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Abstract

Background—Heterogeneity in response to treatment of pulmonary arterial hypertension (PAH) 

is a major challenge to improving outcome in this disease. Although vasodilator responsive PAH 

(VR-PAH) accounts for a minority of cases, VR-PAH has a pronounced response to calcium 

channel blockers and better survival than non-responsive PAH (VN-PAH). We hypothesized that 

VR-PAH has a different molecular etiology from VN-PAH that can be detected in the peripheral 

blood.

Methods and Results—Microarrays of cultured lymphocytes from VR-PAH and VN-PAH 

patients followed at Vanderbilt University were performed with quantitative PCR performed on 

peripheral blood for the 25 most different genes. We developed a decision tree to identify VR-

PAH patients based on the results with validation in a second VR-PAH cohort from the University 

of Chicago. We found broad differences in gene expression patterns on microarray analysis 

including cell-cell adhesion factors, cytoskeletal and rho/GTPase genes. 13/25 genes tested in 

whole blood were significantly different: EPDR1, DSG2, SCD5, P2RY5, MGAT5, RHOQ, 

UCHL1, ZNF652, RALGPS2, TPD52, MKNL1, RAPGEF2 and PIAS1. Seven decision trees were 

built using expression levels of two genes as the primary genes: DSG2, a desmosomal cadherin 

involved in Wnt/β-catenin signaling, and RHOQ, which encodes a cytoskeletal protein involved in 

insulin-mediated signaling. These trees correctly identified 5/5 VR-PAH in the validation cohort.
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Conclusions—VR-PAH and VN-PAH can be differentiated using RNA expression patterns in 

peripheral blood. These differences may reflect different molecular etiologies of the two PAH 

phenotypes. This biomarker methodology may identify PAH patients that have a favorable 

treatment response.
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Introduction

Although pulmonary arterial hypertension (PAH) is a devastating disease with high 

mortality despite advanced therapies1, 2, a subset of patients characterized by acute 

vasodilator responsiveness has excellent survival3. Patients who have an acute drop in mean 

pulmonary artery pressure of at least 10mmHg to less than 40mmHg with preserved cardiac 

output in response to vasodilators such as inhaled nitric oxide are defined as having 

vasodilator-responsive PAH (VR-PAH) and their survival is measured in decades as 

opposed to months for non-responsive PAH patients (VN-PAH) 3. Moreover, VR-PAH 

patients can be safely treated with calcium channel blocker therapy as opposed to more 

expensive medications4.

VR-PAH is an infrequent sub-phenotype of PAH and most commonly found in patients with 

idiopathic PAH3, 5. Patients with VR-PAH are identified at the time of diagnostic right heart 

catheterization (RHC) during acute challenge with vasodilators such as nitric oxide, 

adenosine and prostacyclin6. It has been noted that a positive vasodilator response can be 

elicited with many vasodilators such as nitric oxide, adenosine, hydralazine and calcium 

channel blockers. The multiple pathways that these drugs affect suggest an underlying, but 

as yet unidentified mechanism that is shared among VR-PAH patients. Identification of 

molecular markers associated with VR-PAH may provide insight into disease mechanism or 

serve as biomarkers of this important sub-phenotype of PAH.

We hypothesized that VR-PAH has a different molecular signature than VN-PAH and that 

this difference can be exploited to differentiate VR-PAH using peripheral blood samples. To 

test this hypothesis we performed microarray on cultured lymphocytes from VR-PAH and 

VN-PAH and identified the genes that displayed the greatest intergroup differences in 

expression. We confirmed the differences using whole blood-isolated RNA. We developed a 

PCR-based prediction tool and validated it in the peripheral blood of an independent 

validation cohort of VR-PAH.

Methods

Approval was obtained from the Vanderbilt University Intuitional Review Board (protocol 

9401) and written informed consent was obtained from all research subjects. As part of this 

protocol, all patients with PAH were offered enrollment into the Vanderbilt Pulmonary 

Hypertension Research Cohort (VPHRC) as previously described7. Patients were generally 

enrolled within one year of their fist visit at Vanderbilt University Medical Center. This 

cohort is enriched in heritable PAH and family members were enrolled at the time of their 
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referral to our cohort as previously described8. In these experiments only idiopathic and 

heritable PAH patients with available, high-quality peripheral blood lymphocytes and/or 

high quality RNA samples were included for analysis. Healthy controls were free from 

known cardiovascular disease (n=229). In the validation cohort, patients followed at the 

University of Chicago with a diagnosis of idiopathic PAH (SR) who agreed to participate in 

research were offered entry between August 2012 and March 2014. Patients consenting and 

providing blood samples were included in the analysis.

Definition of vasodilator-responsive PAH

PAH was defined according to standard criteria10. Patients were diagnosed with idiopathic 

or heritable PAH by experienced clinicians (IMR, ARH) and did not have evidence of 

connective tissue disease, liver disease or congenital heart disease on history, physical 

examination, laboratory or serologic testing, echocardiography or chest imaging. At the time 

of initial RHC all patients underwent vasodilator testing using inhaled nitric oxide at up to 

40ppm as previously described11. VR-PAH diagnosis required a drop in mean pulmonary 

artery pressure (mPAP) of at least 10mmhg to <40mmHg with preserved cardiac output. 

VN-PAH patients met hemodynamic criteria for PAH, but did not for vasodilator 

responsiveness. VR-PAH patients were further required to have at least one year of therapy 

with calcium channel blockers. Because some patients could not tolerate CCB therapy5, 

phosphodiesterase 5 inhibitor therapy was occasionally added at the discretion of the 

treating physician. Patients that received endothelin receptor antagonist or prostaglandin 

therapy were not included as use of these medications was generally reserved for patients 

failing calcium channel blocker therapy clinically in our practice and suggested non-classic 

VR-PAH phenotype. Thirty two idiopathic and heritable VN-PAH patients were used as 

comparators as well as 22 healthy controls. Some of the data from these disease and healthy 

controls have previously been published9. One patient in the idiopathic PAH group in this 

publication was identified as VR-PAH and included in this new analysis in the VR-PAH 

group. All of these patients were recruited from the Vanderbilt site. Microarray was re-

performed using the same platform on 2 randomly selected VN-PAH samples to confirm 

reproducibility over time in cultured lymphocytes.

Cultured lymphocytes

Lymphocytes culture was performed as previously described12. Briefly, EDTA 

anticoagulated venous blood was collected from patients. Lymphocytes were isolated and 

exposed to Epstein-Barr Virus (EBV) to induce cell immortalization. Two mL blood was 

diluted with 2 mL PBS, layered on top of 3 mL of Lymphocyte Separation Medium (MP 

Biomedicals) and centrifuged for 10 minutes at 1,000×g at room temperature. Using a 

Pasteur pipet, the lymphocytes were removed from the serum/Lympho Sep Media interface, 

washed in 10 mL PBS and then resuspended in 3 mL lymphoblast media (RPMI 1640 media 

containing L-glutamine, and 20% fetal bovine serum) containing 2μg/mL cyclosporine. The 

lymphocytes were then infected with 3 mL Epstein-Barr virus (EBV) and transferred to a 

T-25 vent capped flask. The cells were incubated at 37°C/5% CO2 and fed weekly with 

lymphoblast media + cyclosporine until signs of growth occurred which occurred generally 

in six weeks.
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Microarray

RNA was isolated from lymphocytes using a Qiagen RNeasy mini kit (Valencia, Calif.). 

First and second strand complementary DNA was synthesized using standard techniques. 

Biotin-labeled antisense complementary RNA was produced by an in vitro transcription 

reaction. Human Genome U133 Plus 2.0 microarrays (Affymetrix, Foster City, Calif.) were 

hybridized with 20 μg cRNA. Target hybridization, washing, staining, and scanning probe 

arrays were done following an Affymetrix GeneChip Expression Analysis Manual. All array 

results have been submitted to the NCBI gene expression and hybridization array data 

repository (GEO, www.ncbi.nlm.nih.gov/geo/), as series (pending).

PCR confirmation in whole blood

Whole blood was collected in PAXgene tubes (BD 762165, Switzerland) at the time of 

enrollment and frozen within 24 hours of collection. RNA was isolated using the PAXgene 

blood RNA kit (BD 762164, Switzerland). First strand cDNA was made using QuantiTect® 

Reverse Transcription Kit (Qiagen) from 1ug total RNA. Quantitative real-time PCR was 

performed using a total reaction volume of 25 μL, containing 5 μL of diluted cDNA, 12.5 μL 

SYBR Green Supermix (Applied Biosystems Foster City, CA) and 0.03 μL of each 

oligonucleotide primer (250 μM). PCR was carried out in a StepOnePlus Real Time PCR 

System (Applied Biosystems) using 40 cycles of 95°C for 15 seconds followed by 60°C for 

1 minute with a ten minute 95°C initial soak. Each measurement was made in triplicate and 

expressed relative to the detection of the standard hypoxanthine guanine phosphoribosyl 

transferase (HPRT). A priori we planned to perform PCR for the 25 genes that had the 

greatest intergroup expression difference, as identified by microarray. PCR was performed 

for the primer sets of these genes: HPRT, EPDR1, DSG2, SCD5, P2RY5, MGAT5, RHOQ, 

UCHL1, ZNF652, RALGPS2, TPD2, MKNL1, RAPGEF2, PIAS1, ARRB2, MBNL1, PDE7, 

CLEC2B, EPS8, FNBP1, STX16, DAPK1, SLC33A1, B4GALT5, ZNF207, FOXN3 

(Integrated DNA Technologies IDT® Coralville, Iowa).

Array Analysis

The open source software, R2.13/Bioconductor2.8, was utilized for microarray analyses. 

Preprocessing of all cell files was carried out using the RMA (Robust Multi-array Average) 

algorithm, in which raw intensity values are background corrected, log2 transformed, and 

then quantile normalized. This was followed by duplicate probe removal to retain probes 

with higher interquartile range (IQR). Of 56,613 probe sets, 13,741 had an average 

expression in any group of over 7 (log base 2 units), and 5212 of these had a range of 

expression from maximum to minimum values of over 30%. These were used for an 

undirected principle components analysis (PCA). Finally, the 5212 probe list was sorted by 

the absolute value of the log-transformed difference between the responder and the non-

responder group, with the sum of the standard deviations of each group subtracted. This 

returns a list sorted by minimum confidence interval fold change. The top 75 genes were 

used for a heat map (with hierarchical clustering), and the top 25 non sex-related were used 

for validation as biomarkers.

For hierarchical clustering, rows were standardized by subtracting mean and dividing by 

standard deviation; correlation was used as the distance metric, using the centroid linkage 
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method. Analysis of enriched gene function groups was performed using the 2010 release of 

Webgestalt, using the hypergeometric test for enrichment of wither Gene Ontology 

consortium categories or KEGG pathways. PCA and hierarchical clustering were performed 

in JMP 10, a subset of SAS.

Statistical Analysis

Continuous variables of demographic data are reported as mean ± standard deviation. The 

Wilcoxon rank-sum test was used to compare differences in continuous variables between 

VR-PAH and VN-PAH groups. Paired measurements were compared using the Wilcoxon 

signed-rank test. Categorical variables were compared between groups using the chi-square 

test or Fisher exact test. A p value of < 0.05 was considered statistically significant. We used 

Wilcoxon rank-sum test to compare peripheral blood gene expression between VR-PAH and 

VN-PAH groups. To control the false discovery rate (FDR), the nominal p-values were 

corrected for multiple testing of genes. Genes that were believed to be differentially 

expressed at an FDR of 5% were further used to build decision trees to discriminate between 

VR-PAH and VN-PAH13. We used rpart package and explored all the trees that can 

perfectly separate VR-PAH from VN-PAH with two splits. Statistical analyses were 

performed using Prism 5.0 software (Graph Pad Software Inc, La Jolla, CA) and R 3.0.1.

Results

Eight patients with VR-PAH were identified from the Vanderbilt cohort (Table 1). 

Functional class was unknown in one child, one patient was class II, four were class III and 

two were class IV. All were alive at the time of analysis. Invasive hemodynamic primary 

data were available for 7/8 VR-PAH patients. The single VR-PAH patient without primary 

data for analysis underwent diagnostic RHC 18 years prior to enrollment at a different 

center. Data on the 32 VN-PAH patients are presented in Table 1. There were no significant 

differences in demographic characteristics between the two patient groups with the 

exception of PAH etiology and gender. There was a significantly higher proportion of 

HPAH in VN-PAH compared with VR-PAH (p=0.01), in keeping with prior published 

reports14. There was a strong female predominance in the VN-PAH cohort (30/32) and all of 

the VR-PAH patients were female, which is typical of PAH1, 15. Of the idiopathic VN-PAH 

from Vanderbilt, none have BMPR2 mutation, however one did have a mutation in 

KCNK316. While three HPAH patients included were from the same kindred, all the 

remaining patients were unrelated. All patients with VR-PAH patients were treated with 

calcium channel blockers (diltiazem = 1, nifedipine = 3, amlodipine = 5, one patient was 

treated sequentially with two) and two were also treated with phosphodiesterase type 5 

inhibitors due to limited tolerance of high dose calcium channel blockers (gingival 

hyperplasia = 1, peripheral edema = 1). No VR-PAH patients were treated with any other 

class of PAH-directed therapy. Hemodynamics were different between VR-PAH and VN-

PAH with significantly higher mean pulmonary arterial pressure and pulmonary vascular 

resistance in VN-PAH compared with VR-PAH (p<0.05). While nitric oxide had no 

significant effect on VN-PAH, patients with VR-PAH had significant decrease in mean 

pulmonary arterial pressure and pulmonary vascular resistance (p<0.05) with unchanged 
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cardiac output. No patients in the VR-PAH cohort have died, while 11/32 VN-PAH patients 

have died at the time of data analysis.

Microarray Analysis

To test the hypothesis that a different molecular etiology of VR-PAH from VN-PAH could 

be detected in cultured lymphocytes, we performed microarray on VR-PAH, VN-PAH and 

controls. We performed principal component analysis (PCA) and found that VR-PAH 

patients were significantly different from VN-PAH in each of the first three principal 

components (Figure 1A, 1B). Each principal component corresponds to a list of genes that 

are roughly coregulated, with the first principal component (PC1) being the cluster of genes 

that explains the largest part of the variance across samples, PC2 being the gene group 

explaining the next most variance, et cetera. The analysis was performed without identifying 

gene groups a priori; the grouping of the patient samples is thus a natural result of gene 

expression differences, rather than the result of selection. PC1 consists of genes that are 

upregulated in VR-PAH, but not changed between VN-PAH and controls; PC2 consists of 

genes upregulated in VN-PAH but downregulated in VR-PAH; and PC3 consists of genes 

downregulated in both VR-PAH and VN-PAH. A heat map of the 75 probe sets most 

significantly changed between VR-PAH and VN-PAH groups is shown in Figure 1C. These 

data demonstrate that expression patterns in lymphocytes cultured ex vivo and without drug 

exposure maintained different expression patterns in VR-PAH compared with VN-PAH.

To test the hypothesis that there might be epigenetic effects of calcium channel blocker 

exposure on cultured lymphocytes despite ex vivo culture for several weeks, we examined 

the VN-PAH group for exposure to calcium channel blockers. We included only patients 

followed at Vanderbilt with medication histories prior to enrollment (n=19). Of these, 9 had 

been exposed to calcium channel blockers at the time of enrollment. Separation of 

microarray data by never- or ever-exposure to calcium channel blockers did not show any 

differences that were attributable to this medication class and the differences from the VR-

PAH persisted (Figure 2). Thus an epigenetic effect of calcium channel blockers was 

unlikely to account for the observed differences of VR-PAH and VN-PAH.

For PCR follow up, we focused on comparisons between VR-PAH and VN-PAH, as the 

goal was to identify VR-PAH in patients with PAH, but unknown vasoreactivity. After 

exclusion of two genes ascribed to sex differences in the cohorts (SOX9 (EntrezGene 6662) 

and STEAP1 (EntrezGene 26872)), we selected the 25 most significantly differently 

expressed named genes between VR-PAH and VN-PAH. Genes selected for PCR in 

peripheral blood are presented in Table 2. In broad gene ontogeny categories, there were 

eight genes related to Rho GTPases or cytoskeleton, three transcription factors, three cell-

cell adhesion factors and 11 miscellaneous genes. Of note, four genes were calcium-

dependent (DAPK1, DSG2, EPDR1, TPD52) and one was activated by adenosine (P2RY5).

Peripheral Blood Gene Expression

Because isolation and culture of peripheral lymphocytes is not feasible for routine use, we 

sought to confirm our microarray results in peripheral blood without specific isolation of a 

blood compartment. We hypothesized that whole blood RNA expression would reflect the 
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findings from microarray analysis of cultured lymphocytes that were quantitatively greatest, 

but might not detect the more subtle differences that can be observed in lymphocytes. We 

identified 8 VR-PAH and 13 VN-PAH patients with available whole blood collected via 

venipuncture using RNA preservation tubes and isolated RNA. qPCR was performed for the 

genes in Table 2. After correction for multiple comparisons, we found statistically different 

expression in 13/25 genes at a FDR level of 5% as listed in Table 3. Of the genes 

statistically different between the two groups, five were related to rho GTPase and 

cytoskeleton, two were cell-cell adhesion factors, two were developmental genes, one 

transcription factor and three were of miscellaneous function. Three of these genes were 

known to be calcium dependent or activated by adenosine (EPDR1, DSG2 and TPD52).

Validation in an External Cohort

We sought to validate our whole blood RNA expression findings in a second cohort of 

patients followed at the University of Chicago (Supplemental Table 1). Whole blood from 

five patients with confirmed long-term response to calcium channel blockers and 6 VN-PAH 

patients recruited separately was collected in RNA isolation tubes and sent to our center. 

RNA was isolated and PCR performed for the 25 most differentially expressed genes found 

in the discovery cohort. Figure 3 and Supplemental Table 2 show qPCR results of the 13 

significantly different genes from the primary analysis in the Vanderbilt cohort in both our 

cohort and the University of Chicago and control patients. In general there was broad 

concordance in findings of differentially expressed genes in the two VR-PAH cohorts, but 

lower numbers in the University of Chicago cohort may have reduced statistical power in 

that group. Gene expression was suppressed in VR-PAH compared with VN-PAH in 8/13 

genes and only upregulated in 5/13 genes compared with VN-PAH.

Development and Validation of a Peripheral Blood-Based RNA Expression Model to Detect 
VR-PAH

We sought to use the differentially expressed genes identified above to develop a peripheral 

blood qPCR test to differentiate VR-PAH from VN-PAH. We thus constructed decision 

trees using expression levels of significantly differently expressed genes to discriminate 

between the two types of PAH. The University of Chicago cohort was used to validate the 

strength of the proposed decision trees. We found that no more than two genes were 

required to distinguish VR-PAH from VN-PAH. DSG2, EPDR1, SCD5, MGAT5, or RHOQ 

could serve as the primary decision point. The secondary gene could include one of the 

genes in the primary decision if not used or P2RY5, ZNF652, RALGPS2, MKNL1, 

RAPFEF2, TPD52, PIAS1. Decision trees with a primary gene of DSG2 and RHOQ 

correctly identified 5/5 VR-PAH in the validation cohort, however the combination of 

RHOQ ≥ 2.8 cycles different from HPRT and TPD52 ≥ 0.33 cycles different from HPRT 

was able to segregate 5/6 VN-PAH correctly as well in the validation cohort (Figure 4). 

Additional combinations of two genes that successfully identify 5/5 VR-PAH patients in the 

validation cohort are presented in Table 4. These data demonstrate that mRNA expression 

patterns in peripheral blood of selected genes can be used to differentiate VN-PAH from 

VR-PAH.

Hemnes et al. Page 7

Circulation. Author manuscript; available in PMC 2016 January 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Discussion

We have used ex vivo cultured lymphocytes from VR- and VN-PAH patients to identify 

genes differentially expressed in these two distinct PAH treatment phenotypes. We then 

used these expression differences to develop and validate a whole blood RNA expression-

based profile that distinguishes VR-PAH from VN-PAH. These data show that VR-PAH and 

VN-PAH likely have a different molecular etiology and the resultant gene expression 

differences can be reliably detected in the peripheral blood. These studies serve as proof of 

the concept that PAH treatment response phenotypes may be identified in peripheral blood 

and these markers could be used prospectively to predict response to therapy, so-called 

personalized medicine. Extension of this approach to other classes of PAH therapies may be 

useful.

Treatment of PAH has advanced significantly in the past several decades with many recent 

publications showing improved survival compared with historical controls2, 17, 18. 

Nonetheless, there remains substantial morbidity and mortality; delay of therapy and 

inability to identify appropriate therapy remain important challenges for practitioners 

treating PAH19. We used VR-PAH as a readily recognized, clinically distinct phenotype 

with improved survival (5-year survival 98% vs. 48%3) and well-defined response to 

therapy3, 5 as a tool to show proof of the concept that peripheral blood RNA expression can 

identify patients likely to respond to specific PAH-directed therapies. If validated 

prospectively, these profiles may become the first companion diagnostic test for identifying 

the most appropriate treatment of PAH. Availability of a blood test would also help assure 

that VR-PAH patients are not missed, which can have tragic consequences.

Use of cultured lymphocytes in development of potential qPCR targets provided several 

advantages in this study. First, they were cultured outside of the patients for several weeks, 

thus removing any potential influence of calcium channel blockers as demonstrated in 

Figure 2, PAH directed therapy or other environmental effects. Second, cultured 

lymphocytes remove much of the well-described variability in whole blood RNA expression 

profiles that may reflect day to day variability in inflammation, dietary or environmental 

exposures. Thus they can provide greater insight into more subtle underlying molecular 

differences in patient phenotypes and this has been used as an advantage of these cell lines 

in other medical diseases20. We found significant differences in gene expression profiles 

using microarray analysis in VR-PAH and VN-PAH that required two principal components 

to fully separate the groups. Major gene ontology groups that were different included 

cytoskeletal/Rho GTPase genes, cell-cell adhesion genes, transcription factors and 

developmental pathways, pathways that are known to be associated with PAH. The 

identification of several calcium-dependent genes in the most differentially expressed group 

using an unbiased, discovery-based approach could not be attributed to drug effect given the 

long culture period of the lymphocytes outside of drug exposure and may suggest that 

alterations in calcium-dependent cell-cell adhesion plays a role in VR-PAH.

We used an unbiased discovery approach to identify differentially expressed genes in 

cultured lymphocytes and did identify several gene ontology groups previously published to 

play a role in PAH. Specifically, cytoskeletal genes, ion channels and developmental 
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pathways have been well described to play a role in human and animal models of 

PAH9, 16, 21, 22. VR-PAH patients were markedly different from VN-PAH patients in these 

pathways, some to greater degree than others, but all appeared to be different. This may lend 

insight into a different molecular etiology of VR-PAH. The identification of several 

calcium- and adenosine-dependent genes may be purely coincidence or may reflect the 

potent effect of many vasodilators in the treatment of VR-PAH. Although this study did not 

explore how the differentially expressed genes may contribute to phenotypes of PAH 

treatment, the strong differences in several genes’ expression is provocative. DSG2 or 

desmoglein-2 is a desmosomal cadherin that is known to be highly expressed in cardiac 

tissue 23–25 and has been shown to underlie some cases of arrhythmogenic right ventricular 

dysplasia23, 24, 26. Although the mechanism by which DSG2 mutations causes this disease 

are presently incompletely understood, alterations in Wnt/β-catenin signaling may play a 

role27, and this pathway is similarly implicated in idiopathic and heritable PAH28. RHOQ 

also strongly differentiated VR-PAH from VN-PAH. This cytoskeletal gene facilitates 

protein transport and has been shown to be important in insulin-mediated signaling29, 

another pathway of importance in PAH30–32. Of note, only EPDR1, UCHL1, DSG2, SCD5 

and P2RY5 expression levels were elevated in VR-PAH compared with VN-PAH, and gene 

expression levels were more commonly suppressed in VR-PAH which may reflect 

underlying disease mechanism. Of note, the methodology we used to identify these genes 

used an unbiased approach and did not identify many genes previously found to be 

important in pathogenesis of PAH33–35. This methodology does not discredit their role in 

pulmonary hypertension, but this approach did not identify these genes to be the within the 

top 25 most differentially expressed. If these molecules are functionally important in VR-

PAH, they may explain how several different compounds can produce vasodilation in this 

phenotype.

Despite these and other potential genes of interest, further study is warranted to determine if 

the differentially expressed genes identified here play a role in disease pathogenesis or are 

simply serving as biomarkers of disease phenotype. In either case, their markedly different 

expression in VR-PAH and VN-PAH may be exploited to segregate the two treatment 

phenotypes in peripheral blood. Multiple genes were identified with differential expression 

in the two phenotypes, implying that the two treatment phenotypes are quite disparate on a 

molecular level. Prospective validation will require refinement of cut off mRNA expression 

levels through collection of a statistically appropriate number of newly diagnosed VR-PAH 

patients through multiple participating centers.

This study has some limitations. The numbers of VR-PAH are low for several reasons. First, 

in order to be most stringent in definition of phenotype, we excluded any patient being 

treated with endothelin receptor antagonists or prostacyclins as these patients may have a 

different, or intermediate phenotype. This left us with only female patients, and these results 

may not be applicable to male patients. Second, VR-PAH accounts for 5–10% of all 

idiopathic PAH which is itself very rare. The use of a second, separate cohort for validation 

tested in a different batch adds strength to the findings, however validation in larger cohorts 

will be useful for further confirmation of findings. Microarray in peripheral lymphocytes by 

definition can only detect genes expressed in lymphocytes. Thus there may be other, 
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important genes in different tissue types. Nonetheless, we were able to detect clear 

differences in PAH treatment phenotype in our cultured lymphocytes, including cell-cell 

adhesion factors. This study was designed to identify a peripheral blood signature of VR-

PAH, but cannot by nature lend insight into how the differentially expressed genes may or 

may not contribute to disease pathogenesis in each treatment phenotype. Further study will 

be needed to understand the mechanistic implications of the identified genes.

In conclusion, we have identified an RNA expression profile in peripheral blood that can 

identify VR-PAH patients from VN-PAH patients. These data may serve as a proof of 

concept that peripheral blood RNA expression profiles can be used to identify optimal drug 

treatment in PAH. Further study is warranted to determine if this experimental model may 

be applied to understanding mechanisms of forms of pulmonary hypertension (WHO Groups 

2–5) or whether it may be used to identify optimal treatment a priori in PAH.
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Figure 1. 
Principle Components Analysis (PCA) in VR-PAH. (A) Plot of the 3 strongest principal 

components, representing 14%, 11%, and 7% respectively of the total variability among the 

64 arrays, shows strong separation of the calcium channel responders (red triangles) 

compared to non-responsive PAH (black circles) or healthy controls (green circles). (B) 
Each of the first three principal components separates calcium channel responders (red 

triangles) from both non-responsive PAH patients (black circles) and from healthy controls 

(p<.01 by ANOVA with post-hoc t-test). (C) Heat map of expression of 75 genes 

differentially expressed in calcium channel responders (top group) compared to non-

responders (bottom group). Each column corresponds to a gene, while each row corresponds 

to a patient; green corresponds to high expression, and red to low expression. Normalization 

has been performed on each gene such that the range and the average are the same across 

genes.
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Figure 2. 
Heatmap of microarray data in 19 VN-PAH patients with medication histories followed at 

Vanderbilt. 9/19 had prior exposure to calcium channel blockers prior to enrollment. 

Differences between VR-PAH and VN-PAH persisted after segregation of VN-PAH by 

ever- or never-exposure to calcium channel blocker medication.
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Figure 3. 
Whole blood qPCR of genes differentially expressed in microarray analysis. qPCR of whole 

blood was performed in controls, VN-PAH and VR-PAH. VR-PAH 1 and VN-PAH 1 

represent the Vanderbilt cohort, VR-PAH 2 and VN-PAH 2 represent the University of 

Chicago cohort. *p<0.05 by Kruskall-Wallis with Dunn’s multiple comparisons test.
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Figure 4. 
Example of a decision tree to differentiate VR-PAH from VN-PAH. The figure shows an 

example of a decision tree based on the primary gene RHOQ and TPD52 as the secondary 

gene. Numbers shown within the tree are for the performance of the tree in the Vanderbilt 

cohort. In the upper right is the performance of the decision tree in the University of 

Chicago validation cohort. Below the tree is a demonstration of how the tree would be 

performed in one patient from VR-PAH.
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Table 1

Characteristics of vasodilator-responsive and non-responsive PAH patients

Vasodilator-Responsive PAH (n=8) Vasodilator Non-Responsive PAH (n=32)

Age at diagnosis (years, mean ± SD) 27.33 ± 12.3 36.9 ± 17.7

Female, number 8 30

PAH Sub-Type

 Idiopathic 8 17

 Heritable 0 15

Follow Up Duration (years, mean ± SD) 8.1 ± 6.2 9.6 ± 4.6

Hemodynamics at Diagnosis Baseline (n=7) Nitric Oxide (n=7) Baseline (n=24) Nitric Oxide (n=14)

 RAP (mmHg) 3.8 ± 3.8 3.2 ± 3.0 7.8 ± 4.5 7.9 ± 4.2

 mPAP (mmHg) 45.9 ± 9.2 23.6 ± 5.8* 59.9 ± 14.7* 51.2 ± 14.4

 PWP (mmHg) 6.1 ± 2.5 5.1 ± 3.7 9.7 ± 4.4 8.9 ± 4.6

 CI (L/min/m2) 2.8 ± 1.4 3.3 ± 1.6 2.2 ± 0.7 2.2 ± 0.7

 PVR (Wood Units) 9.5 ± 3.9 4.2 ± 2.0* 15.7 ± 6.3* 12.4 ± 5.7

CCB = calcium channel blocker, PDE5I = phosphodiesterase type 5 inhibitor. RAP=right atrial pressure, mPAP = mean pulmonary artery pressure, 
PWP = pulmonary wedge pressure, CI = cardiac index, PVR = pulmonary vascular resistance,

*
p<0.05 vs. VR-PAH baseline.
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Table 2

Genes selected for PCR in peripheral blood

Gene EntrezGene

Fold 
Change 

VR-
PAH 

vs. VN-
PAH Gene description Gene Ontology Group

ARRB2: Arrestin, beta 2 409 2.02
desensitize g protein coupled receptors 

dampening responses Miscellaneous

B4GALT5: UDP-Gal:betaGlcNAc beta 
1,4-galactosyltransferase, polypeptide 5 9334 3.17 biosynthesis of glycoconjugates Miscellaneous

CHES1: Checkpoint suppressor 1 1112 2.507 transcription factor Transcription factor

CLEC2B: C-type lectin domain family 2, 
member B 9976 1.86 cell-cell adhesion Cell-cell adhesion

DAPK1: death-associated protein kinase 
1 1612 −2.23

positive mediator of apoptosis; 
calmodulin-dependent Miscellaneous

DSG2: Desmoglein 2 1829 −2.66
cell-cell adhesion, calcium binding 

transmembrane glycoprotein Cell-cell adhesion

EPDR1: ependymin related protein 1 
(zebrafish) 54749 −1.85 calcium-dependent cell-cell adhesion Cell-cell adhesion

EPS8: epidermal growth factor receptor 
pathway substrate 8 2059 −1.98

EGFR pathway member, similar to Ras 
and Rac and growth-factor mediated 

actin remodeling Rho GTPase/cytoskeleton

FNBP1: Formin binding protein 1 23048 1.97

formin-binding protein family, 
contains Rho family protein-binding 

domain Rho GTPase/cytoskeleton

MBNL1: Muscleblind-like (Drosophila) 4154 1.85

associated with myotonic dystrophy, 
results in alternative splicing of 

proteins Miscellaneous

MGAT5: Mannosyl (alpha-1,6-)-
glycoprotein beta-1,6-N-acetyl-

glucosaminyltransferase 4249 1.96

enzyme involved in regulation of 
biosynthesis of glycoprotein 

oligosaccharides; alters migratory 
behavior of cells Miscellaneous

MKLN1: Muskelin 1, intracellular 
mediator containing kelch motifs 4289 2.10

mediator of cell spreading, cytoskeletal 
responses to TSP1 Rho GTPase/cytoskeleton

P2RY5: purinergic receptor P2Y, G-
protein coupled, 5 10161 2.03

G protein coupled receptor, activated 
by adenosine and uridine Rho GTPase/cytoskeleton

PDE7A: phosphodiesterase 7A 5150 2.51 phosphodiesterase Miscellaneous

PIAS1: Protein inhibitor of activated 
STAT, 1 8554 1.84

protein inhibitor of STAT-1, related to 
spermatogenesis, interacts with 

androgen receptor Miscellaneous

RALGPS2: Ral GEF with PH domain and 
SH3 binding motif 2 55103 1.83 ras small GTPase, poorly characterized Rho GTPase/cytoskeleton

RAPGEF2: Rap guanine nucleotide 
exchange factor (GEF) 2 9693 1.89 member of RAS-subfamily of GTPases Rho GTPase/cytoskeleton

RHOQ: Ras homolog gene family, 
member Q 23433 2.37 small GTPase, cytoskeleton regulation Rho GTPase/cytoskeleton

SCD5: stearoyl-CoA desaturase 5 79966 2.45

ER membrane protein catalyzes 
monounsaturated fatty acids from 

saturated fatty acids Miscellaneous

SLC33A1: Solute carrier family 33 
(acetyl-CoA transporter), member 1 9197 2.29

required for o-acetylated gangliosides; 
associated with spastic paraplegia Miscellaneous
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Gene EntrezGene

Fold 
Change 

VR-
PAH 

vs. VN-
PAH Gene description Gene Ontology Group

STX16: syntaxin 16 8675 2.19
target for v-SNARES allowing for 

vesicle docking/fusion on membrane Rho GTPase/cytoskeleton

TPD52: Tumor protein D52 7163 1.86

tumor protein, expressed in exocrine 
cells, regulates Ca+ dependent protein 

secretion Miscellaneous

UCHL1: ubiquitin carboxyl-terminal 
esterase L1 (ubiquitin thiolesterase) 7345 −2.29

thiol protease hydrolyzes peptide bond 
on ubiquitin Miscellaneous

ZNF207: zinc finger protein 207 7756 2.41 zinc finger gene Transcription factor

ZNF652: zinc finger protein 652 22834 2.06 zinc finger protein Transcription factor
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Table 3

Differences in peripheral blood gene expression levels between VN-PAH and VR-PAH

Gene Raw P-value Corrected P-value (FDR)

EPDR1 0.0002 0.00049

DSG2 0.00004 0.00049

SCD5 0.00007 0.00049

P2RY5 0.00012 0.00049

MGAT5 0.00012 0.00049

RHOQ 0.00012 0.00049

UCHL1 0.00029 0.00105

ZNF652 0.00044 0.00138

RALGPS2 0.00134 0.00138

TPD52 0.00245 0.00634

MKNL1 0.00596 0.01241

RAPGEF2 0.00596 0.01241

PIAS1 0.00994 0.01911

ARRB2 0.05349 0.09551

MBNL1 0.07560 0.12600

PDE7 0.10419 0.16280

CLEC2B 0.21026 0.29203

EPS8 0.21026 0.29203

FNBP1 0.23813 0.31333

STX16 0.26846 0.33557

DAPK1 0.30113 0.35848

SLC33A1 0.41367 0.47008

B4GALT5 0.54663 0.59416

ZNF207 0.64520 0.67208

FOXN3 0.91553 0.91553

FDR = false discovery rate
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Table 4

Gene combinations successfully identifying VR-PAH patients

Primary Gene Expression Level Secondary Gene Expression Level External Validation Accuracy

VR-PAH VN-PAH

RHOQ ≥ 2.8 TPD52 ≥ 0.33 5/5 5/6

DSG2 ≥ −7.8 P2RY5 ≥ −9.9 5/5 1/6

ZNF652 ≥ 1.0 5/5 1/6

RALGPS2 < 1.5 5/5 1/6

TPD52 ≥ −0.39 5/5 0/6

PIAS1 ≥ 1.2 5/5 1/6

UCHL1 ≥ −8.5 5/5 1/6

Expression levels are cycle number relative to HPRT.
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