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BACKGROUND: Pulmonary arterial hypertension (PAH) is a highly morbid disease characterized by ele-

vated pulmonary vascular resistance (PVR) and pathogenic right ventricular remodeling. Endothelial

expression of the prometastatic protein NEDD9 is increased in fibrotic PAH arterioles, and NEDD9

inhibition decreases PVR in experimental PAH. We hypothesized that circulating NEDD9 is increased

in PAH and informs the clinical profile of patients.

METHODS: Clinical data and plasma samples were analyzed retrospectively for 242 patients from 5

referral centers (2010−2017): PAH (n = 139; female 82%, 58 [48−67] years), non-PAH pulmonary

hypertension (PH) (n = 54; female 56%, 63.4 § 12.2 years), and dyspnea non-PH controls (n = 36;

female 75%, 54.2 § 14.0 years).

RESULTS: Compared with controls, NEDD9 was increased in PAH by 1.82-fold (p < 0.0001). Elevated

NEDD9 correlated with PVR in idiopathic PAH (r = 0.42, p < 0.0001, n = 54), connective tissue dis-

ease (CTD)-PAH (r = 0.53, p < 0.0001, n = 53), and congenital heart disease−PAH (r = 0.68, p <
0.0001, n = 10). In CTD-PAH, NEDD9 correlated with 6-minute walk distance (r =�0.35, p = 0.028,

n = 39). In contrast to the PAH biomarker N-terminal pro-brain natriuretic peptide (n = 38), NEDD9

correlated inversely with exercise pulmonary artery wedge pressure and more strongly with right
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ventricular ejection fraction (r =�0.41, p = 0.006, n = 45) in a mixed population. The adjusted hazard

ratio for lung transplant−free survival was 1.12 (95% confidence interval [CI], 1.02−1.22, p = 0.01)

and 1.75 (95% CI, 1.12−2.73, p = 0.01) per 1 ng/ml and 5 ng/ml increase in plasma NEDD9, respec-

tively, by Cox proportional hazard model.

CONCLUSIONS: In PAH, plasma NEDD9 is increased and associates with key prognostic variables. Pro-

spective studies that include hard end points are warranted to validate NEDD9 as a novel PAH biomarker.

J Heart Lung Transplant 2020;39:289−299
� Published by Elsevier Inc.
Pulmonary arterial hypertension (PAH) is a severe cardio-

pulmonary disease defined, in part, by a fibrotic vasculopathy

that increases pulmonary vascular resistance (PVR) and path-

ogenic remodeling of the right ventricle.1 Accumulating clini-

cal trial data demonstrate a substantial therapeutic benefit in

patients treated using an early-aggressive strategy.2 However,

dyspnea and other non-specific complaints are often the first

presenting symptom in PAH, contributing to delayed or

missed diagnosis.3 In addition, longitudinal assessment of

PAH progression generally hinges on right heart catheteriza-

tion, echocardiography, or walk testing, which are invasive or

limited by suboptimal precision.4−6 For these collective rea-

sons, identifying a PAH-specific biomarker with diagnostic

and prognostic relevance has emerged as a major objective in

the pulmonary vascular medicine field.7

The CAS protein NEDD9 emerged from a recently

reported network medicine analysis in silico focusing on

intermediaries that regulate fibrosis in PAH.8 In that study,

NEDD9 expression was increased in PAH pulmonary artery

endothelial cells ex vivo and in the endothelial layer of remod-

eled arterioles from patients with PAH compared with lung

cancer, idiopathic pulmonary fibrosis, and non-diseased con-

trols. Increased NEDD9 activated transcription of COL3A1,

which is the gene encoding collagen III, to promote fibrotic

vascular remodeling. Inhibition of NEDD9 using transgenic

animals and small interfering RNAmethods prevented the pul-

monary arteriopathy of PAH, decreased PVR, and improved

right ventricular mass in experimental models in vivo.

Importantly, NEDD9 is implicated in the pathogenesis of

various solid tumor cancers.9 In breast adenocarcinoma,

NEDD9 targets transforming growth factor-b,10 also impli-

cated in PAH,11 to alter the phenotype of cells and permit

blood-borne metastasis.12 This observation suggests that

release of NEDD9 from pulmonary artery endothelial cells

into the circulation of patients with PAH is plausible. Taken

together, we hypothesized in this study that plasma NEDD9

is increased in PAH and associates with key hemodynamic

measurements that are indicative of vascular remodeling

extent and prognosis.

Methods

An expanded methods section is provided in the Supplementary

Material online at www.jhltonline.org.
Clinical population

This study complies with the Declaration of Helsinki. Plasma

samples were recruited based on availability from the following
5 PAH referral centers: Brigham andWomen’s Hospital (Partners A)

(A.B.W. and M.F.U.), Massachusetts General Hospital (Partners B)

(P.B.Y), Rhode Island Hospital/Brown University (C.E.V.), Univer-

sity of Washington (P.L.), and Johns Hopkins University (JHU) (S.

H, R.J.T., and P.H.). At each center, consecutive patients were

enrolled based on patient consent. This study was approved by the

local Institutional Review Board at each participating center. Details

on the method for enrolling patients, collecting clinical data, and

processing samples are provided in the Supplementary Material

online.
Definitions of PAH, other clinical phenotypes, and
controls

Standardized clinical definitions were used to classify all

patients,13 which was informed by each participating center inves-

tigator (as above) and reviewed independently by BAM. For PAH,

the following hemodynamic criteria were used based on the pre-

vailing definition during the study time period: mean pulmonary

artery pressure (mPAP) ≥ 25 mm Hg, PVR ≥ 3.0 Wood units,

and pulmonary artery wedge pressure (PAWP) ≤ 15 mm Hg.

Patients with World Health Organization (WHO) Group 2 pulmo-

nary hypertension (PH) had mPAP ≥ 25 mm Hg; PAWP >15 mm

Hg; and a diagnosis of heart failure with reduced left ventricular

ejection fraction, heart failure with preserved left ventricular ejec-

tion fraction, or other primary cardiac pathology.1 Patients with

WHO Group 3 PH had mPAP ≥ 25 mm Hg; PAWP <15 mm Hg;

and a ventilatory defect detected on spirometry, obstructive sleep

apnea, or other established risk factor for PH because of hypoxia

or sleep disordered breathing. Idiopathic PAH (iPAH), portopul-

monary hypertension, human immunodeficiency virus-PAH, pul-

monary veno-occlusive disease, and exercise-induced PH were

diagnosed by appropriate serological data and/or clinical criteria

published previously.13,14 Drug- and toxin-induced−PAH was

diagnosed mainly in the setting of methamphetamine use accord-

ing to recently published guidelines.15 Human immunodeficiency

virus-PAH and pulmonary veno-occlusive disease patients (N = 3)

were considered as a specific subtype of PAH.
NEDD9 measurement assays

Detailed information on liquid chromatography−mass spectrome-

try (LC-MS) and immunoblot methodologies for detecting

NEDD9 is provided in the Supplementary Material online.

Enzyme-linked immunosorbent assay (ELISA) for
NEDD9 quantification

Human plasma samples were diluted 1:3 with phosphate buffered

saline, and NEDD9 levels were analyzed using a NEDD9 ELISA

kit (Aviva Systems Biology, San Diego, CA, #OKEH02459),
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according to manufacturer recommendations. All plasma NEDD9

levels were measured and analyzed in the same laboratory by a

single investigator (A.O.S.). The manufacturer’s reported and the

investigator’s observed intra-assay coefficient of variance for the

ELISA assay used in this study is 4.9% and 8.4%, respectively

(Supplementary Table S1 online). The manufacturer’s reported

interassay coefficient of variance is 8.5%; this metric could not be

assessed independently because of insufficient sample quantity.
Statistical methods

All analyses were performed using Origin 9.01 (B.A.M.) or Stata

v15.1 (P.J.L.). Data are expressed as mean § standard error of the

mean or median (interquartile range) for normally and non-nor-

mally distributed data, respectively. The unpaired Student t-test

and one-way analysis of variance (ANOVA) test were used for

comparisons between 2 and 2 or more normally distributed groups,

respectively. The Mann-Whitney and Kruskal-Wallis non-paramet-

ric tests were used to compare 2 or more non-normally distributed

groups. The Pearson r and Spearman r coefficients are reported for

linear regression analyses performed using data that was distrib-

uted normally and non-normally, respectively. Exploratory analy-

ses of the center-specific relationship between NEDD9 and PVR

were performed to evaluate heterogeneity imposed by center in the

relationship between NEDD9 and a PAH-specific marker. Linear

regression was used to estimate the relationship between NEDD9

and PVR. Unadjusted analyses and models accounting for age or

age, sex, and PAH subtype were considered. The area under the

curve for the receiver operating characteristic analysis was calcu-

lated using methods reported previously.14 Cox proportional haz-

ards models were used to assess the association between plasma

NEDD9 and lung transplant−free survival. Kaplan-Meier event-

free curves were plotted for NEDD9 dichotomized using the
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median plasma level in patients with PAH using lung transplant or

death as the event. Unadjusted group comparisons for time-to-

event outcomes were made using the log-rank test.
Results

Verifying plasma NEDD9

The ELISA assay in this study was used previously to quan-

titate NEDD9 in plasma samples from patients with other

diseases. However, verification of commercially purchased

laboratory reagents is identified increasingly as a critical

step toward optimizing scientific rigor,16 and prior reports

used only a single method to analyze plasma NEDD9.17 In

pilot studies, we confirmed detection of NEDD9 in plasma

using LC-MS, which is the gold-standard method for prote-

omic analysis. This approach detected 5 peptides within 3

of the 4 distinct NEDD9 domains (n ≥ 2 replicates of each

peptide per sample; n = 2 samples) (Figure 1). This was

then confirmed further by anti-NEDD9 immunoblot using

an antibody targeting the peptide sequence spanning amino

acids 85 to 350 (Supplementary Figure S1 online), which

was a region of the protein detected by LC-MS (n = 3).
NEDD9 plasma sample throughput

From a total of 269 individual patient plasma samples, 242

(90%) were available for analyzing the clinical relevance of

NEDD9 after excluding 1 assay (inclusive only of Partners

B samples) that was technically unsound (defined by
.A

C)

R.LSFSSTGSTR.S

SH3 Substrate 
Domain

Serine Rich 
Region

C-Terminal

10 65 350 650 834

Peptide A
91-102

Peptide B
322-335

Peptide D
402-412

Peptide C
368-377 Peptide D

756-765

N

A
bu

nd
an

ce

m/z m/z

F)

althy control human plasma was immunoprecipitated with an anti-

in digestion was performed on samples reduced with dithiothreitol

ncluding the doubly charged y6, y7, or y8 ion corresponding to

te domain, (C, D) serine rich region, and (E) C-terminal domain,

mples). Representative spectra are provided. LC-MS, liquid chro-



Table 1 Summary of Patient Diagnosis for the Study Cohort

Center Control PAH WHO Group 2 WHO Group 3
WHO Group 5/
Mixed phenotype SSC-no PH EurI-Physiol Total

Partners A 9 10 0 0 0 0 0 19
Partners B 24 31 15 12 17 0 3 102
Warren Alpert/
Brown University

0 30 0 0 0 0 0 30

University of Washington 0 43 1 0 1 0 0 45
Johns Hopkins University 3 25 2 3 0 13 0 46
Total 36 139 18 15 18 13 3 242

Abbreviations: EurI-Physiol, exercise-induced pulmonary hypertension; PAH, pulmonary arterial hypertension of any subtype; PH, pulmonary hyperten-

sion; SSC, systemic sclerosis; WHO, World Health Organization.

Partners A Is Brigham and Women’s Hospital and Partners B Is Massachusetts General Hospital.
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biologically implausible values) (n = 24) and statistical out-

liers (n = 3) (Table 1 and Supplementary Figure S2 online).
Study population

Compared with controls, patients with PAH (82% female)

had higher mPAP (17 [13−19] vs 45 [35−57] mm Hg, p <
0.0001), PVR (94.6 [68.0−137] vs 385.8 [229.1−717.3]
dyne¢s/cm5, p < 0.0001), and transpulmonary gradient

(7 [4−9] vs 35 [24−48] mm Hg, p < 0.0001) as expected but

were not significantly different in age (52.9 [41.5−66.8] vs
59.0 [46.1−67.3] years, p = 0.31) (Table 2 and Supplementary

Table S2 online). Clinical comorbidities for each cohort are

available in Supplementary Tables S3 to S7 online. The phar-

macotherapeutic profile was available for 92.8% of patients

with PAH (n = 129), in which PAH-specific medication was

reported in 42.6% (n = 55), indicating a mixture of prevalent

and incident patients in the study cohort. Phosphodiesterase

type-V inhibitors, endothelin receptor antagonists, and

prostacyclin replacement drugs were recorded for 86%, 53%,

and 48% of patients with PAH, respectively (Table 3 and

Supplementary Tables S8−S12 online).
Table 2 Hemodynamic Characteristics of the Initial Control and PAH

Patients (n) Clin

Variable Control PAH Non-PAH PH Control

Age, years 37 142 54 52.9 (41.5−66.
RAP, mm Hg 33 126 52 3 (2−6)
mPAP, mm Hg 35 134 54 17 (13−19)
TPG, mm Hg 36 134 54 7 (4−9)
PVR, dyne¢s/cm5 35 118 53 94.6 (68.0−137
PAWP, mm Hg 28 125 54 10 (6.0−12)
CO, liter/min 35 114 53 5.3 (4.3−6.7)
CI, liter/min/m2 32 39 47 2.8 (2.5−3.6)

Abbreviations: ANOVA, analysis of variance; CI, cardiac index; CO, cardiac o

PAH, pulmonary arterial hypertension; PAWP, pulmonary artery wedge pressure

right atrial pressure; TPG, transpulmonary gradient.

Data are expressed as median (IQR). p-value data are from ANOVA analysis.
NEDD9 is increased in PAH and associates with
cardiopulmonary hemodynamic severity

Samples were available for control patients from 3 centers,

and NEDD9 concentration was significantly different

across these cohorts (Supplementary Figure S3A online).

Similarly, NEDD9 was different for patients with iPAH

across all 5 participating centers (Supplementary Figure

S3B online). Despite this variability, however, NEDD9 was

increased overall by 1.82-fold in PAH compared with con-

trols (p < 0.0001) (Figure 2A). No significant difference for

NEDD9 was observed by sex (p = 0.26), nor was an associa-

tion evident between NEDD9 and age (r = 0.09, p = 0.20),

creatinine concentration (r =�0.14, p = 0.19), or hemoglo-

bin concentration (r = 0.23, p = 0.053), or when comparing

patients with PAH for whom PAH-specific medical therapy

was vs was not reported (13.1 § 4.9 vs 12.8 § 6.2 ng/ml,

p = 0.75).

We next evaluated if our finding that NEDD9 is increased

in PAH was driven by a particular PAH subtype. Compared

with controls, NEDD9 was increased significantly in iPAH

(n = 54), connective tissue disease (CTD)-PAH (n = 52), con-

genital heart disease−PAH (n = 11), portopulmonary
Cohorts

ical and hemodynamic variables by group

PAH Non-PAH PH p-value

8) 59.0 (46.1−67.3) 63.0 (54.4−71.1) 0.0027
8 (5−12) 9 (5.5−14) <0.0001
45 (35−57) 37.5 (30−46) <0.0001
35 (24−48) 20 (15−25) <0.0001

) 624.0 (350.0−808.0) 295.9 (217.0−389.0) <0.0001
10 (8−13) 18 (11−25) <0.0001
4.6 (3.8−5.9) 5.0 (4.0−6.3) 0.1924
2.5 (2.1−3.0) 2.7 (2.2−3.2) 0.0511

utput; IQR, interquartile range; mPAP, mean pulmonary artery pressure;

; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RAP,



Table 3 PAH Medical Regimen for the Overall PAH Cohort

Total PAH cohort (N = 139)

Medication n (%)

Calcium-channel antagonist 20 (14)
PDE-Vi 86 (61)
ERA 53 (37)
Prostacyclin therapy 48 (34)
sGC therapy 0 (0)
Supplemental O2 16 (11)
ACE-inhibitor/ARB 14 (10)
Anticoagulant 29 (21)
Diuretic 82 (59)
MRA 24 (17)

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin

receptor blocker; ERA, endothelin receptor antagonist; MRA, mineralocor-

ticoid receptor antagonist; PAH, pulmonary arterial hypertension; PDE-Vi,

phosphodiesterase-5 inhibitor; sGC, soluble guanylyl cyclase.
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hypertension (n = 12), and toxin-induced−PAH (n = 7) (6.7

[4.2−9.6] vs 12.1 § 5.6 vs 13.3 § 5.5 vs 16.4 § 4.0 vs 9.7§
3.0 vs 13.0 § 3.3 ng/ml, p < 0.0001 by ANOVA)

(Figure 2B). By contrast, plasma NEDD9 discriminated PAH
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Figure 2 Plasma NEDD9 is increased significantly in PAH and PAH

and the NEDD9 concentration for dyspnea non-PH controls (n = 36) and

pared with controls, plasma NEDD9 concentration was increased amo

(n = 7), porto-PAH (n = 12), and toxin-induced−PAH (n = 10). (C, D) Li

(E) Distribution of NEDD9 concentration by PVR quartile. For box plot a

box distribution; maximum and minimum, y-axis lines. CHD, congenita

linked immunosorbent assay; iPAH, idiopathic pulmonary arterial hyper

arterial hypertension; PH, pulmonary hypertension; porto-PAH, portopu

transpulmonary gradient.
from other forms of PH, as no significant difference in levels

was observed between controls (n = 36) and WHO Group 2

PH (n = 18), WHO Group 3 PH (n = 15), Group 5/mixed phe-

notype (n = 18), and exercise-induced PH (n = 3) (Supplemen-

tary Figure S3C online).
NEDD9 and cardiopulmonary hemodynamics

Among controls and patients with PAH, there was a border-

line moderate but significant correlation between NEDD9

and mPAP (r = 0.31, p < 0.0001, n = 166) and transpulmo-

nary gradient (r = 0.30, p < 0.0001, n = 166) (Figure 2C

and D). Compared with patients in the lowest PVR quartile,

NEDD9 levels were increased in the higher 3 quartiles (8.2

§ 5.6 vs 12.4 § 5.4 vs 13.1 § 5.3 vs 12.3 § 5.5 ng/ml, p <
0.0001 by ANOVA) (Figure 2E). However, the strength of

the association between NEDD9 and mPAP, transpulmo-

nary gradient, and PVR was increased when considering

individual PAH subgroups, particularly among iPAH

(r = 0.44, p < 0.0001; r = 0.42, p < 0.0001; and r = 0.44, p

< 0.0001, respectively) (Figure 3), CTD-PAH (r = 0.53, p

< 0.0001; r = 0.53, p < 0.0001; and r = 0.51, p < 0.0001,

respectively) (Figure 4), and congenital heart disease−PAH
(r = 0.75, p < 0.0001; r = 0.68, p < 0.0001; and r = 0.43,
01
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tified by ELISA. These data were correlated with (A) mPAP, (B) TPG, and (C) PVR. ELISA, enzyme-linked immunosorbent assay; iPAH,

idiopathic pulmonary arterial hypertension; mPAP, mean pulmonary artery pressure; PAH, pulmonary arterial hypertension; PH, pulmonary

hypertension; PVR, pulmonary vascular resistance; TPG, transpulmonary gradient.

CTD-PAH 
ρ=0.53; P<0.0001

0 3 6 9 12 15 18 21 24 27
0

10

20

30

40

50

60

70

TP
G

 (m
m

H
g)

NEDD9 (ng/mL)

CTD-PAH
ρ=0.53; P<0.0001

0 3 6 9 12 15 18 21 24 27
0

200
400
600
800

1000
1200
1400
1600

NEDD9 (ng/mL)

CTD-PAH 
ρ=0.51; P<0.0001

PV
R

 (D
yn

e*
s*

cm
- 5

)

0 3 6 9 12 15 18 21 24 27
0

10
20
30
40
50
60
70
80

P
AP

m
)g

H
m

m(

NEDD9 (ng/mL)

A) B) C)

Figure 4 The association between plasma NEDD9 and cardiopulmonary hemodynamic measurements in CTD-PAH. Plasma was col-

lected from 5 PAH referral centers and the NEDD9 concentration for dyspnea non-PH controls (n = 36) and patients with CTD-PAH

(n = 53) was quantified by ELISA. These data were correlated with (A) mPAP, (B) TPG, and (C) PVR. CTD, connective tissue disease;

ELISA, enzyme-linked immunosorbent assay; mPAP, mean pulmonary artery pressure; PAH, pulmonary arterial hypertension; PH, pulmo-

nary hypertension; PVR, pulmonary vascular resistance; TPG, transpulmonary gradient.
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p < 0.0001, respectively) (Figure 5). Among these PAH

subtypes, sufficient data on 6-minute walk distance were

available only for CTD-PAH, which correlated modestly

with NEDD9 (r =�0.35, p = 0.028, n = 39). Akin to the

overall PAH cohort, NEDD9 did not associate with cardiac

output (CO), cardiac index, or PAWP in the full cohort or

in any of these subgroups.
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Figure 6 The association between plasma NEDD9 and alternative hemodynamic prognostic measurements at rest and during exercise.

From the overall cohort, adjustment for analyses for age, sex, and PAH subtype identified a significant relationship between NEDD9 and

PVR among patients in the Partners A and JHU cohorts. In subsequent subgroup analyses focusing on patients from these centers, NEDD9

correlated inversely with (A) resting MvO2 (n = 19), (B) CO at peak exercise, (C) change in CO from rest to peak exercise, (D) PVR at

peak exercise on invasive cardiopulmonary exercise testing, and (E) RVEF at rest assessed by cardiac magnetic resonance imaging (n = 45

for B−E). CO, cardiac output; JHU, Johns Hopkins University; MvO2, mixed venous oxygen saturation level; PAH, pulmonary arterial

hypertension; PVR, pulmonary vascular resistance; RVEF, right ventricular ejection fraction.
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ng/ml change in plasma NEDD9 concentration for the con-

trols and PAH patients in the Partners A cohort (n = 19) of

+28.2 dyne¢s/cm5 (95% confidence interval [CI] 3.0−53.4,
p = 0.03) and JHU cohort (n = 28) of +39.2 dyne¢s/cm5

(95% CI 9.6−68.6, p = 0.01) (Supplementary Tables S13

and S14 online).

Based on this observation, we focused on the Partners A

and JHU cohorts to determine if NEDD9 could inform

alternative measurements with prognostic relevance to

PAH at these centers specifically. To this end, we identified

a modest, inverse correlation between NEDD9 and mixed

venous oxyhemoglobin saturation (r =�0.56, p = 0.018,

n = 19 Partners A), as well as CO at peak exercise

(r =�0.41, p = 0.009, n = 39 JHU) and change in CO from

rest to peak exercise (DCO) (r =�0.42, p = 0.009, n = 39

JHU) assessed during invasive cardiopulmonary exercise

testing. Additionally, NEDD9 correlated moderately with

key right ventricular functional and morphological parame-

ters including ejection fraction (r =�0.405, p = 0.006,

n = 45 JHU) and end-systolic volume (r = 0.313, p = 0.036,

n = 45 JHU) on cardiac magnetic resonance imaging

(Figure 6).
N-terminal pro-brain natriuretic peptide
(NT-proBNP), NEDD9, and PAH prognostic
measurements

NT-proBNP, released from ventricular cardiomyocytes

because of pressure-related stretch, is a bona fide prognostic
biomarker for patients with PAH18 and was available for all

patients in the JHU cohort (n = 46). The association

between NT-proBNP and New York Heart Association

functional class, 6-minute walk distance, and peak volume

of oxygen consumption was superior compared with

NEDD9. However, similar or stronger associations were

observed for NEDD9 and peak exercise PVR, CO, and

DCO, as well as resting right ventricular ejection fraction

and right ventricular end-systolic volume, compared with

NT-proBNP. The direction of the association with PAWP

at peak exercise diverged for NT-proBNP and NEDD9, in

which a positive and inverse correlation of similar magni-

tude was observed, respectively (Table 4).
Plasma NEDD9 and clinical outcome

The area under the curve for predicting PAH diagnosis from

plasma NEDD9 was 0.81 (p < 0.0001) (Figure 7A). The

event-free curve for the combined end point of lung trans-

plant or all-cause mortality is presented in Figure 7B. The

PAH cohort was followed for a median of 874 days. Over-

all, 21.5% of the cohort had an event, including 28 deaths

and 6 lung transplants. The 1-year and 3-year event rates

were 8.9% and 15.8%, respectively. The lung transplant

−free survival hazard ratio after adjusting for age, sex,

referral center, and PAH subtype when modeling plasma

NEDD9 as a continuous variable was 1.12 (95% CI 1.02

−1.22, p = 0.01) and 1.75 (95% CI 1.12−2.73, p = 0.01) per

1 ng/ml and 5 ng/ml increase, respectively. Compared with



Table 4 Associations Between NT-proBNP or NEDD9 with Exercise and Cardiac Morphological Parameters

NT-proBNP NEDD9

Variable r coefficient p-value r coefficient p-value

Exercise/functional parameters
NYHA FC 0.305 0.039 0.185 0.218
6MWD �0.476 0.001 �0.017 0.909
Peak exercise mPAP 0.317 0.043 0.124 0.440
Peak exercise PAWP 0.391 0.014 �0.335 0.037
Peak exercise CO �0.542 0.001 �0.413 0.010
Delta CO (exercise-rest) �0.544 0.001 �0.417 0.009
Peak exercise PVRa 0.320a 0.050a 0.399a 0.013a

Peak VO2 �0.384 0.023 �0.194 0.265
Ve/VCO2 0.446 0.007 �0.026 0.881
Max Watts �0.518 0.001 �0.007 0.967
Cardiac morphology/function
RV end-diastolic volume 0.192 0.207 0.146 0.340
RV end-systolic volumea 0.156a 0.306a 0.313a 0.036a

RV mass 0.311 0.040 0.140 0.364
RV ejection fractiona �0.147a 0.335a �0.405a 0.006a

Abbreviations: 6MWD, 6-minute walk distance; CO, cardiac output; mPAP, mean pulmonary artery pressure; NT-proBNP, N-terminal pro-brain natriuretic

peptide; NYHA FC, New York Heart Association Functional Class; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; RV, right

ventricular; VO2, volume of oxygen consumption.

Invasive exercise and cardiac structural and functional data acquired by cardiac magnetic resonance imaging were analyzed for all patients in the

Johns Hopkins University cohort (n = 46). Values for NT-proBNP and NEDD9 were not normally distributed in this population; therefore, data are presented

as Spearman correlation coefficient for each association.
aStatistically significant associations for NEDD9 that were stronger than NT-proBNP, which is the current pulmonary vascular disease biomarker standard.

Figure 7 Plasma NEDD9 predicts PAH diagnosis and is associated with adverse clinical events. (A) Receiver operating characteristic

curve showing the strength of plasma NEDD9 for predicting PAH diagnosis. (B) Time-to-event plot for unadjusted lung transplantation and

mortality-free survival for patients with PAH stratified by the median plasma NEDD9 level from the study cohort (log-rank test, chi-

square = 5.14; p = 0.023). AUC, area under the curve; PAH, pulmonary arterial hypertension.
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patients with a plasma NEDD9 level <12.56 ng/ml, the haz-

ard ratio for event-free survival among patients with

NEDD9 ≥ 12.56 ng/ml was 3.28 (95% CI 1.15−9.37,
p = 0.03).
Discussion

These data show for the first time that circulating levels of

the profibrotic protein NEDD9 are increased significantly
in PAH and correlate with key cardiopulmonary hemody-

namic and right ventricular parameters that inform progno-

sis. This effect was maintained despite center-specific

differences in control and PAH NEDD9 levels and wide

heterogeneity in the clinical profile of the study population

for age, sex, and other important clinical covariates. Addi-

tionally, NEDD9 associated inversely with left atrial hyper-

tension induced by exercise. This was directionally

opposite from NT-proBNP, which is a non-specific
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indicator of left- or right-sided myocardial stretch, implying

that in this study NEDD9 was not coupled to left atrial

hypertension. Further, increased plasma NEDD9 was asso-

ciated with elevated risk for lung transplantation or mortal-

ity. Collectively, these data identify NEDD9 as a potential

biomarker that provides important insight on pulmonary

vascular−right ventricular pathophysiology and clinical

outcome in PAH.

Biomarker discovery has emerged as a major objective

in the PAH field owing to delayed and inaccurate diagnosis

that is reported commonly by referral centers,19 and

because the optimal strategy for monitoring disease pro-

gression requires invasive testing.20 To this end, recent

proteomic analyses leveraging multiplex platforms have

reported novel independent predictors of adverse outcome,

including many proteins unrecognized previously in the

pathogenesis of PAH.21 Others have reported hypothesis-

driven investigations in which the pathophysiological rele-

vance of a putative biomarker was based on data from car-

diovascular diseases with overlapping, but not distinct,

pathophysiology compared with PAH. These include osteo-

pontin, C-reactive protein, and galectin-3, among others, as

well as troponin-T and NT-proBNP that are used commonly

in clinical practice today.13,22−24 Our work diverges from

these prior studies by showing that NEDD9, a protein with

specific pathobiological relevance to fibrotic and hypertro-

phic vascular remodeling in PAH, is also relevant to

patients with PAH clinically.8

The magnitude of increase in circulating NEDD9 in PAH

compared with controls, predictive value of NEDD9 for

diagnosing PAH, and the strength of association between

NEDD9 and selected hemodynamic predictors of PAH clin-

ical events in this study were equivalent or, in some instan-

ces, superior to established biomarkers. For example,

although a strong association between NT-proBNP and

PVR was reported in one study involving a small cohort of

patients with iPAH,18 subsequent data from cross-sectional

or unselected populations suggests that this relationship is

comparatively weaker than our findings on NEDD9 and

PVR.25,26 In addition, the relationship between NEDD9 and

mPAP, PVR, and transpulmonary gradient was increased

when focusing our analysis on circumspect PAH subtypes,

suggesting that pathophysiological or clinical heterogeneity

may have contributed to differing results from analyses

involving the total PAH population. This observation, in

turn, underscores the importance of optimal phenotyping

when linking biochemical measurements to patient profile

and suggests that additional work on NEDD9 in PAH clini-

cally should consider disease subtypes carefully.

In this study, rising plasma NEDD9 levels were associ-

ated with a significant increase in the adjusted risk for mor-

tality or lung transplantation. Taken together with prior

work from our group,8 we now link NEDD9 to PAH arterial

remodeling, abnormal cardiopulmonary hemodynamics,

and adverse clinical events. Therefore, a strong framework

has been established for NEDD9 as a potentially useful,

measurable, and informative indicator of PAH severity rela-

tive to pathobiology, pathophysiology, and clinical risk.

Our findings support using plasma NEDD9 concentration
as a metric for enrollment in clinical trials studying emer-

gent therapies that aim to inhibit NEDD9 in PAH and other

diseases of similar pathobiology27 and suggest that addi-

tional studies dedicated to determining the prognostic util-

ity of plasma NEDD9 within the context of patient care are

warranted.

A key strength of this work relates to the use of multiple

methodologies to verify NEDD9 detection in human

plasma, including definitive peptide identification by LC-

MS. Results from these experiments imply that full length

NEDD9 is present and potentially biologically active in cir-

culation. Thus, although increased NEDD9 is observed

from peripheral blood samples in patients with gastric ade-

nocarcinoma17 and other cancers,28 this work provides

additional information that may refine biomarker studies in

the future through quantitative proteomic analysis to deter-

mine the optimal NEDD9 fragment corresponding to PAH

diagnosis, prognosis, and treatment response, for example.

Our prior work demonstrated that pulmonary endothelial

NEDD9 is a critical mediator of vascular fibrosis in PAH. It

is therefore noteworthy that in CTD-PAH, which is charac-

terized mainly by a fibrotic arteriopathy, NEDD9 was par-

ticularly elevated and associated with cardiopulmonary

hemodynamics as well as 6-minute walk distance. It is not

possible to know from this study if pulmonary endothelial

and plasma NEDD9 concentration in any PAH subtype

are related quantitatively or mechanistically. However,

NEDD9 is reported to translocate to blood in metastatic

processes, and transcellular signaling involving pulmonary

endothelial NEDD9 has been detailed previously.8 Para-

crine and endocrine biofunctionality of microRNAs,29 hor-

mones,30 and vasoactive peptides31 are recognized

increasingly in pulmonary and systemic manifestations of

PAH. Findings from this study provide further evidence in

support of dedicated studies tracing the afferent and efferent

arc of such disease mediators detected systemically.

The mechanisms regulating metabolism of cell-free

NEDD9 have not been elucidated. In this study, NEDD9

concentration did not appear to be dependent on renal dys-

function or hemoglobin content, which might have pro-

vided insight on its bioelimination. Similarly, an

association was not observed between resting CO and

NEDD9, implying that regulation of NEDD9 is likely

uncoupled from typical neurohumoral signaling pathways

in PAH such as the renin-angiotensin axis.1 By contrast,

our findings suggest that NEDD9 regulation may be a pul-

monary vascular−right ventricular process, because neither
exercise PAWP nor resting PAWP in patients with WHO

Group 2 PH (both indicative of elevated left ventricular or

left atrial pressure) associated with plasma NEDD9,

whereas such an effect was observed between NEDD9 and

selected right ventricular−specific measurements. Analyses

investigating a potential NEDD9 concentration gradient

across differing vascular compartments or across the lung

may have provided insight on this issue but were not per-

formed in this study because of the unavailability of sam-

ples from appropriate control groups.

This was a retrospective analysis that included a combi-

nation of patients with incident and prevalent PAH, is
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subject to referral and selection bias, and appears to include

batch effects relative to center participation, which, in turn,

could have been due to differences in vascular sampling

site, changes in protein stability over the study period, or

other untested or confounding variables. This was particu-

larly the case for controls, which were not available from

all participating centers. Despite improvement in availabil-

ity of clinical samples through the effort of academic initia-

tives worldwide, PAH is, nonetheless, a rare disease,

making adherence to standardized and tightly controlled

collection protocols across institutions challenging.32 This

may have affected outcome data in our study, which

included patients across a variable and wide follow-up time

interval. Similarly, heterogeneity in the diagnostic approach

to patients with PAH by center and region may have

affected the uniformity of the catheterization (and other

clinical) data included in this study. Therefore, additional

prospective data are needed to fully characterize the utility

of NEDD9 as a bona fide PAH biomarker.

In a multicenter, retrospective, observational study,

plasma NEDD9 was increased significantly in PAH. This

effect was maintained across 5 PAH subtypes, but elevated

NEDD9 was not observed in other forms of PH. Plasma

NEDD9 was strongly predictive of PAH diagnosis, corre-

lated with established hemodynamic and right ventricular

parameters, and associated with increased hard clinical

events. This work, therefore, expands on prior reports

implicating NEDD9 in the pathogenesis of PAH and pro-

vides important clinical data to suggest NEDD9 may

emerge as a useful PAH biomarker with prognostic poten-

tial. Future prospective studies utilizing standardized

enrollment, NEDD9 measurement, and follow-up protocols

are warranted to establish the true clinical utility of NEDD9

in patients with PAH.
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