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BACKGROUND: Although chronic thromboembolic pulmonary hypertension (CTEPH) and acute pulmonary embolism (APE) 
share some clinical manifestations, a limited proportion of patients with CTEPH have a history of APE. Moreover, in histo-
pathologic studies, it has been revealed that pulmonary vasculature lesions similar to pulmonary arterial hypertension existed 
in patients with CTEPH. Thus, it remains unknown whether these 3 disorders also share genetic backgrounds.

METHODS AND RESULTS: Whole exome screening was performed with DNA isolated from 51 unrelated patients with CTEPH of 
Japanese ancestry. The frequency of genetic variants associated with pulmonary arterial hypertension or APE in patients with 
CTEPH was compared with those in the integrative Japanese Genome Variation Database 3.5KJPN. Whole exome screening 
analysis showed 17 049 nonsynonymous variants in patients with CTEPH. Although we found 6 nonsynonymous variants that 
are associated with APE in patients with CTEPH, there was no nonsynonymous variant associated with pulmonary arterial 
hypertension. Patients with CTEPH with a history of APE had nonsynonymous variants of F5, which encodes factor V. In con-
trast, patients with CTEPH without a history of APE had a nonsynonymous variant of THBD, which encodes thrombomodulin. 
Moreover, thrombin-activatable fibrinolysis inhibitor, which is one of the pathogenic proteins in CTEPH, was significantly more 
activated in those who had the variants of THBD compared with those without it.

CONCLUSIONS: These results provide the first evidence that patients with CTEPH have some variants associated with APE, 
regardless of the presence or absence of a history of APE. Furthermore, the variants might be different between patients with 
CTEPH with and without a history of APE.
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Chronic thromboembolic pulmonary hypertension 
(CTEPH) is a fatal disease entity of pulmonary 
hypertension characterized by obstruction of 

the major pulmonary arteries by organized thrombus 
and pulmonary vascular remodeling.1,2 CTEPH is be-
lieved to occur following acute pulmonary embolism 
(APE).2 Although CTEPH and APE share some clin-
ical manifestations, a limited proportion of patients 
with CTEPH have a history of APE.3 Moreover, risk 
factors for the development of CTEPH are different 

from those of traditional risk factors for APE.4 Thus, it 
is uncertain whether patients with CTEPH, especially 
who did not have a history of APE, have some vari-
ants associated with APE. It has been reported that 
endothelial dysfunction is involved in the pathogene-
sis of CTEPH.5 Moreover, patients with CTEPH show 
distal pulmonary artery remodeling, which is similar 
to pulmonary arterial hypertension (PAH).2 These re-
ports implicate a potential overlap of CTEPH and PAH 
pathogenesis.
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We and others have just begun to elucidate the 
cause of CTEPH. Some risk factors associated with 
CTEPH have been reported, including antiphospho-
lipid antibodies,6 increased von Willebrand factor,7 
increased factor VIII,8 and activated platelets.9 In ad-
dition, as we have recently demonstrated, activated 
thrombin-activatable fibrinolysis inhibitor (TAFI) pro-
motes the development of CTEPH.10,11 TAFI is acti-
vated by the thrombin-thrombomodulin complex on 
the surface of the endothelium, and the activated TAFI 
(TAFIa) removes the C-terminal lysines from fibrin and 
reduces the binding of tPA (tissue-type plasminogen 
activator) and plasmin to fibrin.12 On the basis of this 
background, we examined the serum levels of TAFI 
and TAFIa in patients with CTEPH, demonstrating 
that the levels were significantly higher than in healthy 
controls.10,11 However, the mechanism involved in the 

excessive activation of TAFI in patients with CTEPH re-
mains to be elucidated.

It is widely known that some rare variants play 
an important role in the pathogenesis of PAH.13–16 In 
2000, mutations in the bone morphogenetic protein 
receptor-2 gene (BMPR2) were identified as a cause 
of familial PAH.13 Subsequently, variants in genes 
involved in BMP-BMPR2 signaling (eg, SMAD9 and 
ACVRL1) were identified.14,15 Recently, through stud-
ies using whole exome screening, variants associ-
ated with cytoskeletal function and the Wnt signaling 
pathway have been identified in idiopathic PAH.16 In 
contrast, a limited number of reports on the genetic 
background of CTEPH are available in the literature. 
However, there are a few reports about common 
variants of CTEPH in recent years.17–20 Especially, a 
large cohort of variants of a disintegrin and metal-
loproteinase with a thrombospondin type 1 motif, 
member 13, has been reported.19 In this study, pa-
tients with CTEPH had decreased a disintegrin and 
metalloproteinase with a thrombospondin type 1 
motif, member 13, antigen levels, and there were 5 
variants in the a disintegrin and metalloproteinase 
with a thrombospondin type 1 motif, member 13, 
±40  kb region significantly associated with a disin-
tegrin and metalloproteinase with a thrombospondin 
type 1 motif, member 13, antigen levels. Moreover, 
although variants involved in the BMP-BMPR2 
signaling pathway have also been implicated in 
CTEPH,20 opposite findings have also been reported 
elsewhere.21 Although variants of factor V, known as 
factor V Leiden, have been identified in patients with 
CTEPH,7 these variants have not been identified in 
eastern Asia.22 Moreover, there was no report that 
patients with CTEPH have the genetic background 
associated with APE. In contrast, it has been re-
ported that human leukocyte antigen-DPB1*0202 
and B*5201 are associated with CTEPH.22,23 More 
important, human leukocyte antigen is associated 
with autoimmune diseases.24 Thus, it is considered 
that some rare and common variants are associated 
with pathophysiological characteristics of CTEPH, al-
though CTEPH is a nonheritable disease.

Herein, we examined, using whole exome screen-
ing, whether patients with CTEPH have the rare or 
common variants associated with APE or PAH and 
whether the allele frequency of some variants in pa-
tients with CTEPH without a history of APE was differ-
ent from those with a history of APE.

METHODS
The study protocol was approved by the Ethics 
Committees of Tohoku University, and all patients 
provided written informed consent (No. 2014-1-599). 

CLINICAL PERSPECTIVE

What Is New?
•	 Although patients with chronic thromboembolic 

pulmonary hypertension (CTEPH) did not have 
any variants associated with pulmonary arte-
rial hypertension, patients with CTEPH have 
some variants associated with acute pulmonary 
embolism.

•	 Patients with CTEPH without the history of 
acute pulmonary embolism had some variants 
associated with acute pulmonary embolism, es-
pecially thrombomodulin.

•	 Thrombin-activatable fibrinolysis inhibitor was 
activated in patients with CTEPH who had the 
variant of thrombomodulin.

What Are the Clinical Implications?
•	 As thrombin-activatable fibrinolysis inhibitor was 

activated especially in patients with CTEPH who 
had the variant of thrombomodulin, the inhibi-
tion of thrombin-activatable fibrinolysis inhibitor 
might be novel therapy in those patients.

Nonstandard Abbreviations and Acronyms

APC	 activated protein C
APE	 acute pulmonary embolism
CTEPH	 �chronic thromboembolic pulmonary 

hypertension
PAH	 pulmonary arterial hypertension
TAFI	 thrombin-activated fibrinolysis inhibitor
TAFIa	 �activated thrombin-activated fibrinolysis 

inhibitor
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The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Patients and Samples
We enrolled patients who were aged >20  years and 
underwent right heart catheterization at our institute 
from April 2015 to January 2016. All patients were diag-
nosed as having CTEPH using the following methods. 
First, precapillary pulmonary hypertension was defined 
as mean pulmonary artery pressure >25 mm Hg and 
pulmonary capillary wedge pressure ≤15  mm  Hg at 
rest.25 CTEPH was diagnosed by ventilation-perfusion 
scintigraphy, computed tomography, and pulmonary 
angiography after treatment with anticoagulants for 
6 months.25 In the present study, we enrolled 51 con-
secutive patients with CTEPH. To determine whether 
they had a history of APE, we checked the informa-
tion of their former hospitals and enhanced computed 
tomography. After patients provided written informed 
consent, we obtained 10 mL of whole blood, and DNA 
was purified from neutrophils by the SRL Laboratory 
Co (Tokyo, Japan).

Whole Exome Screening and Data 
Processing Pipeline for Illumina HiSeq 
Exome Sequencing
Library preparation and exome capture were per-
formed using the SureSelectXT Target Enrichment 
System (Agilent Technologies, Santa Clara, CA) on a 
Bravo Automated Liquid Handling Platform (Agilent 
Technologies) as follows. Briefly, 1 μg of genomic DNA 
was sheared to 150- to 200-bp fragments using a 
Covaris S220 instrument (Covaris, Woburn, MA), fol-
lowed by end repair, A-tailing, and adapter ligation. 
Precapture libraries were amplified by 6 cycles of poly-
merase chain reaction and analyzed using the Agilent 
2200 TapeStation (Agilent Technologies) to evaluate 
quality and yield. Exome capture was performed with 
the SureSelectXT Human All Exon V5 Plus Regulatory 
kit (Agilent Technologies), followed by library amplifica-
tion with 11 or 12 cycles of polymerase chain reaction. 
We assessed the quality of sequencing libraries by 
quantitative MiSeq methods.26 Paired-end sequencing 
with 2×101 bp reads was performed on Illumina HiSeq 
2500 (Illumina Inc, San Diego, CA). The mean output 
was 6.4  Gb per sample, and mean coverage depth 
was 38.8-fold. We used the data from the integra-
tive Japanese Genome Variation Database 3.5KJPN 
(https://ijgvd.megab​ank.tohoku.ac.jp/) to determine 
the allele frequency in the general population. Samples 
from 51 patients with CTEPH and the general popu-
lation as references were obtained in the same area, 
eastern Japan, specifically in the Tohoku district.

Data Processing Pipeline for Illumina 
HiSeq Exome Sequencing
Paired 2×101 bp reads were aligned to the reference 
human genome (hGRC37, hg19) using alignment soft-
ware (version 0.7.5a-r405; BWA-MEM, http://bio-bwa.
sourc​eforge.net). Reads that were potential dupli-
cates based on polymerase chain reaction amplifica-
tions were flagged using the Picard program (http://
picard.sourc​eforge.net). Single-nucleotide variants, 
insertions, and deletions were detected using the 
UnifiedGenotyper tool in Genome Analysis Toolkit (ver-
sion 2.5-2; http://www.broad​insti​tute.org/gatk) with the 
default options after the base quality score recalibra-
tion,27 and the variants were stored with the variant call 
format version 4.1.

Western Blotting Analysis for TAFI and 
TAFIa
We obtained 5  mL of whole blood with 0.313% cit-
ric acid, which was centrifuged at 1100g for 10 min-
utes to obtain plasma. Then, the plasma was diluted 
50 times with PBS and samples were loaded on the 
SDS-PAGE and transferred to polyvinylidene difluoride 
membranes (GE Healthcare, Buckinghamshire, UK), 
following blocking for 1 hour at room temperature with 
5% BSA in Tris-buffered saline with Tween 20. The anti-
TAFI antibody (1000:1; Abcam, Cambridge, UK) was 
used as the primary antibody. The regions contain-
ing proteins were visualized by the enhanced chemi-
luminescence system (ECL Prime Western Blotting 
Detection Reagent; GE Healthcare). Densitometric 
analysis was performed using ImageJ Software (NIH, 
Bethesda, MD).

ELISA Assay for Soluble Thrombomodulin
We obtained plasma from whole blood with 0.313% 
citric acid. We excluded patients with CTEPH with 
chronic kidney disease (estimated glomerular fil-
tration rate <45  mL/min) and collagen disease be-
cause soluble thrombomodulin is elevated in those 
diseases.28,29 Finally, we measured plasma levels of 
soluble thrombomodulin in 41 patients with CTEPH 
with ELISA assay (R and D Systems Inc, Minneapolis, 
MN).

Statistical Analysis
All statistical analyses were performed using R, ver-
sion 3.1.3 (R Foundation for Statistical Computing, 
Vienna, Austria; http://www.R-proje​ct.org/). We 
used the data from the integrative Japanese 
Genome Variation Database 3.5KJPN (https://
ijgvd.megab​ank.tohoku.ac.jp/) and 1000G project 
(f tp://f tp.1000g​enomes.ebi.ac.uk/vol1/f tp/techn​
ical/worki​ng/20130​723_phase3_wg/shapeit2) to 

https://ijgvd.megabank.tohoku.ac.jp/
http://bio-bwa.sourceforge.net
http://bio-bwa.sourceforge.net
http://picard.sourceforge.net
http://picard.sourceforge.net
http://www.broadinstitute.org/gatk
http://www.R-project.org/
https://ijgvd.megabank.tohoku.ac.jp/
https://ijgvd.megabank.tohoku.ac.jp/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/working/20130723_phase3_wg/shapeit2
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/working/20130723_phase3_wg/shapeit2
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determine the allele frequency in the general popu-
lation. Samples from 51 patients with CTEPH and 
the general population as references were obtained 
in the same area, eastern Japan, specifically in the 
Tohoku district. The comparison of allele frequency 
between the general population (3.5KJPN; n=3554) 
and patients with CTEPH was analyzed by the 
Fisher exact test. Moreover, multiple comparisons 
were analyzed with the Holm method. The compar-
ison of TAFI and TAFIa plasma levels was analyzed 
by the Tukey honestly significant difference multi-
ple comparison. To determine the cutoff point of 
the plasma levels of TAFIa, we performed receiver 
operating characteristic curve analysis and deter-
mined the Youden index. P<0.05 was considered 
to be statistically significant.

RESULTS
Patient Characteristics
Among the 51 unrelated patients with CTEPH, 
none had a family history of CTEPH (Table  1). 
Our patient population was composed predomi-
nantly of women (n=41; 80%) with a mean age of 
65±15  years. All patients underwent right heart 
catheterization, which showed mean pulmonary 
artery pressure of 43.6±10.1  mm  Hg, pulmonary 
capillary wedge pressure of 9.5±3.1 mm Hg, car-
diac index of 2.47±0.53 L/min per m2, and pulmo-
nary vascular resistance of 9.7±4.6  Wood units. 
In this patient population, 45.1% of patients had a 
history of APE.

Comparison of Allele Frequencies of 
Common Variants Between Cases and 
Controls
The present study comprised a large prospective ge-
nome cohort in the Tohoku area of northeast Japan. 
Although all patients with CTEPH in the present study 
were enrolled from the same area, it was unknown 
whether the genetic background of the cases was 
similar to that of controls. At first, we compared the 
genetic background of patients with CTEPH with that 
of controls. We were unable to obtain individual vari-
ant data of controls. Thus, we were unable to perform 
principle component analysis. Next, we compared the 
frequency of the common variants in cases and con-
trols to investigate whether the genetic background in 
cases and controls was same or not. We screened the 
synonymous and nonsynonymous variants of which 
allele frequency was >5% as common variants. A 
total of 8727 variants were identified. We compared 
the frequency of these variants in cases with 3.5KJPN 
(Figure  1A). It was revealed that the frequency of 

these variants in cases was significantly correlated 
with that in 3.5KJPN (R=0.99; y=0.9865x+0.0026). 
Next, we compared the frequency of these variants in 
cases with 1000GEAS project, which has sequenced 
1008 healthy subjects from East Asia. It was revealed 
that they were significantly correlated with that in 
1000GEAS (R=0.97; y=0.968x+0.0085) (Figure  1B). 
The regression line of Figure  1A approximates y=x 
compared with Figure  1B. Thus, we concluded that 
the genetic background of the cases was the same as 
that of 3.5KJPN.

Table 1.  Clinical Characteristics of Study Subjects

Variable
Subjects With CTEPH 

(n=51)

Clinical characteristics

Age, y 65±15

Women, % 80

Body mass index, kg/m2 24.6±4.5

Diabetes mellitus, % 9.8

History of smoking, % 27.5

History of acute pulmonary embolism, % 45.1

History of deep vein thrombosis, % 11.7

6-min Walk distance, m 473±123

NYHA class, %

I 0

II 52.9

III 45.1

IV 2.0

Hemoglobin, g/dL 13.3±1.9

Platelets, ×103/μL 231±58

B-type natriuretic peptide, pg/mL 269±357

Epoprostenol, % 0

Oral PGI2 analogue, % 25.5

Endothelin receptor antagonist, % 19.6

Phosphodiesterase-V inhibitor, % 25.5

Warfarin, % 100

Hemodynamic data

RAP, mm Hg 6.7±3.4

Systolic PAP, mm Hg 77.2±20.4

Diastolic PAP, mm Hg 26.0±7.1

Mean PAP, mm Hg 43.6±10.1

PCWP, mm Hg 9.5±3.1

Systolic BP, mm Hg 121.6±18.3

Diastolic BP, mm Hg 73.5±12.3

PVR, Wood unit 9.7±4.6

CI, L/min per m2 2.47±0.53

Results are expressed as mean±SD, unless otherwise indicated. BP 
indicates blood pressure; CI, cardiac index; CTEPH, chronic thromboembolic 
pulmonary hypertension; NYHA, New York Heart Association; PAP, 
pulmonary arterial pressure; PGI, prostaglandin I; PCWP, pulmonary 
capillary wedge pressure; PVR, pulmonary vascular resistance; and RAP, 
right arterial pressure.
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Screening of PAH-Associated Variants in 
Patients With CTEPH
Table 2 summarizes the variants identified in our pop-
ulation with CTEPH. A total of 82  825 variants were 
identified in 51 patients with CTEPH. In the past re-
port,30 the average coverage sequencing depth of 
3.5KJPN was 32.4 times. Thus, we screened the 
variants in which read depth was >30 times. Among 
the variants, 32  005 variants were identified, which 
were considered as high genotype quality. Then, we 
removed synonymous variants and identified 17  049 
variants. We filtered these variants with LJB-SIFT 
score >0.95 and LJB-Phylop score >0.85 as the pre-
diction of deleteriousness. Finally, 3665 variants were 

identified. First, we screened the rare or common vari-
ants of BMPR2,13 ENG,31 SMAD9,32 ACVRL1,33 CAV1,34 
KCNK3,35 CBLN2,36 TOPBP1,37 SOX17,38 TBX4,38 and 
ABCC8,38 which have been reported to be associated 
with PAH. Although one nonsynonymous variant of 
ENG (NM_000118: c.1096G>C: p.366D>H) was identi-
fied in our study as in the previous study,20 this allele 
frequency was also comparable between patients with 
CTEPH and the general population (4.9% versus 6.2%, 
respectively; P=0.83).

Any gene variants for BMPR2, SMAD9, ACVRL1, 
CAV1, KCNK3, CBLN2, TOPBP1, SOX17, TBX4, and 
ABCC8 were not identified in the present study.

Thus, in the present study, any variants associated 
with PAH were not detected in patients with CTEPH.

Screening of APE-Associated Variants in 
Patients With CTEPH
Some patients develop CTEPH following APE.7,8 
Indeed, a limited percentage of patients with CTEPH 
have a history of APE.3 Moreover, most risk factors of 
CTEPH differ from those of APE.7,8 However, there is 
no report currently available suggesting that patients 
with CTEPH had some variants associated with APE. A 
total of 51 patients with CTEPH were screened for rare 
or common nonsynonymous variants of SRPINC1,39 
THBD,40 F5,41 F2,42 RGS7,43 KNG1,44 MTHFR,45 VWF,7 
and PROCR,45 all of which have been reported as can-
didates for variants associated with APE. Interestingly, 
we identified 2 nonsynonymous variants of F5, which 
encodes factor V, in patients with CTEPH (Table  3). 
Moreover, the allele frequency of a nonsynonymous 

Figure 1.  Comparisons of allele frequency of the case and controls.
Allele frequency of the case in this study was compared with that of 3.5KJPN (A) and 1000G project (B).

Allele frequency of the case Allele frequency of the case 

Al
le

le
fre

qu
en

cy
of

3.
5K

JP
N

 

Al
le

le
fre

qu
en

cy
of

10
00

G
EA

S A B

y = 0.968x + 0.0085
R² = 0.9499

0

0.2

0.4

0.6

0.8

1

0 0.5 1

y = 0.9865x + 0.0026
R² = 0.9817

0

0.2

0.4

0.6

0.8

1

0 0.5 1

Table 2.  Genetic Variants Identified in Population With 
CTEPH Using WES

Variant Type CTEPH

Patients, n 51

All variants, n 82 825

Variants (read depth >30), n 32 005

Synonymous variants, n 14 956

Nonsynonymous variants, n 17 049

Missense variants, n 16 793

Nonsense variants, n 235

Frameshift indels, n 21

Rare (<1% MAF) nonsynonymous, n 8078

Rare (<1% MAF) indels, n 21

CTEPH indicates chronic thromboembolic pulmonary hypertension; indel, 
insertion/deletion; MAF, minor allele frequency; and WES, whole exome 
screening.
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variant (NM_000130: c.3980A>G: p.1327H>R) of F5 
was significantly higher in patients with CTEPH than in 
the general population (Table 3). The predicted dam-
age of this variant was 0.99 in silico (LJBSIFT). The 
frequency of another variant of F5 was comparable be-
tween the patients with CTEPH and the general popu-
lation. Although nonsynonymous variants of F2, VWF, 
and MTHFR were identified in patients with CTEPH, 
these allele frequencies were comparable between 
the patients with CTEPH and the general population. 
Furthermore, we identified specific variants in patients 
with CTEPH with or without deep vein thrombosis. 
In this study, deep vein thrombosis was confirmed 
in 6 patients with CTEPH with lower limb venous ul-
trasound and enhanced computed tomography. We 
screened for nonsynonymous variants associated with 
APE (Table  4). In patients with CTEPH without deep 
vein thrombosis, allele frequencies of c.3980A>G of F5 
were significantly higher compared with general popu-
lation. Although the group of patients with CTEPH with 
deep vein thrombosis was a small one, the allele fre-
quency of c.3980A>G of F5 was significantly higher 
compared with general population.

Variants Associated With APE in Patients 
With CTEPH With or Without a History of 
APE
Next, we aimed to identify specific variants in pa-
tients with CTEPH with or without a history of APE. 

The baseline characteristics of patients with CTEPH 
with or without a history of APE are shown in Table 5. 
The allele frequencies of NM_000130: c.6665A>G: 
p.2222D>G and NM_000130: c.2450A>C: p.817N>T 
in F5 were significantly higher in patients with CTEPH 
with a history of APE than in the general population. 
In contrast, these allele frequencies were compara-
ble between patients with CTEPH without a history 
of APE and the general population (Table  6). The 
predicted functional damage of these variants in 
silico was 1.00 in LJBSIFT and 0.985 in Polyphen2. 
Thus, these variants may affect the function of fac-
tor V.

The allele frequency of NM_000361: c.1418C>T: 
p.473T>M in THBD, which encodes thrombomod-
ulin, was significantly higher in patients with CTEPH 
without a history of APE than in the general popula-
tion (Table 6). The predicted damage of this variant 
was 0.96 in LJBSIFT, suggesting that this variant 
may damage the function of thrombomodulin. In 
contrast, some allele frequencies were compara-
ble between patients with CTEPH with a history of 
APE and the general population (Table 6). Although 
variants of factor V were identified in patients with 
CTEPH with a history of APE, the thrombomodulin 
variants were detected in patients with CTEPH with-
out a history of APE. These differences in genetic 
variants might explain differences in pathogenesis 
and any partially overlapping mechanisms of CTEPH 
and APE.

Table 3.  Nonsynonymous Variants Associated With APE in Patients With CTEPH

Gene Variation, cDNA LJB-SIFT Score LJB-Phylop Score
Allele Frequency in 

3.5KJPN (n=3554), %
Allele Frequency in 
CTEPH (n=51), %

P Value (vs 
3.5KJPN)

THBD c.1418C>T 0.85 0.96 27.6 35.2 0.38

F2 c.494C>T 0.92 0.97 62.0 67.6 0.52

F5 c.6665A>G 0.99 1.00 8.5 13.7 0.36

F5* c.3980A>G* 0.94* 0.99* 6.2* 13.7* 0.04*

MTHFR c.665C>T 0.99 0.99 38.1 36.3 0.76

VWF c.4585G>C 0.99 0.98 0.1 1.0 0.42

APE indicates acute pulmonary embolism; and CTEPH, chronic thromboembolic pulmonary hypertension.
*The variants of which frequency was significantly higher in patients with CTEPH compared with those of general population.

Table 4.  Nonsynonymous Variants Associated With APE in Patients With CTEPH With or Without DVT

Gene Variation, cDNA
Allele Frequency in 

3.5KJPN (n=3554), %
Allele Frequency in 

CTEPH With DVT, %
P Value (vs 
3.5KJPN)

Allele Frequency in 
CTEPH Without DVT, %

P Value (vs 
3.5KJPN)

THBD c.1418C>T 27.6 41.7 0.33 34.4 0.15

F2 c.494C>T 62.0 83.3 0.15 65.6 0.51

F5 c.6665A>G 8.5 25.0 0.07 12.2 0.25

F5* c.3980A>G* 6.2* 25.0* 0.03* 12.2* 0.03*

MTHFR c.665C>T 38.1 25.0 0.55 37.8 1.00

VWF c.4585G>C 0.1 0 1.00 1.1 0.12

APE indicates acute pulmonary embolism; CTEPH, chronic thromboembolic pulmonary hypertension; and DVT, deep vein thrombosis.
*The variants with significantly higher frequencies in patients with CTEPH with or without a history of DVT compared with those of general population.
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c.1418C>T in THBD Enhanced the 
Activation of TAFI

TAFI is activated by the thrombin-thrombomodulin com-
plex on the surface of the pulmonary endothelium.11 
Serum levels of TAFIa are significantly higher in patients 
with CTEPH than in healthy controls.10,11 Moreover, 
the interaction between TAFI and thrombomodulin 

plays a role in the development of CTEPH.11 It has 
been reported that this variant increased the expres-
sion levels of thrombomodulin in endothelial cells and 
reduced those of soluble thrombomodulin.40 Indeed, 
plasma levels of soluble thrombomodulin in CC, CT, 
and TT were 2752±611, 2613±537, and 2016±113 pg/
mL, respectively (Figure 2). Patients with CTEPH with 
the genotype TT tended to have lower plasma levels 

Table 5.  Clinical Characteristics of Patients With CTEPH With or Without a History of APE

Variable
CTEPH With a History of APE 

(n=23)
CTEPH Without a History of APE 

(n=28) P Value

Clinical characteristics

Age, y 63±14 66±15 0.45

Women, % 82.6 78.6 0.50

Body mass index, kg/m2 24.5±4.0 24.7±4.9 0.93

History of smoking, % 34.7 25.0 0.45

History of deep vein 
thrombosis, %

26.0 0 <0.01

6-min Walk distance, m 495±118 455±123 0.37

NYHA class, %

I–II 56.5 53.5

III–IV 47.8 46.5 0.53

Hemoglobin, g/dL 13.1±1.8 13.6±1.9 0.33

Platelets, ×103/μL 239±70 226±45 0.43

B-type natriuretic peptide, 
pg/mL

311±437 235±268 0.46

Hemodynamic data

RAP, mm Hg 6.8±3.6 6.7±3.0 0.91

Systolic PAP, mm Hg 74.0±24.6 79.9±15.7 0.31

Diastolic PAP, mm Hg 24.2±7.0 27.5±6.9 0.10

Mean PAP, mm Hg 40.9±10.9 45.8±9.0 0.10

PCWP, mm Hg 9.0±3.1 10.1±3.5 0.26

Systolic BP, mm Hg 118.6±16.8 124.1±19.1 0.29

Diastolic BP, mm Hg 70.8±10.8 75.7±13.0 0.17

PVR, Wood unit 8.4±3.8 10.8±4.8 0.06

CI, L/min per m2 2.57±0.49 2.44±0.45 0.33

Results are expressed as mean±SD, unless otherwise indicated. APE indicates acute pulmonary embolism; BP, blood pressure; CI, cardiac index; CTEPH, 
chronic thromboembolic pulmonary hypertension; NYHA, New York Heart Association; PAP, pulmonary arterial pressure; PCWP, pulmonary capillary wedge 
pressure; PVR, pulmonary vascular resistance; and RAP, right arterial pressure.

Table 6.  Nonsynonymous Variants Associated With APE in Patients With CTEPH With No History of APE

Gene
Variation, 

cDNA
LJB-SIFT 

Score
LJB-Phylop 

Score

Allele Frequency 
in 3.5KJPN 
(n=3554), %

Allele Frequency 
in CTEPH With 

APE, %
P Value (vs 
3.5KJPN)

Allele Frequency 
in CTEPH 

Without APE, %

P Value 
(vs 

3.5KJPN)

THBD* c.1418C>T* 0.85* 0.96* 27.6* 17.3* 0.38 50.0* 0.003*

F2 c.494C>T 0.92 0.97 62.0 70.8 0.38 62.5 1.00

F5* c.6665A>G* 0.99* 1.00* 8.5* 21.7* 0.024* 7.1* 1.00

F5* c.3980A>G* 0.94* 0.99* 6.2* 21.7* 0.003* 7.1* 1.00

MTHFR c.665C>T 0.99 0.99 38.1 39.1 0.88 33.9 1.00

VWF* c.4585G>C* 0.99* 0.98* 0.1* 2.1* 0.028* 0 0.65

APE indicates acute pulmonary embolism; and CTEPH, chronic thromboembolic pulmonary hypertension.
*The variants of which frequency was significantly higher in patients with CTEPH with or without a history of APE compared with those of general population.
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of soluble thrombomodulin compared with those with 
the genotype CC (P=0.08). These results suggest that 
the c.1418C>T in THBD might be related to the lower 
plasma levels of soluble thrombomodulin in patients 
with CTEPH. Thus, this variant in THBD might alter the 
activation levels of TAFI in patients with CTEPH. We 
measured plasma levels of TAFI and TAFIa by Western 
blotting. Although the plasma levels of TAFI were com-
parable among the patients with CTEPH harboring the 

genotypes CC, CT, and TT, the plasma levels of TAFIa 
were significantly higher in patients with the geno-
types CT and TT than in patients with genotype CC 
(Figure 3). Moreover, receiver operating characteristic 
analysis revealed that plasma levels of TAFIa could 
discriminate patients with CTEPH with c.1418C>T from 
patients with CTEPH with the genotype CC, with the 
area under the curve of 0.804 (95% CI,  0.687–0.921) 
(Figure 4). We determined 1.3 as the cutoff point of the 
plasma levels of TAFIa. The prevalence of patients with 
CTEPH in the genotypes CC, CT, and TT among those 
with plasma levels of TAFIa >1.3 was 9.1%, 59.1%, and 
57.1%, respectively (P<0.05). Thus, the prevalence of 
patients with CTEPH with increased TAFIa was signifi-
cantly higher in patients with CTEPH with c.1418C>T 
compared with those with the genotype CC. These 
results suggest that the c.1418C>T variant in THBD 
might be related to the activation of TAFI in patients 
with CTEPH.

DISCUSSION
The novel findings of the present study are as fol-
lows: (1) there was no PAH-associated variant 
identified in patients with CTEPH, (2) there were 
APE-associated variants in patients with CTEPH, 
(3) patients with CTEPH without a history of APE 
had the variants of thrombomodulin and those with 
a history of APE had the variants of factor V, and (4) 
TAFIa was higher in patients with CTEPH with the 
c.1418C>T variant in THBD. Taken together, these 
results indicated that the genetic background of 
CTEPH differed from that of PAH but may partially 
overlap with that of APE.

Figure 2.  Plasma levels of soluble thrombomodulin 
in patients with chronic thromboembolic pulmonary 
hypertension (CTEPH) with or without the THBD c.1418C>T 
variant.
Quantification of plasma thrombomodulin in patients with CTEPH 
with or without the THBD c.1418C>T variant is shown. Statistical 
significance was determined with Kruskal-Wallis test.
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Figure 3.  Plasma levels of thrombin-activated fibrinolysis inhibitor (TAFI) and activated TAFI (TAFIa) in patients with chronic 
thromboembolic pulmonary hypertension (CTEPH) with or without the THBD c.1418C>T variant.
A, Quantification of plasma TAFI in patients with CTEPH with or without the THBD c.C1418T variant is shown. B, Quantification of 
plasma TAFIa in patients with CTEPH with or without the THBD c.1418C>T variant is shown. The line represents the median value. The 
protein expression levels of TAFI and TAFIa of each group were expressed as median (interquartile range). Statistical significance was 
determined with Kruskal-Wallis test.
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PAH-Associated Variants in CTEPH
CTEPH is considered to develop following APE. 
The pathogenesis of CTEPH after APE remains 
to be elucidated. Moreover, it has been reported 
that endothelial dysfunction is commonly involved 
in the pathogenesis of both CTEPH5 and PAH.2 
Furthermore, distal pulmonary artery remodeling is 
distributed in both no-flow and normal-flow lung tis-
sues.46 Thus, there might be some potential overlap 
in the pathogenesis of CTEPH and PAH. The ge-
netic background of PAH has been reported previ-
ously.13,31–36 Most common variants in PAH occur 
in the gene BMPR2.13 BMPR2 belongs to the trans-
forming growth factor-β cell signaling superfamily, 
and the BMPR2 variants result in downregulation of 
Smad signaling in pulmonary arterial smooth muscle 
cells and in enhancement of proproliferative and an-
tiapoptotic effects, thus promoting the development 
of PAH.47 Furthermore, it is known that other gene 
variants associated with BMPR2 signaling occur in 
PAH, and include ACVRL1,33 ENG,31 and SMAD9.32 
Moreover, the variants of CAV1,34 KCNK3,35 and 
CBLN236 have been found in patients with PAH using 
whole exome screening.

There have been few reports describing the cor-
relation between the variants associated with PAH 
and CTEPH.19–21 Although variants of BMPR2 were 
not identified in 16 patients with CTEPH examined 
in the first report,21 several PAH-associated vari-
ants were subsequently identified in 47 patients with 
CTEPH.20 In the latter report, the allele frequencies 
of the identified variants in patients with CTEPH 
were compared with those in patients with APE 
without pulmonary hypertension. The present study 

comprised a large prospective genome cohort in 
the Tohoku area of northeast Japan. As all patients 
with CTEPH in the present study were enrolled from 
the same area, we were able to precisely compare 
the allele frequency of the variants in patients with 
CTEPH with that of the general population.48 In the 
present study, any specific variants associated with 
PAH were not detected in patients with CTEPH com-
pared with the general population.

Taken together, the genetic backgrounds of pa-
tients with CTEPH appear to be different from those of 
patients with PAH.

APE-Associated Variants in CTEPH
CTEPH is believed to be caused primarily by APE. 
Recently, it was reported that 79.8% of patients with 
CTEPH had a history of APE.48 On the other hand, it 
was reported that the frequency of a history of APE 
was different between Japan and other countries 
(37.2% versus 74.8%, respectively).49 In the present 
study, 45.1% of patients with CTEPH had a history 
of APE.3 Thus, a limited percentage of patients with 
CTEPH have a history of APE. Moreover, only a few 
specific thrombophilic factors, such as antiphospho-
lipid antibodies,6 factor V Leiden,7 and von Willebrand 
factor,7 are associated with CTEPH. Indeed, it re-
mains to be examined whether patients with CTEPH, 
especially those without a history of APE, have some 
APE-associated variants. In the present study, we 
were able to identify APE-associated variants in pa-
tients with CTEPH. Among these, several variants 
of factor V were identified especially in patients with 
CTEPH with a history of APE. Factor V, which con-
sists of A1, A2, B, A3, C1, and C2 domains, plays a 
key role in blood coagulation.50 Domain B is removed 
from factor V with prothrombinase, which allows fac-
tor V to be activated (factor Va). Factor Va promotes 
the coagulation cascade, which is inactivated by 
APC (activated protein C). Factor V Leiden, which is 
associated with APE, is considered a risk factor of 
CTEPH.7 In the present study, factor V Leiden was 
not found in the Japanese population, as described 
in a previous report.22 Nevertheless, we identified 2 
variants (c.3980A>G and c.6665A>G), which might 
affect the function of factor V based on in silico 
analysis. The variant c.3980A>G is located in the B 
domain of factor V, which is removed on activation 
of factor V. Moreover, this variant was not located in 
the conserved structure domain. Thus, this variant 
may not affect the function of factor V.50 Conversely, 
c.6665A>G is located in the C2 domain of factor V,50 
and this domain is essential for membrane binding of 
factor V and promotes APC resistance.50 Moreover, 
this variant was located in the conserved struc-
ture domain. Indeed, it has been reported that the 

Figure 4.  Receiver operating characteristic curve analysis 
of plasma levels of activated thrombin-activated fibrinolysis 
inhibitor in patients with chronic thromboembolic pulmonary 
hypertension with the genotypes CC and any T.
The area under the curve (AUC) was 0.804, and 95% CI was 
0.687 to 0.921.
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frequency of the variants in this domain was higher 
in patients with venous thromboembolism.51,52 Thus, 
the present study demonstrates that patients with 
CTEPH, especially those with a history of APE, share 
the same genetic background of APC resistance with 
patients with APE.

Variants of Thrombomodulin and 
Activation of TAFI
Thrombomodulin, which is encoded by THBD, is 
a transmembrane protein that is constitutively ex-
pressed on the luminal surface of vascular endothe-
lial cells.53 Although thrombomodulin plays a role in 
anticoagulation by APC, it also exerts antifibrinolytic 
effects by activation of TAFI.11 TAFI is activated by 
the thrombin-thrombomodulin complex on the sur-
face of endothelial cells, and TAFIa attenuates fi-
brinolysis by removing the C-terminal lysines from 
fibrin. Thus, thrombomodulin plays a crucial role in 
the activation of TAFI and antifibrinolysis. Recently, 
we reported that the serum levels of TAFIa were 
significantly increased in patients with CTEPH than 
in healthy controls.10,11 Moreover, TAFIa enhanced 
organized thrombus formation in the pulmonary 
arteries, promoting wall thickening of the distal 
pulmonary arteries in a mouse model of CTEPH.11 
Thus, the interaction between TAFI and thrombo-
modulin plays a role in the development of CTEPH. 
In the present study, we also found that the allele 
frequency of one THBD variant (c.1418C>T) was sig-
nificantly higher in patients with CTEPH without a 
history of APE. As this variant was located in the 
conserved structure domain, it may affect the func-
tion of thrombomodulin. Interestingly, it was reported 
that the allele frequency of this variant was higher in 
patients with deep vein thrombosis.49 Although we 
were unable to investigate the association of this 
variant and plasma levels of soluble thrombomodulin 
in a separate cohort, it has recently been reported 
that this variant increased the expression levels of 
thrombomodulin in endothelial cells and reduced 
those of soluble thrombomodulin.40 Consistently, in 
the present study, the plasma levels of TAFIa were 
significantly higher in patients with CTEPH with this 
variant than in those without it. As TAFI is activated 
by thrombin-thrombomodulin complex on the sur-
face of endothelial cells, this variant may enhance 
the activation of TAFI and promote the development 
of CTEPH.

It is known that the cause of Japanese CTEPH is 
different from that in the rest of the world.54,55 It was 
reported that Japanese patients with CTEPH were pre-
dominantly women and had less history of APE com-
pared with the rest of the world. Indeed, in the present 
study, 80% of patients were women and 45.1% of 

patients had a history of APE. These ratios are simi-
lar to those of the previous report from Japan.54 Thus, 
the genetic background in Japanese patients might be 
different from that in the rest of the world. It remains 
to be examined whether patients with CTEPH in other 
countries have these variants.

Taken together, we identified variants associated 
with APE in patients with CTEPH, even in patients with 
no history of APE, suggesting that CTEPH and APE 
may have a similar genetic background. Moreover, 
the present results suggest that the variant of THBD 
leads to activation of TAFI in patients with CTEPH 
and that TAFIa impairs fibrinolysis in patients with 
CTEPH. Moreover, patients with CTEPH have some 
variants that are risk factors of APE. Thus, asymp-
tomatic pulmonary embolism may occur, associated 
with impaired fibrinolysis with resultant development 
of CTEPH.

Study Limitations
Several limitations should be mentioned for the pre-
sent study. First, we were unable to detect all the vari-
ants associated with APE or PAH. Second, it was a 
small population in this study. Third, we were unable 
to examine the association of long-term prognosis 
and these variants. The prognosis of CTEPH has been 
improved by the development of balloon pulmonary 
angioplasty.56 A total of 51 patients with CTEPH were 
treated with balloon pulmonary angioplasty, and all of 
them survives so far. Fourth, we were unable to com-
pare the read depth of the candidate variants between 
cases and controls, as individual data of controls were 
unavailable.

CONCLUSIONS
In the present study, we demonstrated that patients 
with CTEPH had some variants associated with APE, 
regardless of the presence or absence of a history of 
APE. Furthermore, the genetic background might be 
different between patients with CTEPH with and with-
out a history of APE.
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