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Abstract

Pulmonary arterial hypertension (PAH) is a rare disorder associated with high morbidity and mortality despite currently available

treatments. We compared the phosphoproteome of lung tissue from subjects with idiopathic PAH (iPAH) obtained at the time of

lung transplant with control lung tissue. The mass spectrometry-based analysis found 60,428 phosphopeptide features from which

6622 proteins were identified. Within the subset of identified proteins there were 1234 phosphopeptides with q< 0.05, many of

which are involved in immune regulation, angiogenesis, and cell proliferation. Most notably there was a marked relative increase in

phosphorylated (S378) IKZF3 (Aiolos), a zinc finger transcription factor that plays a key role in lymphocyte regulation. In vitro

phosphorylation assays indicated that GSK3 alpha and/or GSK3 beta could phosphorylate IKZF3 at S378. Western blot analysis

demonstrated increased pIKZF3 in iPAH lungs compared to controls. Immunohistochemistry demonstrated phosphorylated

IKZF3 in lymphocytes surrounding severely hypertrophied pulmonary arterioles. In situ hybrization showed gene expression in

lymphocyte aggregates in PAH samples. A BCL2 reporter assay showed that IKZF3 increased BCL2 promoter activity and

demonstrated the potential role of phosphorylation of IKZF3 in the regulation of BCL mediated transcription. Kinase network

analysis demonstrated potentially important regulatory roles of casein kinase 2, cyclin-dependent kinase 1 (CDK1), mitogen-

associated protein kinases (MAPKs), and protein kinases (PRKs) in iPAH. Bioinformatic analysis demonstrated enrichment of

RhoGTPase signaling and the potential importance of cGMP-dependent protein kinase 1 (PRKG). In conclusion, this unbiased

phosphoproteomic analysis demonstrated several novel targets regulated by kinase networks in iPAH, and reinforced the potential

role of immune regulation in the pathogenesis of iPAH. The identified up- and down-regulated phosphoproteins have potential to

serve as biomarkers for PAH and to provide new insights for therapeutic strategies.

Keywords

pulmonary hypertension, proteomics, cell proliferation/cell cycle, angiogenesis, inflammation

Date received: 25 July 2020; accepted: 18 June 2021

Pulmonary Circulation 2021; 11(3) 1–15

DOI: 10.1177/20458940211031109

Introduction

Pulmonary arterial hypertension (PAH) is a rare disorder of

the pulmonary vasculature associated with high morbidity

and mortality. The pathology of the disease includes both

plexiform lesions of disorganized angiogenesis, and abnor-

mal neointimal cellular proliferation which obstructs blood

flow through the pulmonary arterioles.1–7 Several transcrip-

tomic and proteomic analyses have been performed in PAH

samples; because lung biopsy is relatively contraindicated in
PAH, the preponderance of these studies have been in cir-
culating cells and blood.8–19 The few studies performed on
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lung tissue have relied on samples obtained at the time of

lung transplant.17,18 In general, these studies have found

that pathways involved in immune system control, vascular

biology, and cell proliferation are highly regulated in PAH.

However, recent attempts to find overlap between targets reg-

ulated at the level of gene expression in circulating cells and

lung resident cells implicated in PAH pathobiology are some-

what more problematic, yielding few points of intersec-

tion.11,17 Single cell RNA sequencing of PAH lung

according to specific cell types may provide incremental infor-

mation compared to whole tissue transcriptomics.18 The vast

majority of proteomic studies in PAH have looked solely at

total protein in the compartment of interest (such as plasma,

blood outgrowth endothelial cells, or transformed lympho-

cytes).9,10,12,16 Xu et al.15 performed both a proteomic and

phosphoproteomic analysis in pulmonary arterial endothelial

cells cultured from human PAH lungs obtained at the time of

lung transplant. To our knowledge the study of Xu et al.15 is

the only phosphoproteomic analysis reported for PAH related

cells and it focused on mitochondrial/metabolic perturba-

tions. Kinases play a critical role in cell growth and prolifer-

ation, and there is a growing interest in the use of kinase

inhibitors to address this underlying pathology.20–37 To

understand the role of kinase signaling in PAH we performed

an unbiased phosphoproteomic analysis of intact lung tissue

from subjects with idiopathic PAH (iPAH) compared to con-

trol lung tissue.

Materials and methods

Phosphopeptide enrichment and mass spectrometry

analyses

Tissue samples were obtained from the Pulmonary

Hypertension Breakthrough Initiative (PHBI) tissue

repository.38 Samples from iPAH were obtained at the

time of lung transplantation. Control samples were

obtained from donor lungs that were not used for transplant

and were confirmed as being normal lungs free of patholo-

gy. The phosphoproteomic analysis was performed with

frozen lung tissue from three iPAH female patients, three

male iPAH patients, three female controls, and three male

controls. Whole lung homogenates for each group were

pooled, enriched for phosphoproteins by SCX/TiO2, and

then subjected to LC MS/MS. Label free quantitation was

used to determine the relative differences in phosphopepti-

des between iPAH and controls.39 Kinase predictions were

made with NetworKin and PhosphoNet.40,41 Predictions

were tested with in vitro phosphorylation assays. Gene

ontology, reactome, and STRING network analyses were

performed to identify candidate regulatory networks, and

identify function and pathway enrichment.
Patient characteristics are shown in Table 1. PHBI

patients’ lung lysates samples were utilized for label free quan-

tification. A sample preparation protocol was followed

according to the method of Goel et al.42 to extract/precipitate,

reduce and alkylate, and digest the proteins. Phosphopeptides

from the digested proteins solution were then enriched by

using titanium dioxide TopTips (GlySCi, Columbia, MD).

The enriched phosphopeptides (bound) and flow through

(non-bound) peptide fractions were collected using manufac-

turer’s protocol and analyzed by LC-MS/MS using an

Orbitrap Elite LC-MS/MS mass spectrometer equipped

with a Waters nanoACQUITY Ultra Performance Liquid

Chromatography (UPLC) and a Waters SymmetryVR C18

180mm� 20mm trap column and a 1.7-mm, 75mm� 250mm

nanoACQUITY UPLC column (35�C).
The collected LC-MS/MS data were processed with

Progenesis QI Proteomics software (Nonlinear Dynamics,

version 2.4) with protein identification carried out using

Table 1. Clinical characteristics of subjects from whom lung samples were obtained for phosphoproteomic analysis.

Clinical data RHC data Medications

Subject Diagnosis Age Sex

RA

(mm Hg)

Mean

PA (mm Hg)

PCWP

(mm Hg)

CO

(L/min)

Phosphodiesterase-5

(PDE-V) inhibitor

Endothelin

receptor

antagonist Prostanoid

1 iPAH 40 F 7 47 7 6.17 Ambrisentan IV epoprostenol

2 iPAH 41 F 30 55 7 3.86 Sildenafil Bosentan IV epoprostenol

3 iPAH 38 F NA 50 8 2.87 Sildenafil Bosentan IV treprostinil

4 iPAH 25 M NA 59 7 4.09 Sildenafil IV epoprostenol/

SC treprostinil

5 iPAH 40 M NA 64 12 3.1 Sildenafil Ambrisentan SC treprostinil

6 iPAH 51 M NA 50 8 4.6 Sildenafil IV epoprostenol

10 Control 56 F

11 Control 49 F

12 Control 55 F

13 Control 47 M

14 Control 52 M

15 Control 17 M

2 | PAH phosphoproteomic analysis Sitapara et al.



the Mascot search algorithm. The Progenesis QI software

performs chromatographic/spectral alignment (one run is

chosen as a reference for alignment), feature/peptide extrac-

tion, data filtering, and quantitation of peptides and pro-

teins. A normalization factor for each run was calculated to

account for differences in sample load between injections as

well as differences in ionization. The normalization factor

was determined by comparing the total ion abundance

among all the samples, with the expectation that they all

should be the same based on the equal total amount of

peptides that were loaded onto the column. The experimen-

tal design was setup to group multiple injections from each

run. The algorithm then calculates the tabulated raw and

normalized abundances, maximum fold change, and

ANOVA p values for each feature in the data set. The

MS/MS spectra were exported as “.mgf” (Mascot generic

files) for database searching. The Mascot search results were

exported as an “.xml” file using a significance cutoff of

p< 0.05 and false discovery rate (FDR) of 1% and then

imported into the Progenesis QI software, where search

hits were assigned to corresponding peak features that

were extracted from the MS data. Relative protein-level

fold changes were calculated from the sum of all unique,

normalized peptide ion abundances for each protein on each

run. Only proteins with two or more unique quantifiable

peptides were utilized in downstream analyses.

Kinase prediction

NetworKin was used to predict kinases that could phos-

phorylate the identified phosphopeptides. For a subset of

phosphopeptides, the Kinexus prediction algorithm was

used.43 Prediction testing was performed for selected candi-

dates with a phosphopeptide LC/MS/MS method and also

with Kinexus in vitro radiometric assays.

Kinexus analysis

PhosphoNet was used to predict kinases that could phos-

phorylate a subset of phosphopeptides that were not ame-

nable to prediction by NetworKin. A radiometric kinase

assay was used to identify candidate kinases that phosphor-

ylate IKZF3 and BCAS3 at the designated phosphorylation

sites.
The following peptides were synthesized to screen IKZF3

and BCAS3:

Site Name Peptide sequence

IKZF3 [S378] Wildtype (WT) RERGLSPNN-pS-GHD

BCAS3 [S709] Wildtype (WT) RRHG-pS-YDSLASDH-pS-G

BCAS3 [A709] Mutant (MT) RRHG-pS-YDALASDH-pS-G

For IKZF3, S382 was blocked by an attached phosphate

group, so that 33P-label would not result on that site. In this

way, the kinase screen was made specific for S378. The

kinases used in the in vitro assays were chosen based on

predictions of PhosphoNet.

In vitro kinase assays with mass spectroscopic analysis

Substrate or control peptides were incubated in kinase assay

and the applicable kinase for 60min at 30�C. The reaction

was terminated with EDTA and the samples stored at
�80�C until analyzed. LC MS/MS analysis was performed

using an Agilent 1100 series HPLC system coupled to an AB
Sciex API 3000 Q-TRAP mass spectrometer with an HSID

ionics upgrade. Ionization: electrospray ionization (ESI);
polarity: positive; source voltage: 4800 Vl temperature:

375�Cl curtain gas: 12 AU; nebulizer gas (GS1): 12 AU;

heater gas (GS2): 70 lbf/in2. Scan conditions: scan range:
50.000 to 2200.000 amu; time: 1 s; declustering potential:

5V; focusing potential: 5 V; entrance potential: 9 V; focus-
ing lens (IQ1): �9.5V; prefilter (ST): �9.5V. HPLC con-

ditions: injection volume: 10 mL; autosampler tray

temperature: 4�C; flow rate: 0.3mL/min; column:
4.6� 100mm Phenomenex Kinetic RP C18 (2.6 mM,

100 Å) with guard column and in-line filter; column oven:
20�C; mobile phase: A—0.1% formic acid in water, B—

0.1% formic acid in acetonitrile; gradient: 0–4min, 5%B;

4–14min, 35%B; 14–15min, 35%B; 15–15.5min, 5%B;
15.5–20min, 5%B.

Western blots and immunohistochemistry

A rabbit polyclonal IgG antibody was made against the N
terminus of IKZF3 and a phospho specific site of Aiolos

IKZF3 at the C-terminus (Thermo-Fisher, Waltham, MA).

The antibodies underwent affinity purification and negative
adsorption (Thermo-Fisher). The phospho-specific and

total antibodies against Aiolos IKZF3 were used in
Western blots to compare protein levels in iPAH, and

controls.
Immunohistochemistry on formalin fixed paraffin

embedded (FFPE) lung sections was performed with phos-

phorylated IKZF3 S378, total IKZF3, CD3 and CD20 anti-
bodies. The phospho IKZF3 antibody was custom made.

Western blot analysis was performed to measure the levels

of pIKZF3 S378 and total IKZF3. A total of 50 mg of dena-
tured protein was separated on SDS-PAGE and then trans-

ferred to nitrocellulose membrane. Nonspecific binding sites
on the membrane were blocked by using TBS Starting Block

(Cat# 37579, Thermo Fisher Scientific, Waltham, MA) for 1
h. at room temperature. The membranes were incubated

overnight at 4�C with pIKZF3 S378 (Thermo Scientific,

Waltham, MA) and total IKZF3 antibodies (Thermo
Scientific). After three washes in TBST, the membranes

were incubated with anti-rabbit horseradish peroxide-
coupled secondary antibody (Cell Signaling Technologies,

Denvars, MA) for 1 h at room temperature. After washing

the membranes thrice in TBST, the immunoreactive pro-
teins were visualized by adding Super Signal West Femto
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Substrate (Thermo Scientific). The images were developed

on c-DIGIT Blot-Scanner (LICOR, Lincoln, NB) per the

manufacturer’s instructions. The immunoreactive bands

were quantified by densitometry.

RNAScope assay

Human lung samples were obtained from the PHBI tissue

repository. In situ hybridization (ISH) with a probe specific

for IKZF3 (NM_012481.5) was performed with an

RNAScope Assay (Advanced Cell Diagnostics, Newark,

CA.) on 20 FFPE human lung tissue samples. Five control

samples from potential donors not used for lung transplant,

10 iPAH samples, and 5 associated with PAH (APAH)

samples obtained at the time of lung transplant were stud-

ied. A pathologist (at ACD) evaluated the IKZF3 expres-

sion in two ways. The first used a semi-quantitative scoring

system to evaluate the number of IKZF3 “dots” per cell

where each dot signifies detection of one gene transcript.

A score of 0 represents <1 dot/cell, a score of 1 represents

1–3 dots/cell, a score of 2 represents 4–9 dots per cell, a

score of 3 represents 10–15 dots/cell and a score of 4 repre-

sents >15 dots per cell. The second method estimated the

percent of cells expressing IKZF3. The two methods were

applied globally to an entire scanned section for each

sample, and percent expression was used to evaluate cells

in lymphoid clusters or aggregates where they occurred in

each sample.

Lentivirus transduction

All lentivirus particles were purchased from GeneCopoeia

(Rockville, MA). Lentivirus particles for wildtype IKZF3

(WT-IKZF3), mutant IKZF3 S378A (IKZF3 S378A), and

three point mutant IKZF3 S378A;S386A;S391A (IKZF3

tri) had the neo gene (neomycin resistant gene). Lentivirus

particles for BCL2 promoter-luciferase reporter had the pac

gene (puromycin resistance gene). Both IKZF3 and the

BCL2 promoter reporter were expressed in MRC5 cells

and HEK 293 cells using lentivirus transduction. Briefly,

cells were plated on six-well plates at a concentration of

2.5 � 104 cells/well and allowed to adhere to the plate over-

night. Lentivirus particles were added to the cell culture

media of the cells. A positive selection of stable transduced

cells where performed after three days using G418

(Geneticin) or Puromycin for IKZF3 and its mutants, and

BCL2 promoter-luciferase reporter, respectively. These cells

were used for measuring BCL2 promoter-luciferase reporter

activity.

BCL2 promoter-luciferase reporter assay

The Secrete-PairTM Dual Luminescence Assay Kit

(GeneCopoeia) was used to measure BCL2 promotor

reporter–Gaussia luciferase (Gluc) and secreted alkaline

phosphatase activities as per the manufacturer’s protocol.

Statistical and pathway analyses

ANOVA followed by the Bonferroni correction, the

Kruskall–Wallis test followed by the Steel-Dwass-

Critchlow-Fligner procedure, or Dunn’s test with the

Bonferroni correction were used to evaluate differences

between groups. IKZF3 Western blot quantification was

analyzed using Student’s t-test. Unless otherwise indicated

data are presented as mean� SEM. Statistical significance

was set at p< 0.05.
Pathway analyses were performed with STRING

(https://string-db.org), Gene Ontology Tools (Lewis Sigler

Institute, go.princeton.edu), and Reactome (reactome.org).

Results

iPAH analysis

There were 60,428 features generated in the enriched phos-

phopeptide analysis. From these features 6622 proteins were

identified. Within the subset of identified proteins there

were 1479 phosphopeptides with q< 0.05. With removal

of redundancies this number was reduced to 1234. The rel-

ative enrichment of phosphopeptides with q< 0.05 in female

iPAH vs. female controls, and male iPAH vs. male controls

was determined. Fig. 1 depicts a volcano plot of log2 enrich-

ment vs. �log p value for the phosphopeptides in the female

iPAH group vs. controls. The 10 most increased and 10

most decreased phosphopeptides are shown in Tables 2

and 3 for females and males. The full list is shown in the

Full List Phosphopeptide Excel file Supplement. The most

dramatic finding was a high and categorical abundance of

the phosphopeptide IKZF3 phosphorylated at S378 in both

female and male iPAH, with no detection in control sam-

ples. High relative abundance in iPAH females without

detection in female controls was also found for a phospho-

peptide corresponding to S73 of HMHA-1 (minor histo-

compatibility factor 1). This phosphopeptide was

increased over six-fold in male iPAH relative to male

controls.

Fig. 1. Volcano plot of phosphopeptides for female iPAH/control
subjects generated from phosphoproteomic analysis.
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The phosphopeptide corresponding to S709 of BCAS3

(Breast Cancer Amplified Sequence 3) was increased 119-

fold in female iPAH and 10-fold in male iPAH relative to

their respective controls. Phosphopeptides with low relative

abundance in iPAH females and males relative to controls

included phosphorylated forms of HDAC2, brain specific

angiogenesis inhibitor 1 associated protein 2-like protein

(BI2L2), S100-A9, Annexin A2, PC4 and SFRS1-

interacting protein (PSIP1), HIV Tat-specific factor 1

(HTATSF1), putative synaptogyrin-2 like protein

(SNG2L), and receptor-type tyrosine-protein phosphatase

beta (PTPRB).
The NetworKin analysis was performed on the enriched

phosphopeptides to predict what kinases might be respon-

sible for their phosphorylation. The full output consisted of

9684 predictions. NetworKin prediction scores can range

from 1 to 60. A score of 60 indicates high probability of a

correct prediction, a score of 1 indicates low probability.

The subset of predictions with NetworKin scores over 9

consisted of 207 predictions.
Supplement Table 1 shows the list of the most frequent

kinases predicted by NetworKin with scores >9. The most

frequent kinases were CSNK2A1 (casein kinase 2), and

cyclin-dependent kinase 1 (CDK1), followed by MAP kin-

ases and PRKs. Less frequent kinases included AKT1,

AurkA, CamK2B, GSK3A, GSK3B, HPK2, HYRC, and

PAKs 2,3, and 4. PDK1 (3-phosphoinositide-dependent

protein kinase Accession NP_002604.1) was predicted to

phosphorylate mechanistic target of rapamycin kinase

(MTOR) at S2481 and S1261 with high scores. Predictions

for PAK3 (with substrate from NCK1), AurkA (substrate

from NUMA1), CDK1 (substrate from NCOR), and

CSNK2A1 (substrate from HDAC2) were confirmed by in

vitro phosphorylation assays. PAK1 did not phosphorylate

the peptide sequence from BCAS3 (the Networkin

Prediction score for this peptide was low). A limitation of

NetworKin was that it did not provide kinase predictions

for some of the most up-regulated or down-regulated 10

phosphopeptides.

Gene ontology analyses. Gene ontology analysis was per-

formed using the phosphopeptide list (Supplement) and

search terms for immune regulation, angiogenesis and cell

proliferation as well as an agnostic search. The 1234 phos-

phopeptides mapped to 761 genes (473 “duplications” due

to different phosphorylation sites on the same protein). Of

the 761 genes, 61 were not annotated. Therefore the analysis

was done on 700 genes. One hundred seventy-two genes

mapped to immune system regulation (24.57%;

GO:0002376). One hundred five mapped to cell prolifera-

tion (15%, GO:0008283) and thirty-five mapped to angio-

genesis (5.00%, GO:0001525; Supplement Table 2). The

PANTHER GO-Slim Molecular function analysis revealed

enrichment in RHO GTPase related molecules among

others (Supplement Table 3).

Reactome analysis. The reactome analysis revealed significant

enrichment for proteins involved in the RHO GTPase cycle,

RAC1 GTPase cycle, neutrophil degranulation, signaling by

v-raf murine sarcoma viral oncogene homolog B1 (BRAF)

and rapidly accelerated fibrosarcoma (RAF) fusions,

MAP2k and mitogen-associated protein kinase (MAPK)

activation, oncogenic MAPK signaling, and glycolysis

(Supplement Table 4).

Table 2. The 10 most increased phosphopeptides found in the phosphoproteomic analysis from females and males.

Protein Sequence

Variable modifications

([position] description) Description

Ratio female

iPAH/female

control

Ratio

male iPAH/male

control

IKZF3 GLSPNNSGHDSTDTDSNHEER [3] Phospho (ST) Zinc finger protein Aiolos #DIV/0! #DIV/0!

HMHA1 HASAAGFPLSGAASWTLGR [3] Phospho (ST) Minor histocompatibility protein

HA-1

#DIV/0! 6.49

BCAS3 HGSYDSLASDHSGQEDEE

WLSQVEIVTHTGPHR

[6] Phospho (ST) Breast carcinoma-amplified

sequence 3

119.26 10.70

RHG25 RTQTLPNRK [4] Phospho (ST) Rho GTPase-activating protein

25

18.95 2.75

NUMA1 RQSMAFSILNTPK [3] Phospho (ST) Nuclear mitotic apparatus pro-

tein 1

15.32 #DIV/0!

LEUK RPTLTTFFGR [3] Phospho (ST) Leukosialin 11.94 2.26

MUC1 DTYHPMSEYPTYHTHGR [11] Phospho (ST) Mucin-1 10.64 14.23

NU214 TPSIQPSLLPHAAPFAK [3] Phospho (ST) Nuclear pore complex protein

Nup214

10.40 4.09

WDR24 IIYCSPGLVPTANLNHSVGK [4] Carbamidomethyl (C)

|[11] Phospho (ST)

WD repeat-containing protein

24

10.27 3.35

NUMA1 RASMQPIQIAEGTGITTR [3] Phospho (ST) Nuclear mitotic apparatus pro-

tein 1

9.73 12.12
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STRING database network analysis

A STRING database network analysis was performed for
the following: (1) CSNK2A1, CSKN2A2, CDK1
(Supplement Figure 1); (2) Rho-GTPase and related pro-
teins (Supplement Figure 2); (3) MAP kinases
(Supplement Figure 3); (4) PRK kinases with NetworKin
score >9 (Supplement Figure 4); (5) PRKG kinases
(Supplement Figure 5); (6) AKT (Supplement Figure 6);
(7) AurkA (Supplement Figure 7); (8) CAMK
(Supplement Figure 8); (9) GSK3A and GSK3B
(Supplement Figure 9); (10) HPK2 and HYRC (PRKCD;
Supplement Figure 10); (11) PAK1,2,3, and 4 (Supplement
Figure 11). Although the NetworKin prediction scores for
PRKG were relatively low, the STRING analysis showed
significant interconnectivity of the kinase with the corre-
sponding phosphoproteins.

Key targets for CSNK2A1 and CSNK2A2 are shown in
Supplement Table 5, with relative abundance of the corre-
sponding phosphopeptides in iPAH female and males rela-
tive to controls. Interestingly, a recent whole blood RNA
sequencing effort in PAH suggested differential regulation
of CSNK2A1 at the level of gene expression in circulating
cells.11 The targets of CSNK2A1 and CSNK2A2 included
HAP28 (PDGFA associated protein 1), DVL3, HNRNPC,
HDAC2, IGF2R, and CCNH. The corresponding 12 phos-
phopeptides for HDAC2 were significantly decreased in
iPAH females and males relative to controls. The regulation
of HDAC2 in iPAH is relevant due to recent interest in
targeting histone deacetylases as a treatment for PAH.44–47

Key targets for CDK1 are shown in Supplement Table 6,
and include, NUMA1, NCOR, KAT7, NUCKS, LMNA,
EEF1d, and TP53B. The phosphopeptides from NUMA1

Table 3. The 10 most decreased phosphopeptides from the phosphoproteomic analysis of females and males.

Protein Sequence

Variable modifications

([position] description) Description

Ratio

female iPAH/

control

Ratio

male iPAH/

control

PKP3 TLQRLSSGFDDIDLPSAVK [6] Phospho (ST)|[7]

Phospho (ST)

Plakophilin-3 0.2281 1.0561

FRIH MGAPESGLAEYLFDKHTLGDSDNES [25] Phospho (ST) Ferritin heavy chain

(Ferritin H subunit) (EC

1.16.3.1)

0.222 0.4834

BI2L2 LMSSEQYPPQELFPR [3] Phospho (ST) Brain-specific angiogenesis

inhibitor 1-associated

protein 2-like protein 2

0.2094 1.3587

PLD1 MSLKNEPRVNTSALQK [11] Phospho (ST)|[12]

Phospho (ST)

Phospholipase D1 (PLD 1)

(hPLD1) (EC 3.1.4.4)

0.1781 0.8217

SRSF2 SRSPPPVSK [3] Phospho (ST) Serine/arginine-rich splic-

ing factor 2 (Protein

PR264)

0.1286 0.2777

ANXA2 IMVSRSEVDMLKIR [4] Phospho (ST)|[10]

Oxidation (M)

Annexin A2 (Annexin II)

(Annexin-2)

0.0244 0.0768

PSIP1 TGVTSTSDSEEEGDDQEGEK [9] Phospho (ST) PC4 and SFRS1-interact-

ing protein (CLL-asso-

ciated antigen KW-7)

0.0199 0.0433

HTSF1 VLDEEGSEREFDEDSDEKEEEEDTYEK [15] Phospho (ST) HIV Tat-specific factor 1

(HTAT-SF1)

0.0186 0.2812

SNG2L ALCLVFALIVFSCIYGEGYSNTHKSK [3] Carbamidomethyl (C)|

[13]

Carbamidomethyl (C)|

[19] Phospho (Y)|[20]

Phospho (ST)|[22]

Phospho (ST)|[25]

Phospho (ST)

Putative synaptogyrin-2

like protein

0.0074 0.2726

PTPRB FGVSKEK [4] Phospho (ST) Receptor-type tyrosine-

protein phosphatase

beta (protein-tyrosine

phosphatase beta) (R-

PTP-beta) (EC 3.1.3.48)

(vascular endothelial

protein tyrosine phos-

phatase) (VE-PTP)

0 0
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and NCOR were significantly increased in iPAH females
and males relative to controls. The NUCKS phosphopep-
tide was significantly decreased in iPAH females and males
relative to controls.

3-Phosphoinositide-dependent protein kinase (PDK1)
was predicted to phosphorylate MTOR at S2481 with a
score of 60, and at S1261 with a score of 25.6. AMPKa2
(PRKAA2) was also predicted to phosphorylate MTOR at
S1261 with a NetworKin score of 16. Phosphorylation at
this site was 3.2- and 3.3-fold increased in iPAH females and
males relative to their respective controls. Phosphorylation
at S2481 was increased 3.8-fold in female iPAH but was not
regulated in male iPAH. MTOR was also a focal point of
the PRK network.

Kinexus assays

Radiometric assays were performed to identify candidate
kinases that could phosphorylate sequences for the follow-
ing sites: S378 IKZF3, and S709 BCAS3. The results are
shown in Supplement Tables 7 and 8.

In vitro kinase assays with mass spectroscopic analysis

Supplement Table 9 shows the results of the in vitro kinase
assays with HPLC MS/MS analysis.

Western blots and immunohistochemistry

Western blots demonstrated an increase in S378 phosphor-
ylated IKZF3 (Aiolos; pIKZF3) in iPAH lung extracts com-
pared to controls (Fig. 2(a)). Immunohistochemistry
localized pIKZF3 to perivascular infiltrates and neointimal
lesions of pulmonary arterioles in iPAH (Figs. 2(b) and 3).
The perivascular infiltrates consisted of a mixed population
of CD3þ, CD8þTcells, and CD20þ B cells. CD45raþ T

cells were also detected but to a lesser degree (Fig. 4).

Immunohistochemistry with an anti-HMHA1 antibody

also confirmed the presence of HMHA1 in perivascular

infiltrates in PAH samples (Fig. 4).

RNAScope

The clinical characteristics of the subjects from whom lung

samples were obtained for the RNAscope assay are shown

in Supplement Table 10. The results of the semi-quantitative

analysis are shown in Supplement Table 11. ISH demon-

strated the presence of IKZF3 mRNA primarily in lym-

phoid aggregates adjacent to remodeled pulmonary

arteries, or bronchioles. The IKZF3 signals were concen-

trated in these regions of inflammatory cells and were

increased in most iPAH samples compared to controls in

these regions (Fig. 5). The global scores were 1 for all the

controls, all the APAH evaluable samples, and 6 of the

iPAH samples. The scores were 1–2 for two iPAH samples,

and 0 for two iPAH samples. Percent of lymphoid cells

expressing IKZF3 was 1–10% for one control, 11–25%

for four controls, 11–25% for one APAH sample, 26–

50% for three APAH samples, 1–10% for four iPAH sam-

ples, 11–25% for three iPAH samples, and 51–75% for

three iPAH samples. QC failed one APAH sample.

BCL2 luciferase reporter assay

IKZF3 has been reported to function as a transcription

factor for BCL2. Therefore, we performed a series of experi-

ments to explore the potential role of phosphorylation on

the function of IKZF3 in a BCL2 luciferase reporter assay.

Co-transduction experiments were performed to examine

the effect of changing 1–3 serine phosphorylation sites of

IKZF3 on BCL2 promoter activity. Fig. 6(a) demonstrates

Fig. 2. (a)Western blots with phospho-specific and total IKZF3 antibodies in lung tissue lysates. Control (n ¼ 6) and iPAH (n ¼ 5). *p < 0.05 vs.
control. (b) Immunohistochemistry with pIKZF3 antibody: comparison of control (i and ii) to iPAH (iii and iv). Cells staining positive for
phosphorylated S378 IKZF3 congregate densely around a hypertrophied pulmonary arteriole.
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by Western blot an example of a lentiviral transduction of
wild type IKZF3 into MRC5 cells. Wild type IKZF3 and
IKZF3(S378A) both increased BCL2 reporter activity,
whereas IKZF3 (S378A, S386A, and S391A) did not
increase BCL2 reporter activity over baseline (Fig. 6(b)).

Discussion

In this study we performed an unbiased phosphoproteomic

analysis of lung tissue from iPAH subjects. While several

proteomic analyses have been reported related to PAH, to

our knowledge this is the first phosphoproteomic analysis of

Fig. 3. Immunohistochemistry of iPAH lung tissue, showing inflammatory perivascular infiltrates. CD3: antibody against a T-cell marker; CD20,
antibody against B-cell marker. pIKZF3, antibody against S378 phosphorylated Aiolos. pIKZ was present predominantly in perivascular cells, but
was also seen in endothelial-like cells of the diseased pulmonary arteriole (arrow). (a) pIKZ 10� objective. (b) pIKZ 40� objective (arrow points
to small lumen of pulmonary arteriole with staining of endothelium). (c) CD3 T cell marker 10� objective. (d) CD3 T cell marker 40� objective.
The T cells were primarily perivascular. There were more T cells than B cells. (e) CD20, B cell marker 10�; (f) CD20 B cell marker 40�
objective.

Fig. 4. The perivascular infiltrates seen in iPAH lung sections were highly positive for CD8 ((a) 10� objective, (b) 40�). Scattered cells in the
perivascular infiltrates stained positive for CD45RA ((c) and (d)). CD45RA is a protein tyrosine phosphatase and is believed to be a marker for
cytolytic T lymphocytes. HMHA1 in perivascular infiltrates in APAH SSC lung sample ((e) 10�, (f) 40� objective) vs. control sample ((g) 10�,
(h) 40� objective). Cells surrounding a pulmonary arteriole were highly positive for HMHA-1 in a PAH lung sample.
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intact iPAH lung tissue.10,15,48–52 We compared the relative

abundance of phosphopeptides in iPAH females to female

controls, and iPAH males to male controls. Several novel

phosphopeptides were at substantially higher levels in iPAH

samples compared to controls. The most dramatically

increased phosphopeptide was from a zinc finger transcrip-

tion factor IKZF3, followed by a phosphopeptide from

HMHA1. The third most increased phosphopeptide was

from BCAS3 which was increased in both male and

female iPAH samples. We also found several phosphopep-

tides that were markedly decreased in iPAH samples relative

to controls. These included S100-A9, Annexin A2, PC4 and

PSIP1, HTATSF1, SNG2L, and PTPRB.
NetworKin was used to predict what kinases could phos-

phorylate the differentially regulated phosphopeptides iden-

tified in the primary phosphoproteomic analysis. The

NetworKin analysis was successful in generating high prob-

ability prediction scores for a number of kinases, though

many of the most highly regulated phosphopeptides did

not yield kinase predictions. In select cases we confirmed

the NetworKin predictions with in vitro kinase assays. For

the phosphopeptides corresponding to IKZF3, HMHA1,

and BCAS3, we used PhosphoNet to predict which kinases

might be responsible for the phosphorylation of the identi-

fied phosphopeptides. These predictions were tested for

IKZF3 and BCAS3 with custom designed Kinexus assays.

Based on the finding that pIKZF3 was markedly increased

in iPAH lungs relative to control lungs (where no signal for

pIKZF3 was detected), we focused our attention on this

protein for further study using traditional biochemical tech-

niques. To place our results in the context of known signal-

ing pathways additional bioinformatic analyses were

performed. These analyses included Gene Ontology,

Reactome, and STRING, and demonstrated the potential

importance of other key pathways implicated in PAH such

as RHO-GTPase signaling, protein kinase CGMP-depen-

dent 1 (PKG1)- and PTPRB-mediated signaling. More

detailed discussions of other highly regulated targets and

the results of the NetworKin analysis are found in the

Supplement.

Fig. 5. In situ hybridization for IZKF3 in control ((a) to (c)), IPAH ((d) to (f)), and APAH ((e) to (g)) representative lungs.IZKF3 mRNA
expression was minimal or absent in control lungs, while consistently expressed in lymphoid aggregates adjacent to remodeled pulmonary
arteries (PA) and terminal bronchioles (br) in IPAH and APAH (arrows). The highlight boxed areas in (a), (d), and (g) are magnified in (b), (e), and
(h), respectively. Boxed regions in (b), (e), and (h) are further magnified in (c), (f), and (i), respectively (magnification bar (a), (d), (g): 200lm;
(b), (e), (h): 50 lm; (c), (f); (i): 12.5 lm).
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After mapping the phosphoproteins to their respective
genes, the gene ontology analysis revealed several genes
involved in immune regulation, cell proliferation, and
angiogenesis. The reactome analysis found significant
over-representation of proteins involved in RHO and
RAC1 GTPase cycles, as well as signaling by BRAF and
RAF fusions, MAPK and glycolysis. STRING analyses
also identified high interconnectivity in RHO GTPase pro-
teins, and interconnectivity of the MAPK pathways that
emerged from the phosphoproteomic results.

The potential importance of RHO-GTPase cycling in
PAH is highlighted by the increased phosphorylation of
HMHA1 found in the phosphoproteomic analysis because
HMHA1 was recently identified as a Rho-GTPase.53 A
BAR domain at the N-terminal region of the HMHA1
was found to autoinhibit the Rho-GAP domain. This auto-
inhibition was demonstrated through deletion of the BAR
domain which allowed emergence of the Rho-GTPase func-
tionality. It is possible that phosphorylation of one or more
regions of HMHA1 could alter its Rho-GTPase activity by
preventing autoinhibition by the BAR domain.53 Rho-
GTPases are known to affect actin organization, cell
shape, and cell spreading. HMHA-1 was shown to coloc-
alize with the Rho-GTPAse Rac1.54 BMPR2 mutations
seen in PAH may result in activation of RAC1 and thereby
alter organization of the cytoskeleton. Expression of
HMHA1 was previously thought to be restricted to hema-
topoietic cells and epithelial tumor cell lines. However, a
recent gene expression study in Zebrafish suggests that
HMHA1 along with Rasip1 may be expressed in endothelial
cells.55 Immunohistochemistry in the PAH samples we
examined showed localization of HMHA1 to perivascular
infiltrates.

In female and male iPAH samples, phosphorylation of
PTPRB (P23467), a protein tyrosine phosphatase (PTP),
was not detected at S119. In pulmonary artery smooth
muscle cells (PASMCs) hypoxia decreased expression of

several PTPs (T cell PTP, density-enhanced phosphatase-
1, PTP1B, and SH2 domain-containing phosphatase-2),
resulting in reduced PTP activity. Hypoxia-inducible
factor HIF-1alpha was involved in this regulation of gene
expression because HIF-1 alpha siRNA abolished hypoxia-
induced PDGFR beta hyperphosphorylation and PTP
down-regulation. PDGFR beta hyperphosphorylation and
PTP down-regulation were also present in vivo in mice with
chronic hypoxia-induced pulmonary hypertension.56 While
the effect of decreased S119 PTPRB phosphorylation is not
known, loss of function mutations in PTPRB have been
associated with angiosarcomas.57 We hypothesize that
decreased PTPRB phosphorylation could decrease PTPRB
activity and thereby increase the phosphorylation state and
activation of the PDGF beta receptor. These effects in turn
could lead to pulmonary arteriolar myofibroblast and
smooth cell proliferation, a hallmark of the abnormal pul-
monary arteriole remodeling observed in PAH.

NetworKin predicted PRKG1 as a kinase that could
phosphorylate PTPRB at S119. Network analysis of
PRKG1 candidate phosphorylation substrates from the
phosphoproteomic analysis is shown in Supplement
Figure 5. PRKG1 is a cyclic GMP-dependent kinase
which is known to phosphorylate PPP1R12A, a phospha-
tase that increases the activity of myosin phosphatase reg-
ulatory targeting subunit 1 (MYPTL1). PRKG1 may also
phosphorylate protein phosphatase 1, regulatory (inhibitor)
subunit 14A (PPP1R14A); PPP1R14A is an inhibitor of
PPP1CA and has over 1000-fold higher inhibitory activity
when phosphorylated, creating a molecular switch for reg-
ulating the phosphorylation status of PPP1CA substrates
and smooth muscle contraction. ROCK 1 and ROCK 2
phosphorylate myosin phosphatase target subunit 1
(MYPT1) at T696 and T853, the effect of which is to
decrease MYPT1 phosphatase activity against myosin
light chain kinase. This decreased dephosphorylation results
in increased SMC contractility. In contrast PKG

Fig. 6. (a) IKZF3 overexpressed using lentivirus transduction. The Western blot image shows an example of lentivirus transduction of IKZF3 in
MRC5 cells. (b) Effect of wild type IKZF3 (K), IKZF3 (S378A) (K1), or IKZF3 (S378A, S386A, and S391A) on BCL2 reporter activity expressed as
percent control (BCL2 ¼ control). Lentivirus-induced WT IKZF3 expression in cells increased BCL2 promoter reporter activity measured by
luciferase assay. Wild type and IKZF3 (S378A) increased BCL2 reporter activity, additional mutations of serine phosphorylation sites reduced the
response to IKZF3 co-expression suggesting a phosphorylation dose effect (*p ¼ 0.003, cp ¼ 0.0013 vs. BCL2 control).
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phosphorylation of MYPT1 at S668, S692, S695, and S852

increase MYPT1 activity.58 Degradation of MYPT1 led to
the development of tolerance to nitric oxide in porcine pul-

monary artery.59 It was recently shown that BMP signaling
via Smad1/5/8 required cyclic guanosine monophosphate

(cGMP)-dependent protein kinase isotype I (PKGI) to
maintain PASMCs in a differentiated, low proliferative
state. BMP cooperation with cGMP/PKGI was required

for transcription of contractile genes and suppression of
pro-proliferative and anti-apoptotic genes. Lungs from

mice with low or absent PKGI (Prkg1(þ/�) and Prkg1
(�/�) mice) exhibited impaired BMP signaling, decreased

contractile gene expression, and abnormal vascular remod-
eling. Conversely, cGMP stimulation of PKGI restored

defective BMP signaling in rats with hypoxia-induced
PAH, consistent with cGMP-elevating agents reversing vas-

cular remodeling in this PAH model.60 In our phosphopro-
teomic analysis, the phosphopeptides identified as substrate

candidates for PKG were markedly decreased relative to
controls. These data lead to the hypothesis that tolerance

to drugs which act by increasing cGMP (i.e. PDE-V inhib-
itors) could result from down-regulation of PKG1.

Strategies to increase PKG1-mediated signaling and
PTPRB activity could provide a new approach to treating

PAH.
The most up-regulated phosphopeptide in female and

male iPAH vs. controls in the phosphoproteomic analysis
was identified as a sequence from IKZF3 which encodes the

zinc finger protein Aiolos (named after the Wind God of
Greek mythology); these findings were confirmed by

Western blot and immunohistochemistry. Phosphorylated
IKZF3 was localized to perivascular infiltrates in iPAH

lungs and the perivascular cells were predominantly T
cells with some B cells which wereminimal or absent in

normal controls. ISH with an IKZF3 probe was used in
an RNAscope assay to examine cell level gene expression

of IKZF3 in iPAH and APAH lung samples obtained at the
time of lung transplant compared to controls obtained from

potential donors whose lungs were not used for transplant.
IKZF3 expression was restricted for the most part to peri-
vascular inflammatory cells and lymphoid aggregates con-

sistent with the findings of immunohistochemistry. A semi-
quantitative analysis showed heterogeneity of gene expres-

sion in iPAH and APAH samples, but an overall increase
compared to control samples. The heterogeneity may reflect

sampling bias, or could represent a spectrum of inflamma-
tory signaling in these end-stage samples. It should also be

kept inmind that the immunohistochemistry and Western
blot analyses examined the phosphorylation state of the

IKZF3 protein, Aiolos, which represents a level of regula-
tion different than that of gene expression.

A Kinexus screen identified GSK2-alpha and GSK3-beta
as kinases that phosphorylate S378 of IKZF3 (Aiolos).

DYRK2 also phosphorylated S378 of IKZF3 but at lower
levels than GSK3-alpha or GSK3-beta. Interestingly GSK3-

beta was shown to be increased in human PAH and animal

models of PAH, and to mediate PDGFBB stimulated
PASMC proliferation.61 These effects were found to involve

cross talk between PDGFBB and Wnt/beta catenin
signaling.62

Aiolos (the protein product of IKZF3), Ikaros, Eos, and

Helios are zinc finger transcription factors involved in lym-
phoid cell line differentiation.63–72 Aiolos is highly expressed

in several B and T cell lineages, and has been found to play
a role in the pathogenesis of certain leukemias, lymphomas,

and multiple myeloma.73–77 In some settings, Aiolos
decreases apoptosis by suppressing PTEN (phosphatase

and tensin homologue deleted on chromosome 10) and acti-
vating the phosphatidylinositol-3-kinase/Akt signaling

pathway.78–80 Interestingly, in a recent report of RNA
sequencing of whole blood as well as a lung transcriptomic

study in PAH, PTEN was highly and significantly differen-

tially regulated.11,17 In other settings, Aiolos and Ikaros can
increase apoptosis and inhibit growth by suppressing c-

Myc.81 IKZF3/Aiolos has also been shown to be involved
with transforming growth factor beta 1 signaling and inter-

acts with SMAD1 to induce Fox3 positive lymphoid Treg
cells.82 Thus the functional effects of Aiolos appear to be

context dependent.
Recent reports have found that IPAH lungs contained

perivascular tertiary lymphoid tissues (tLTs), comprising B-

and T-cell areas with high endothelial venules and dendritic
cells. Lymphocyte survival factors, such as IL-7 and

platelet-derived growth factor-A, were expressed in tLTs
as well as the lymphorganogenic cytokines/chemokines,

lymphotoxin-alpha/-beta, CCL19, CCL20, CCL21, and
CXCL13.83 In a study of circulating cells in PAH patients,

significantly fewer CD8þ T cells but more CD25hiþ and
FoxP3þCD4þ T cells were found in the peripheral blood of

patients compared with controls.84 In another series, IPAH

patients were found to have abnormal circulating CD8þ T
lymphocyte subsets, with a significant increase in

CD45RAþ CCR7-peripheral cytotoxic effector-memory
cells and reduction of CD45RAþ CCR7þ naive CD8þ
cells versus controls. Furthermore, IPAH patients had a
higher proportion of circulating regulatory T cells (T(reg))

and four-fold increases in the number of CD3þ and CD8þ
cells in the peripheral lung compared with controls.85

CD45RA is a PTP and is believed to be a marker for T

lymphocytes with greater cytolytic activity and greater pro-
pensity to travel to non-lymphoid tissues.85 Our findings of

high density CD8þ and CD45Aþ cells in perivascular infil-
trates in iPAH confirm those of Austin et al.85 and demon-

strate the new finding of increased pIKZF3 in these
infiltrates. Studies of immortalized B cells and circulating

B cells have shown distinct RNA transcript profiles in PAH
compared to controls suggesting an important role of B cells

in PAH pathobiology.13,14

Our results suggest that IKZF3/Aiolos may play a key
pathogenetic role in PAH. Results from the BCL2 reporter
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assay indicate that wild type IKZF3 increases BCL2 tran-

scription. Changing the serine to alanine at position 378 did

not markedly decrease BCL2 reporter activity but removing

additional serines near S378 such as S386 and S391 did

decrease BCL2 activity bringing it back towards control

levels. Recently it has been shown that BCL2 is increased

in PAH pulmonary arterial endothelial cells.86

Furthermore, iPAH pulmonary artery smooth muscles

cells have been shown to resist apoptosis and it has been

proposed that this resistance may be due to an increase in

the BCL2/Bax ratio.87 BCL2 may play an important role in

PAH because it has been shown that BMPR2 deficiency

mediates effects via an isoform switch from a pro-

apoptotic to an anti-apoptotic form of BCL.88 The func-

tional effects of Aiolos activation may play a role in this

switch to an anti-apoptotic state in perivascular lympho-

cytes in iPAH, and deserve further study.
To our knowledge, this is the first reported phosphopro-

teomic analysis of intact iPAH lung samples. It revealed a

dramatic increase in several previously unreported targets

including phosphorylated IKZF3 (Aiolos), a zinc finger

transcription factor involved in lymphocyte regulation,

HMHA1 a Rho-GTPAase, and BCAS3, a protein involved

in regulating angiogenesis. Conversely, significantly

decreased phosphorylation of HDAC2, S100-A9, Annexin

A2, PC4 and PSIP1, HTATSF1, SNG2L, and PTPRB were

found. A Reactome analysis demonstrated over-

representation of RHO-GTPase signaling and related path-

ways in PAH. STRING analyses demonstrated the

potential importance of signaling through PKG1 and

PTPRB. Notably, our findings lead to the hypothesis that

tolerance to drugs which act by increasing cGMP (i.e. PDE-

V inhibitors) could result from down-regulation of PKG1.

Other kinase networks identified from phosphopeptide

analysis revealed CSNK2A1 (casein kinase 2), CDK1,

MAPK12, MAPK14, AKT1, AurkA, CamK2B, GSK3A,

GSK3B, HPK2, HYRC, and PAKs as potentially impor-

tant kinases in PAH. Phosphorylated IKZF3 was localized

to perivascular infiltrates comprised primarily of

CD3þCD8þ and CD45aþT cells. Functional assays sug-

gested an important role of IKZF3 phosphorylation in reg-

ulating BCL2 expression. The regulated phosphopeptides

and/or phosphoproteins identified in this study are candi-

date biomarkers for diagnosis, prognosis, or targeted ther-

apy for PAH.
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