankratz, N.; Ward-Caviness, C.K.; Yanek,
L.R.; Trompet, S.; et al. Genome-wide association transethnic meta-analyses identifies novel associations regulating coagulation
factor VIII and von Willebrand factor plasma levels. Circulation 2019, 139, 620–635. [CrossRef]

19. Smith, N.L.; Rice, K.M.; Bovill, E.G.; Cushman, M.; Bis, J.C.; McKnight, B.; Lumley, T.; Glazer, N.L.; van Hylckama Vlieg, A.; Tang,
W.; et al. Genetic variation associated with plasma von Willebrand factor levels and the risk of incident venous thrombosis. Blood
2011, 117, 6007–6011. [CrossRef]

20. Biguzzi, E.; Castelli, F.; Lijfering, W.M.; Cannegieter, S.C.; Eikenboom, J.; Rosendaal, F.R.; van Hylckama Vlieg, A. Rise of levels
of von Willebrand factor and factor VIII with age: Role of genetic and acquired risk factors. Thromb. Res. 2021, 197, 172–178.
[CrossRef]

21. Shima, M.; Fujimura, Y.; Nishiyama, T.; Tsujiuchi, T.; Narita, N.; Matsui, T.; Titani, K.; Katayama, M.; Yamamoto, F.; Yoshioka, A.
ABO blood group genotype and plasma von Willebrand factor in normal individuals. Vox Sang. 1995, 68, 236–240. [CrossRef]

22. Samai, A.; Monlezun, D.; Shaban, A.; George, A.; Dowell, L.; Kruse-Jarres, R.; Schluter, L.; El Khoury, R.; Martin-Schild, S. Von
Willebrand factor drives the association between elevated factor VIII and poor outcomes in patients with ischemic stroke. Stroke
2014, 45, 2789–2791. [CrossRef]

23. Lippi, G.; Franchini, M.; Salvagno, G.L.; Montagnana, M.; Poli, G.; Guidi, G.C. Correlation between von Willebrand factor antigen,
von Willebrand factor ristocetin cofactor activity and factor VIII activity in plasma. J. Thromb. Thrombolysis 2008, 26, 150–153.
[CrossRef]

24. Huffman, J.E.; de Vries, P.S.; Morrison, A.C.; Sabater-Lleal, M.; Kacprowski, T.; Auer, P.L.; Brody, J.A.; Chasman, D.I.; Chen, M.-H.;
Guo, X.; et al. Rare and low-frequency variants and their association with plasma levels of fibrinogen, FVII, FVIII, and vWF. Blood
2015, 126, e19–e29. [CrossRef] [PubMed]

25. Johnsen, J.M.; Auer, P.L.; Morrison, A.C.; Jiao, S.; Wei, P.; Haessler, J.; Fox, K.; McGee, S.R.; Smith, J.D.; Carlson, C.S.; et al.
Common and rare von Willebrand factor (VWF) coding variants, VWF levels, and factor VIII levels in African Americans: The
NHLBI Exome Sequencing Project. Blood 2013, 122, 590–597. [CrossRef] [PubMed]

26. Smith, N.L.; Chen, M.H.; Dehghan, A.; Strachan, D.P.; Basu, S.; Soranzo, N.; Hayward, C.; Rudan, I.; Sabater-Lleal, M.; Bis,
J.C.; et al. Novel associations of multiple genetic loci with plasma levels of factor VII, factor VIII, and von Willebrand factor:
The CHARGE (Cohorts for Heart and Aging Research in Genome Epidemiology) Consortium. Circulation 2010, 121, 1382–1392.
[CrossRef]

27. Harfouche, R.; Hentschel, D.M.; Piecewicz, S.; Basu, S.; Print, C.; Eavarone, D.; Kiziltepe, T.; Sasisekharan, R.; Sengupta, S.
Glycome and transcriptome regulation of vasculogenesis. Circulation 2009, 120, 1883–1892. [CrossRef]

28. van Hooren, K.W.; van Breevoort, D.; Fernandez-Borja, M.; Meijer, A.B.; Eikenboom, J.; Bierings, R.; Voorberg, J.
Phosphatidylinositol-3,4,5-triphosphate-dependent Rac exchange factor 1 regulates epinephrine-induced exocytosis of
Weibel-Palade bodies. J. Thromb. Haemost. 2014, 12, 273–281. [CrossRef] [PubMed]

29. Xue, Y.N.; Yan, Y.; Chen, Z.Z.; Chen, J.; Tang, F.J.; Xie, H.Q.; Tang, S.J.; Cao, K.; Zhou, X.; Wang, A.J.; et al. LncRNA TUG1
regulates FGF1 to enhance endothelial differentiation of adipose-derived stem cells by sponging miR-143. J. Cell. Biochem. 2019,
120, 19087–19097. [CrossRef] [PubMed]

30. Arderiu, G.; Peña, E.; Aledo, R.; Juan-Babot, O.; Crespo, J.; Vilahur, G.; Oñate, B.; Moscatiello, F.; Badimon, L. MicroRNA-145
Regulates the Differentiation of Adipose Stem Cells Toward Microvascular Endothelial Cells and Promotes Angiogenesis. Circ.
Res. 2019, 125, 74–89, Erratum in Circ. Res. 2020, 127, e139. [CrossRef]

https://doi.org/10.1182/blood.2019000435
https://doi.org/10.1161/CIRCULATIONAHA.122.059675
https://doi.org/10.1111/j.1365-2141.2012.09134.x
https://www.ncbi.nlm.nih.gov/pubmed/22530883
https://doi.org/10.1016/j.jvsv.2020.12.071
https://www.ncbi.nlm.nih.gov/pubmed/33340732
https://www.ncbi.nlm.nih.gov/pubmed/10669145
https://doi.org/10.1046/j.1365-2141.2003.04795.x
https://doi.org/10.1182/blood-2002-06-1792
https://doi.org/10.1111/jth.14304
https://doi.org/10.1161/CIRCULATIONAHA.118.034532
https://doi.org/10.1182/blood-2010-10-315473
https://doi.org/10.1016/j.thromres.2020.11.016
https://doi.org/10.1111/j.1423-0410.1995.tb02579.x
https://doi.org/10.1161/STROKEAHA.114.006394
https://doi.org/10.1007/s11239-007-0090-0
https://doi.org/10.1182/blood-2015-02-624551
https://www.ncbi.nlm.nih.gov/pubmed/26105150
https://doi.org/10.1182/blood-2013-02-485094
https://www.ncbi.nlm.nih.gov/pubmed/23690449
https://doi.org/10.1161/CIRCULATIONAHA.109.869156
https://doi.org/10.1161/CIRCULATIONAHA.108.837724
https://doi.org/10.1111/jth.12460
https://www.ncbi.nlm.nih.gov/pubmed/24283667
https://doi.org/10.1002/jcb.29232
https://www.ncbi.nlm.nih.gov/pubmed/31264280
https://doi.org/10.1161/CIRCRESAHA.118.314290


Int. J. Mol. Sci. 2023, 24, 14167 17 of 18

31. Wu, S.; Sun, H.; Sun, B. MicroRNA-145 is involved in endothelial cell dysfunction and acts as a promising biomarker of acute
coronary syndrome. Eur. J. Med. Res. 2020, 25, 2. [CrossRef]

32. Chen, R.; Chen, S.; Liao, J.; Chen, X.; Xu, X. MiR-145 facilitates proliferation and migration of endothelial progenitor cells
and recanalization of arterial thrombosis in cerebral infarction mice via JNK signal pathway. Int. J. Clin. Exp. Pathol. 2015, 8,
13770–13776.

33. Sennblad, B.; Basu, S.; Mazur, J.; Suchon, P.; Martinez-Perez, A.; van Hylckama Vlieg, A. Genome-wide association study with
additional genetic and post-transcriptional analyses reveals novel regulators of plasma factor XI levels. Hum. Mol. Genet. 2017, 26,
637–649. [CrossRef]

34. Sahu, A.; Jha, P.K.; Prabhakar, A.; Singh, H.D.; Gupta, N.; Chatterjee, T.; Tyagi, T.; Sharma, S.; Kumari, B.; Singh, S.; et al.
MicroRNA-145 Impedes Thrombus Formation via Targeting Tissue Factor in Venous Thrombosis. EBioMedicine 2017, 26, 175–186.
[CrossRef]

35. Meiring, M.; Allers, W.; Le Roux, E. Tissue factor: A potent stimulator of Von Willebrand factor synthesis by human umbilical
vein endothelial cells. Int. J. Med. Sci. 2016, 13, 759–764. [CrossRef] [PubMed]

36. He, M.; Wu, N.; Leong, M.C.; Zhang, W.; Ye, Z.; Li, R.; Huang, J.; Zhang, Z.; Li, L.; Yao, X.; et al. miR-145 improves metabolic
inflammatory disease through multiple pathways. J. Mol. Cell Biol. 2020, 12, 152–162. [CrossRef] [PubMed]

37. Liu, Z.; Tao, B.; Fan, S.; Pu, Y.; Xia, H.; Xu, L. MicroRNA-145 Protects against Myocardial Ischemia Reperfusion Injury via
CaMKII-Mediated Antiapoptotic and Anti-Inflammatory Pathways. Oxid. Med. Cell Longev. 2019, 2019, 8948657. [CrossRef]
[PubMed]

38. Kilic, I.D.; Dodurga, Y.; Uludag, B.; Alihanoglu, Y.I.; Yildiz, B.S.; Enli, Y.; Secme, M.; Bostancı, H.E. MicroRNA -143 and -223 in
obesity. Gene 2015, 560, 140–142. [CrossRef] [PubMed]

39. Yang, W.; Yin, R.; Zhu, X.; Yang, S.; Wang, J.; Zhou, Z.; Pan, X.; Ma, A. Mesenchymal stem-cell-derived exosomal miR-145 inhibits
atherosclerosis by targeting JAM-A. Mol. Ther. Nucleic Acids 2020, 23, 119–131. [CrossRef] [PubMed]

40. Luo, Y.; Liu, S.; Li, Q.; Zhang, Y.; Fu, Y.; Yang, N.; Zeng, J.; Tan, T.; Hu, J.; Li, F.; et al. circ_0001274 Competitively Binds miR-143-3p
to Upregulate VWF Expression to Improve Acute Traumatic Coagulopathy. Oxid. Med. Cell. Longev. 2023, 2023, 9650323.
[CrossRef]

41. Vacante, F.; Denby, L.; Sluimer, J.C.; Baker, A.H. The function of miR-143, miR-145 and the MiR-143 host gene in cardiovascular
development and disease. Vasc. Pharmacol. 2019, 112, 24–30. [CrossRef]

42. Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs: Biology, functions,
therapeutics, and analysis methods. J. Cell. Physiol. 2019, 234, 5451–5465. [CrossRef]

43. Suresh, P.S.; Venkatesh, T.; Tsutsumi, R. In silico analysis of polymorphisms in microRNAs that target genes affecting aerobic
glycolysis. Ann. Transl. Med. 2016, 4, 69. [PubMed]

44. Chu, H.; Zhong, D.; Tang, J.; Li, J.; Xue, Y.; Tong, N.; Qin, C.; Yin, C.; Zhang, Z.; Wang, M. A functional variant in miR-143
promoter contributes to prostate cancer risk. Arch. Toxicol. 2016, 90, 403–414. [CrossRef] [PubMed]

45. Liang, Y.; Sun, R.; Li, L.; Yuan, F.; Liang, W.; Wang, L.; Nie, X.; Chen, P.; Zhang, L.; Gao, L. A Functional Polymorphism in the
Promoter of MiR-143/145 Is Associated With the Risk of Cervical Squamous Cell Carcinoma in Chinese Women: A Case-Control
Study. Medicine 2015, 94, e1289. [CrossRef] [PubMed]

46. Cammaerts, S.; Strazisar, M.; Dierckx, J.; Del Favero, J.; De Rijk, P. miRVaS: A tool to predict the impact of genetic variants on
miRNAs. Nucleic Acids Res. 2016, 44, e23. [CrossRef]

47. Lappalainen, T.; Sammeth, M.; Friedländer, M.R.; ‘t Hoen, P.A.; Monlong, J.; Rivas, M.A.; Gonzàlez-Porta, M.; Kurbatova, N.;
Griebel, T.; Ferreira, P.G.; et al. Transcriptome and genome sequencing uncovers functional variation in humans. Nature 2013, 501,
506–511. [CrossRef]

48. Pan, J.; Dinh, T.T.; Rajaraman, A.; Lee, M.; Scholz, A.; Czupalla, C.J.; Kiefel, H.; Zhu, L.; Xia, L.; Morser, J.; et al. Patterns of
expression of factor VIII and von Willebrand factor by endothelial cell subsets in vivo. Blood 2016, 128, 104–109. [CrossRef]

49. Barrowcliffe, T.W. Laboratory testing and standardisation. Haemophilia 2013, 19, 799–804. [CrossRef]
50. Palla, R.; Valsecchi, C.; Bajetta, M.; Spreafico, M.; De Cristofaro, R.; Peyvandi, F. Evaluation of assay methods to measure plasma

ADAMTS13 activity in thrombotic microangiopathies. Thromb. Haemost. 2011, 105, 381–385.
51. Miller, S.A.; Dykes, D.D.; Polesky, H.F. A simple salting out procedure for extracting DNA from human nucleated cells. Nucleic

Acids Res. 1988, 16, 1215. [CrossRef]
52. Van der Auwera, G.A.; Carneiro, M.O.; Hartl, C.; Poplin, R.; Del Angel, G.; Levy-Moonshine, A.; Jordan, T.; Shakir, K.; Roazen, D.;

Thibault, J.; et al. From FastQ data to high confidence variant calls: The Genome Analysis Toolkit best practices pipeline. Curr.
Protoc. Bioinform. 2013, 43, 1–33. [CrossRef] [PubMed]

53. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 25 January 2019).

54. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997.
55. Wang, K.; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.

Nucleic Acids Res. 2010, 38, e164. [CrossRef] [PubMed]
56. Li, M.X.; Gui, H.S.; Kwan, J.S.; Bao, S.Y.; Sham, P.C. A comprehensive framework for prioritizing variants in exome sequencing

studies of Mendelian diseases. Nucleic Acids Res. 2012, 40, e53. [CrossRef] [PubMed]

https://doi.org/10.1186/s40001-020-00403-8
https://doi.org/10.1093/hmg/ddw401
https://doi.org/10.1016/j.ebiom.2017.11.022
https://doi.org/10.7150/ijms.15688
https://www.ncbi.nlm.nih.gov/pubmed/27766025
https://doi.org/10.1093/jmcb/mjz015
https://www.ncbi.nlm.nih.gov/pubmed/30941422
https://doi.org/10.1155/2019/8948657
https://www.ncbi.nlm.nih.gov/pubmed/31583047
https://doi.org/10.1016/j.gene.2015.01.048
https://www.ncbi.nlm.nih.gov/pubmed/25637573
https://doi.org/10.1016/j.omtn.2020.10.037
https://www.ncbi.nlm.nih.gov/pubmed/33335797
https://doi.org/10.1155/2023/9650323
https://doi.org/10.1016/j.vph.2018.11.006
https://doi.org/10.1002/jcp.27486
https://www.ncbi.nlm.nih.gov/pubmed/27004216
https://doi.org/10.1007/s00204-014-1396-2
https://www.ncbi.nlm.nih.gov/pubmed/25354797
https://doi.org/10.1097/MD.0000000000001289
https://www.ncbi.nlm.nih.gov/pubmed/26252302
https://doi.org/10.1093/nar/gkv921
https://doi.org/10.1038/nature12531
https://doi.org/10.1182/blood-2015-12-684688
https://doi.org/10.1111/hae.12282
https://doi.org/10.1093/nar/16.3.1215
https://doi.org/10.1002/0471250953.bi1110s43
https://www.ncbi.nlm.nih.gov/pubmed/25431634
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/nar/gkq603
https://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1093/nar/gkr1257
https://www.ncbi.nlm.nih.gov/pubmed/22241780


Int. J. Mol. Sci. 2023, 24, 14167 18 of 18
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