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ABSTRACT 

BACKGROUND 

Beyond the major gene BMPR2, several new genes predisposing to PAH have been identified during 

the last decade. Recently, preliminary evidence of the involvement of the KDR gene was found in a 

large genetic association study.  

METHODS 

We prospectively analysed the KDR gene by targeted panel sequencing in a series of 311 PAH 

patients referred to a clinical molecular laboratory for genetic diagnosis of PAH.  

RESULTS 

Two index cases with severe PAH from two different families were found to carry a loss-of-function 

mutation in the KDR gene. These two index cases were clinically characterized by low diffusing 

capacity for carbon monoxide adjusted for hemoglobin (DLCOc) and interstitial lung disease. In one 

family, segregation analysis revealed that variant carriers are either presenting with PAH associated 

with low DLCOc, or have only decreased DLCOc, whereas non-carriers relatives have normal DLCOc. 

In the second family, a single affected carrier was alive. His carrier mother was unaffected with 

normal DLCOc. 

CONCLUSION 

 We provided genetic evidence for considering KDR as a newly identified PAH-causing gene by 

describing the segregation of KDR mutations with PAH in two families. In our study, KDR mutations 

are associated with a particular form of PAH characterized by low DLCOc and radiological evidence of 

parenchymal lung disease including interstitial lung disease and emphysema.  

 

 

 

 



INTRODUCTION 

 

Pulmonary arterial hypertension (PAH) is a rare and devastating disease, resulting from progressive 

obliteration of small caliber pulmonary arteries by proliferating vascular cells and intimal fibrosis, and 

leading to cardiac failure. PAH can complicate well identified pathological conditions, or occur in the 

context of family history or genetic mutations causing heritable PAH (hPAH), or is considered as 

idiopathic (iPAH) in the absence of an identified predisposing factor  [1]. The major gene associated 

with PAH is BMPR2, encoding a type 2 receptor of the BMP signaling pathway. During the last 

decade, several new genes have been identified making PAH a heterogeneous genetic disease [2] . 

The initial discovery of BMPR2, exploited the collection of informative multiplex PAH families and the 

implication of other genes belonging to the BMP signaling pathway was based on a candidate gene 

approach, such as ACVRL1 and ENG in rare cases of HHT-associated PAH, SMAD9 or BMP10 [2, 3]. 

The TBX4 gene was identified owing to large genomic deletions encompassing the gene and was later 

shown to be a major predisposing gene for hPAH [4–6].The recently identified genes were the results 

of whole exome or genome sequencing in families or large cohorts of sporadic cases and included 

ATP13A3, GDF2 (BMP9), SOX17, AQP1, KCNK3 and CAV1 [6–9].  EIF2AK4, the gene responsible for 

heritable pulmonary veno-occlusive disease (hPVOD) was also identified by exome sequencing [10]. 

Following initial gene identification, further investigation of these genes in larger populations of 

patients gave contrasted results because no other case was identified for some of them, while for 

others, such as GDF2, several pathogenic variants were found in PAH cases [11].  

In the course of a genetic association study using whole genome sequencing in a large series of PAH 

cases and controls, Gräf et al found preliminary evidence for a possible involvement of Kinase Insert 

domain receptor (KDR) gene in PAH by comparing the number of protein-truncating variants within 

the gene in patients and controls [6]. However, this finding did not achieve genome-wide significance 

in that analysis and therefore was not considered definitive.  



The KDR gene encodes the receptor for VEGF-A, VEGFR2, that transduces the signal for most of VEGF 

effects on endothelial cells during development and in adult. Indeed, activation of VEGF-R2 through 

ligand binding stimulates several signaling pathways including the ERK1/2 pathway which enhances 

cell proliferation, the PI3Kinase—protein kinase B (PKB) pathway which promotes cell survival, and 

the p38 MAPK and CSK (Src) which induces cell migration [12]. In addition, CSK (Src) activation and 

PI3K-PKB can induce nitric oxide (NO) production and, hence, cell permeability that may promote 

angiogenesis [13]. VEGF is highly expressed in the lung and VEGF signalling plays an essential during 

fetal lung development and serves as a maintenance factor during adult life [14]. Moreover, an 

antagonist of VEGFR2, SU5416 (Sugen), led to lung immaturity in rats [15]and was shown to induce 

pulmonary hypertension in association with hypoxia in adult rats [16].  

In view of the prominent role of VEGFR2 in lung vasculature and preliminary evidence obtained from 

the human PAH genetic study [6], we prospectively analysed the KDR gene by targeted panel 

sequencing in a series of 311 PAH patients referred to a clinical molecular laboratory for genetic 

diagnosis of PAH.  We report the genotype and phenotype characteristics of two families carrying a 

KDR loss of function variant. 

 

  



PATIENTS AND METHODS 

Genetic analysis 

Clinical molecular diagnosis by NGS-based gene panel on hPAH and hPVOD predisposing genes and 

NGS data analysis was performed as previously described in Eyries et al [3]. Briefly, for all incident 

index cases referred to the laboratory, a custom gene panel including 9 established PAH and PVOD 

genes (BMPR2, TBX4, EIF2AK4, CAV1, KCNK3, SMAD9, ACVRL1, ENG, BMP9) as well as research 

genes, including the KDR gene, was used. Splicing variants were analyzed by splicing prediction tools, 

MaxEntScan, NNSplice, GeneSplicer and HumanSplicingFinder through Alamut® integrator software 

(https://blog.goldenhelix.com/splice-site-algorithms/). Thus 311 PAH patients followed within the 

French Pulmonary Hypertension Network were explored between 2017 and 2019 for KDR mutations. 

All patients underwent genetic counseling and signed written informed consent for genetic analysis. 

KDR DNA sequence was compared to the reference sequence (NM_002253.2). Likely gene disrupting 

(LGD) variants of KDR were confirmed by Sanger sequencing. Variant classification follows criteria 

adopted by the American College of Medical Genetics (ACMG) ()[17] 

Clinical assessment 

Routine evaluation at diagnosis of PAH included medical history, physical examination, assessment of 

dyspnea by New York Heart Association (NYHA) functional class, 6-minute walk distance (6MWD), 

echocardiography, pulmonary function tests, contrast-enhanced computed tomography (CT) of the 

chest, ventilation/perfusion lung scan, abdominal ultrasound, autoimmunity screening and HIV 

serology. Pulmonary function tests included forced expiratory volume in one second (FEV1), forced 

vital capacity (FVC), FEV1/FVC ratio, total lung capacity (TLC) and diffusing capacity for carbon 

monoxide adjusted for hemoglobin (DLCOc). Haemodynamic measurements were obtained by right 

heart catheterization according to routine protocols including right atrial pressure (RAP), mean 

pulmonary artery pressure (mPAP), pulmonary artery wedge pressure (PAWP). Cardiac output was 

measured by the thermodilution technique and cardiac index was calculated as cardiac output/body 



surface area. Pulmonary vascular resistance (PVR) was calculated as (mPAP −PAWP)/cardiac output 

(expressed in Wood units (WU)). 

Clinical characteristics at diagnosis and follow-up were stored in the Registry of the French 

Pulmonary Hypertension Network (French Referral Centre, Hospital Kremlin-Bicêtre and 25 

associated centres spread across France). This Registry was set up in agreement with French 

bioethics laws (Commission Nationale de l’Informatique et des Libertés). 

 

 



RESULTS 

Two index PAH patients from two different families were found to carry a KDR loss of function 

variant. Their families were explored subsequently (Figure 1). 

Family 1 

Index case (II.4) is a 55 year-old woman diagnosed with PAH. She had no medical history and no 

tobacco exposure. Her family history includes an unexplained death of her sister at 46 years (II.2) due 

to cardio-respiratory insufficiency in a context of dexfenfluramine intake (Figure 1A). At diagnosis, 

she was in NYHA functional class III and 6MWD was 280m. Pulmonary function tests showed mild 

restriction (FEV1 70%, FVC 74%, FEV1/FVC 0.8, TLC 79%) and a significant decrease in DLCOc at 29% 

of predicted values. Arterial blood gas on room air revealed severe hypoxaemia with a PaO2 at 55 

mmHg. NT-Pro BNP was at 664pg/mL. Echocardiography and cardiac MRI showed severe PH with 

right ventricular (RV) dilatation (diastolic RV volume 145 ml) and dysfunction (RV ejection fraction 

28%) associated with paradoxical septum. There was no argument for chronic left heart disease or 

congenital heart disease. Right heart catheterization at rest revealed severe pre-capillary pulmonary 

hypertension with a mPAP at 71mmHg, a PAWP of 9 mmHg, cardiac index of 2.23 L/min/m2 and PVR 

15.7 WU. Acute vasodilatory test was negative. CT of the chest demonstrated mild interstitial lung 

disease with an upper-lobe predominance (Figure 2 A, B). Dual oral combination therapy (endothelin 

receptor antagonist (ERA) and type 5 phosphodiesterase inhibitor (PDE5i)) was initiated. At 18 

months, clinical and haemodynamic status improved (NYHA functional class II, 6MWD 355 m, mPAP 

43 mmHg, cardiac index 3.3 L/min/m2 and PVR 6.7 WU). 

Genetic analysis identified a heterozygous KDR truncating mutation (c.3302T>G, p.Leu1101*) located 

in exon 24 of the gene, that induces a loss of the catalytic kinase domain of the receptor [18].  No 

other pathological mutation was identified on established PAH genes. Five other available family 

members were then genotyped. This KDR mutation was identified in one brother (II.1) who 

complained about dyspnea for several years. Following KDR mutation identification, complete 

assessment revealed a diagnosis of PAH with moderate hemodynamic impairment (mPAP 27mmHg, 



PAWP 4mmHg, cardiac index 2.3 L/min/m2 and PVR 5.4 WU). He was in class III, and the 6-MWD was 

400m and NT-Pro BNP was normal. Pulmonary function tests were normal except for a significant 

decrease in DLCOc at 35%. Arterial blood gas on room air revealed severe hypoxemia with a PaO2 69 

mmHg. CT of the chest demonstrated interstitial lung disease including subpleural reticulation, septal 

lines and bronchiolar abnormalities (Figure 2 C, D). Bronchoalveolar lavage was normal. A treatment 

by ERA and PDE5i combination therapy was initiated and the patient was alive after 6 months of 

evaluation. 

Genetic analysis also identified three asymptomatic mutation carriers (III.2, III.4 and III.5 with an age 

of 46, 33 and 28 years, respectively). Clinical evaluation was proposed to asymptomatic carrier 

relatives. Pulmonary function tests identified a low DLCOc in all carriers of the KDR mutation with 

53%, 64% and 50% in individual III.2, III.4 and III.5, respectively. DLCOc was normal in relative III.1 not 

carrying the familial mutation. CT of the chest was normal in III.2, and III.4 and identified a double 

aortic arch in III.5 (Figure 2 E). Relative III.5 performed a right heart catheterization revealing no 

pulmonary hypertension (mPAP 17 mmHg) but a mild increase in PVR of unknown significance at 2.1 

WU. 

Family 2 

The index case (III.3) is a 31 year-old male diagnosed with PAH at the age of 30. Personal history 

reveals non-allergic asthma in childhood and minor former tobacco exposure (2 pack-years). His 

family history includes the death at 60 years of his maternal grand-father in a context of dyspnea and 

right heart failure (Figure 1B). At diagnosis he was in NYHA functional class III and 6MWD was 210m. 

Pulmonary function tests were normal contrasting with a major decrease in DLCOc at 19%. Arterial 

blood gas on room air revealed severe hypoxaemia with a PaO2 at 61mmHg. Echocardiography and 

cardiac MRI showed RV dilatation (diastolic RV volume 218 ml) and dysfunction (RV ejection fraction 

31%) associated with paradoxical septum. There was no argument for chronic left heart disease or 

congenital heart disease. Right heart catheterization showed severe precapillary pulmonary 

hypertension (mPAP 48 mmHg, PAWP 3 mmHg, cardiac index 2 L/min/m2 and PVR 13.6 WU). Acute 



vasodilator testing was negative. CT of the chest identified interstitial lung disease including 

reticulations, septal lines and ground glass opacities, mild emphysema and mediastinal enlarged 

lymph nodes (Figure 2 F, G). A positron emission tomography (PET)-CT identified mediastinal lymph 

node enlargement with moderate fixation (SUVmax 6.8) (Figure 2H). Bronchoalveolar lavage was 

performed showing haemosiderin-laden macrophages (Golde score at 135). A diagnosis of 

sarcoidosis was initially suspected, and the patient received corticosteroid during 3 months without 

any improvement. Dual oral combination therapy (ERA and PDE5i) was then initiated. While there 

was a clinical stability (NYHA functional class II, 6MWD of 450 m) for two years, the last right heart 

catheterization showed a significant decrease of cardiac output and an increase of PVR to 11.1 WU. 

Listing for lung transplantation is currently discussed for this patient.  

Genetic analysis was negative for the established genes involved in the development of PAH, but 

identified a heterozygous KDR mutation (c.976+2T>C) located in the consensus splicing donor site in 

intron 7 of the gene. In silico analysis of this splicing variant showed that it is predicted to abolish the 

donor-splicing site of intron 7 leading to the skipping of exon 7 and a truncated protein 

p.His267Lysfs*37.  Genotyping of both parents revealed that this mutation was inherited from the 

mother who had normal pulmonary function tests, normal CT of the chest and a normal DLCOc at 

89%. The maternal grandfather had died at the age of 60 with a clinical presentation consistent with 

unrecognized PH.  

 

 

 

 

  



DISCUSSION 

We described a new form of hPAH linked to KDR loss-of-function pathogenic variants on a single 

allele of the gene. We identified two index cases carrying KDR mutations after prospectively 

screening a series of 311 unrelated patients referred for PAH genetic investigation (0.6% of patients). 

In the first family, we identified a KDR truncating variant encoding a VEGFR2 molecule predicted to 

be devoid of tyrosine kinase catalytic site and of mapped key catalytic residues, such as tyrosine 

1175, for autophosphorylation [18, 19]. Segregation analysis was possible on two generations and 

revealed that variant carriers are either presenting with declared PAH associated with low DLCOc, or 

have only a decreased DLCOc without other symptoms, whereas non-carriers relatives are symptom-

free and have normal DLCOc. In the second family, a splice variant that affects the consensus donor 

site was identified in KDR and is predicted to induce  a truncation of the protein by skipping of exon 7 

starting from the Ig-like domains 3 of VEGFR2 that was shown to be essential for VEGF binding [20], 

until the carboxy-terminal end of the protein. DLCOc was also deeply decreased in the affected index 

case whereas it was normal in the unaffected carrier mother of the PAH patient. Interestingly, in this 

family, the medical history of the maternal grandfather is consistent with PAH-induced right heart 

failure and death. Thus, we identified two distinct variants classified as pathogenic according to 

ACMG criteria in the KDR gene [17]. KDR loss of function variants are extremely rare in the general 

population (11 observed variants in the 141 456 individuals available in gnomAD database) and this 

gene has a pLI score of 1 (o/e = 0.15 (0.09 - 0.25), %HI: 2.22) meaning that it is extremely intolerant 

to loss of function [21, 22]. These findings are strongly supported by a parallel study of the 

International Consortium for Genetic Studies in PAH analysing whole-genome sequencing data of 

13,037 individuals including 1,148 subjects recruited to the PAH domain [23]. 

The DLCOc decrease is more pronounced in affected subjects than in non-affected carriers, and 

whether DLCOc decrease is an early marker of the development of KDR-associated disease needs to 

be further investigated. The long-term follow-up of the reported carrier subjects will be informative if 

the pathological process cannot be halted. In addition to low DLCOc, all affected patients presented 



with radiological evidence of interstitial lung disease on HRCT that can be prominent and led to an 

initial erroneous diagnosis of sarcoidosis in one patient. Conversely, KDR mutation carriers without 

declared PAH have normal HRCT even if subclinical lung parenchymal involvement might be 

suspected in view of DLCOc decrease. Therefore, presence of mild interstitial lung disease could be 

an important radiological marker of PAH development in KDR mutation carriers.  In this context, the 

DLCOc decrease reflects gas exchange impairment that may be the consequence of lung 

parenchymal involvement and of pulmonary distal vascular bed remodeling. Ventilation/perfusion 

lung scan of the three PAH patients and CT pulmonary angiogram (performed in patients II.4 family 1 

and III.3 family 2) found no evidence of significant pulmonary vasculature malformations. However, 

these examinationss explore segmental and subsegmental pulmonary arteries, and cannot exclude 

developmental abnormalities of pulmonary microvasculature. The association of parenchymal lung 

disease and pulmonary hypertension may suggest a possible developmental lung disorders rather 

than a specific and unique pulmonary vascular remodeling as observed in hPAH due to BMPR2 

mutation. However, the absence of available lung tissue from affected subjects with KDR mutations, 

is limiting the pathophysiological interpretation that could be drawn from observed lesions.  

The expression of KDR is high in human embryonic lung endothelial cells[24] and the absolute 

requirement of VEGFR2 for development of the embryonic vasculature in mice has been 

demonstrated by KDR inactivation which produces an embryonic lethal phenotype with abnormal 

blood vessel development [25]. During rat development, VEGF mRNA is expressed in distal airway 

epithelial cells and the sub-epithelial matrix of E11.5 lungs, whereas VEGFR2-positive cells were 

localized in the mesenchyme closely apposed to the developing epithelium [26, 27]. This spatial 

relationship between epithelial cells which produce VEGF and endothelial cells that express VEGFR2 

enables an essential cross-talk for the formation of the epithelium-capillary bilayers, which are 

essential for gas exchange.  VEGF signaling has a major role for proper blood vessel formation in the 

embryonic lung but also after birth. Jakkula et al used the VEGF-R2 antagonist SU5416 (Sugen) to 

show that, in the neonatal rat, inhibition of VEGF signaling reduces alveolarization and decreases 



arterial density, showing that VEGFR2 contributes significantly to vascular growth after birth where a 

rapid lung growth occurs [15]. Indeed, premature infants with lung hypoplasia have distal air spaces 

that fail to septate, leading to a reduced surface area for gas exchange [28].  Chronic treatment of 

adult rats with SU5416 induced alveolar septal cell apoptosis and leads to the enlargement of air 

spaces indicative of emphysema, suggesting that VEGF signaling is required for the maintenance of 

the pulmonary vasculature and alveolar structure during adulthood[29, 30].  

Loss of function of a single allele of KDR is expected to decrease VEGFR2 mediated signaling of VEGF 

through a mechanism of haplo-insufficiency that has already been shown for PAH due to mono allelic 

loss of function of BMPR2 [31]. Indeed, in mice carrying a heterozygous disruption of KDR, the KDR 

mRNA was almost 50% reduced and an abnormal responses to ischemic preconditioning of the heart 

was observed [32]. Moreover, heterozygous mice for KDR loss of function display profound defects in 

supporting tumor growth and angiogenesis, clearly demonstrating a gene dosage effect of this gene 

and supporting a pathogenic role in humans [33] . 

Although a partially deficient KDR gene as a cause of PAH may appear paradoxical in 

view of the increased plasma VEGF concentration and the VEGF and KDR expression in PAH lesions 

([34], and our results in supplementary figure 1), further elements supporting the pathogenic role of 

decrease VEGF signaling by KDR loss of function in human PAH comes from the experimental model 

of rat PAH caused by SU5416. PAH occurs in rats after SU5416 administration in combination with 

hypoxia, or unilateral pneumonectomy or in immuno-deficient animals and lung lesions are close to 

those observed in human PAH [16, 35, 36]. These animal models clearly support a maintenance role 

of VEGF signaling in adulthood and VEGF signaling antagonizes endothelial apoptosis, a phenomenon 

that is proposed to be involved in the SU5416 model. These models are however different from the 

KDR haplo-insufficiency induced form of human PAH, since the deficiency is only partial (around 50% 

of expression) and is acting from developmental life where lung vascular restriction by diminished 

VEGF signaling might be important.  



Since decreased DLCOc seems to be the only detectable physiologic abnormality in 

unaffected KDR mutation carriers, another triggering factor needs to be hypothesized to explain the 

disease initiation. CT of the chest from affected subjects, together with worsened DLCOc, are 

suggestive of parenchymal lung disease. Experimental models have documented the effects of VEGF 

signaling in the bleomycin model of fibrosis. Indeed, VEGF signaling has other functions beyond 

angiogenesis, such as stimulation of epithelial proliferation, prevention of epithelial apoptosis and 

attenuation of vascular remodeling via protective effects on endothelial cells in a context of 

experimental lung  fibrosis in rats [29, 37, 38].  

As for all newly discovered gene involvement in hereditary disease, the central question is whether 

the disease can be imputed to these mutations. We identified loss of function variants in the KDR 

gene, for which loss of function variants are extremely rare in the general population. We have also 

clearly shown in one family the cosegregation of the pathogenic variant with a specific phenotype 

combining PAH and ILD associated with a decrease in DLCOc. VEGFR2 is known to be involved in the 

development of the lung vasculature and plays a central role in the structural specificity of the lung 

enabling gas exchange. In addition, VEGF signaling plays a major role in maintaining epithelial and 

endothelial integrity. Thus, previous pathophysiological and WGS data, together with clinical and 

genetic elements from this study allow to consider KDR as a new PAH causing gene.  Whether KDR 

linked PH should be considered as a pure heritable PAH form or as PH occurring in the setting of 

developmental lung disorder should be discussed in the light of lung tissue analysis from affected 

subjects and from the murine model of KDR haploinsufficiency [39].                                           
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FIGURES LEGEND 

 

Figure 1 : Family tree of carriers of KDR mutation:  A. family 1;  B. family 2. 

+/+ : mutation non-carrier.  

+/- : heterozygous carrier of a KDR mutation. 

            : indicate affected subjects.  

: indicate subjects with a suspected PH. 

:  indicates asymptomatic carriers of the familial KDR mutation.  

Yo: year-old 

 

Figure 2: Computed tomography of the chest of KDR mutation carriers. 

A-B: CT of the chest in PAH patients II.4 from family 1 revealing interstitial lung disease with 

reticulations in upper lobes (A) and ground-glass opacities predominantly in the mid-lower lung (B). 

C-D: CT of the chest in PAH patients II.1 from family 1 revealing interstitial lung disease with 

subpleural reticulations (C) and bronchiolar lesions in the lower lungs (D).  

E: CT of the chest identified a double aortic arch in asymptomatic relative III.5 carrying a KDR 

mutation from family 1.  

F-H: In PAH patient III.3 from family 2, CT of the chest revealed reticulations, mild emphysema (F, G) 

and mediastinal lymph node enlargement with moderate fixation on positron emission tomography 

CT (H). 

 

 



 

  



 

 



 

Supplementary Methods  

KDR gene expression analysis  

Human PAECs were cultured as previously described 1 from lung tissue samples of heritable PAH patients(n=4, 
BMPR2 mutation carriers), sporadic BMPR2 mutation non-carrier PAH patients (n=5), and controls (n=4, 
obtained from pneumonectomy for tumors) and were used for the study between passages 3 and 5. Patients 
studied were part of a program approved by our institutional Ethics Committee and had given written 
informed consent (ID RCB: 2018-A01252-53, approved on June 18, 2006).  

Total RNA was extracted using TRIzol reagent according to standard procedures. RNA quantity and quality was 
assessed using the Nanodrop-ND-1000 (Nanodrop Technologies,). One microgram of total RNA was reverse-
transcripted using a QuantiTect Reverse Transcription Kit (Qiagen,).  
The obtained cDNA was used for real‐time PCR experiments using 2 ng of cDNA, 0.3 µM of each primer and 10 
µl of Sybr Green PCR master mix (Applied Biosystems) in a total volume of 20 µl. Primers used were designed 
to target exonic regions of KDR and RPL32 as reference gene. Each sample was run in triplicate in independent 
reactions on an ABI PRISM 7700 Detection system (Applied Biosystems). The results were analyzed according 

to the 2–Ct method.  
1. Perros, F. et al. Nebivolol for improving endothelial dysfunction, pulmonary vascular remodeling, and 

right heart function in pulmonary hypertension. J. Am. Coll. Cardiol. 65, 668–680 (2015). 

 

Supplementary Figure 1 

KDR gene expression was measured in human PAECs from lung tissue samples of controls (n=4), heritable 

PAH patients (all BMPR2 pathogenic variant carriers) (n=4) and sporadic PAH patients (n=5).  
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