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Abstract

Pulmonary arterial hypertension (PAH) is a progressive, lethal, and incurable disease of the 

pulmonary vasculature. A previous genome-wide association study (GWAS) with Affymetrix 

microarray analysis data exhibited elevated histidine triad nucleotide-binding protein 3 (HINT3) 

in the lung samples of PAH compared to control subjects (failed donors, FD) and the positive 

correlations of HINT3 with deubiquitinase USP11 and B-cell lymphoma 2 (BCL2). In this study, 

we aim to investigate the roles and interplay of USP11 and HINT3 in the apoptosis resistance 

of PAH. The levels of USP11 and HINT3 were increased in the lungs of idiopathic PAH (IPAH) 

patients and Hypoxia/Sugen-treated mice. USP11 and HINT3 interacted physically, as shown by 

co-immunoprecipitation (co-IP) assay in human pulmonary arterial endothelial cells (HPAECs). 

HINT3 was degraded by polyubiquitination, which was reversed by USP11. Furthermore, HINT3 

interacted with the anti-apoptotic mediator, BCL2. Overexpression of USP11 increased BCL2 

content, congruent to elevated lung tissue levels seen in IPAH patients and Hypoxia/Sugen-treated 

mice. Conversely, the knockdown of HINT3 function led to a depletion of BCL2. Thus, we 

conclude that USP11 stabilizes HINT3 activation, which contributes to endothelial apoptosis-

resistance of pulmonary arterial endothelial cells in PAH. This can potentially be a novel 

therapeutic target for ubiquitination modulators for PAH.
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1. Introduction

Pulmonary hypertension (PH) is characterized by a progressive increase in pulmonary 

vascular resistance due to endothelial dysfunction, abnormal proliferation of pulmonary 

vascular endothelial cells, and vascular remodeling. Pulmonary arterial hypertension (PAH) 

is a progressive and incurable disease marked by pulmonary vascular occlusive remodeling 

leading to eventual right ventricular failure and death [1–3]. The effective 5-year survival is 

only ~60% amongst those with PAH [4–6].

Ubiquitin-specific proteases (USPs) are deubiquitinating enzymes involved in cell 

proliferation, migration, and apoptosis. Emerging evidence suggests that USPs are linked 

to PH pathogenesis by removing ubiquitin groups from unanchored polyubiquitin chains [7–

10]. USPs regulate ubiquitination-meditated degradation and stabilize proteins to maintain 

the response to signals and altered environmental conditions. This stabilization is established 

when the deubiquitinating enzymes remove ubiquitin from ubiquitin-conjugated protein 
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substrates to regulate the stability of a target protein. For example, ubiquitin-specific 

proteases 11 (USP11) have been known as a pro-inflammatory mediator and regulator 

of apoptosis, proliferation, cancer chemoresistance, ferroptosis, and autophagy [11–14]. 

However, little is known about the role and mechanisms of USP11 in PAH pathogenesis.

Previous studies demonstrated that transcriptome analysis of PAH lungs reveals expression 

patterns specific to PAH subtypes, clinical parameters, and lung pathology variables [15,16]. 

Built on these datasets, we identified associations between survival and single nucleotide 

polymorphisms (SNPs) in or near genes thought to be relevant to PAH pathogenesis. 

In particular, we discovered that histidine triad nucleotide binding protein 3 (HINT3, a 

nucleotide hydrolase and transferase) shows a strong association with worsened survival 

in PAH. However, the expression, function, and disease-specific action of HINT3 are still 

unknown. Further, we found that USP11 and HINT3 are strongly associated with PAH. 

However, the mechanisms and function of the USP11/HINT3 axis are poorly understood 

in PAH. Therefore, we hypothesized that USP11 activation stabilizes HINT3 to mediate 

endothelial anti-apoptosis in PAH.

During PAH pathogenesis, pulmonary artery endothelial cells become hyperproliferative and 

resistant to apoptosis, a programed cell death mechanism that prevents uncontrolled cell 

replication. Resistance to apoptosis leads to neointimal thickening and narrowing of the 

vessel lumen [17–19]. B-cell lymphoma 2 (BCL2) in the mitochondria membranes prevents 

the release of apoptogenic factors and promotes cell survival by blocking apoptosis [20–22]. 

We also observed increases in BCL2 levels in endothelial cells harvested from the tips 

of discarded Swan-Ganz catheters after right catheterization in patients with PAH [23], 

supporting the contribution of BCL2 to the regulation of anti-apoptosis in PAH. From this, 

we hypothesized that USP11/HINT3 axis regulates the activity and the abundance of the 

BCL2 proteins, which could lead to cell proliferation of pulmonary arteries in PAH.

In this study, we explored the role and interaction of USP11 and HINT3 in PAH. We 

show that the levels of USP11 and HINT3 are increased in the lungs of IPAH patients 

and hypoxia/Sugen-treated mice. Further, we demonstrate that USP11 enhances the stability 

of HINT3 by deubiquitinating HINT3 and thereby increases anti-apoptotic marker BCL2 

levels. Our findings suggest that inhibition of USP11/HINT3 axis may act as a novel 

therapeutic target in PAH pathogenesis.

2. Materials and Methods

2.1. Control and IPAH Lung Tissues

We purchased de-identified peripheral lung tissues acquired from patients with idiopathic 

PAH (IPAH) (2 males and 3 females; 29–55 years old) and healthy individuals (2 males 

and 2 females; 24–56 years old) collected by the Pulmonary Hypertension Breakthrough 

Initiative (PHBI, www.phbi.org (accessed on 9 November 2018)).

2.2. Reagents

Human pulmonary artery endothelial cells (HPAECs) were obtained from Cell Applications, 

Inc. (Cell Applications, San Diego, CA, USA). BCL2, GAPDH, and β-actin (ACTB) 
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antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). USP11 and 

HINT3 antibodies were purchased from Abcam (Waltham, MA, USA). Fetal bovine serum 

(FBS) and dimethyl sulfoxide (DMSO) were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). The USP11 inhibitor, mitoxantrone, was obtained from Sigma 

Aldrich (St. Louis, MO, USA).

2.3. In Vivo Mouse Model of PH

Ten 8–12 weeks old male C57BL/6J mice were treated with subcutaneous injection of Sugen 

5416 (SU, 20 mg/kg) three times a week for 3 weeks. Then, five of them were exposed to 

hypoxia with an influx of N2 gas and the other five to normoxia for 3 weeks, as previously 

described [24]. All animals had unrestricted access to water and a standard rodent diet. 

All animal studies were approved by the Institutional Animal Care and Use Committee of 

Emory University or the Atlanta Veterans Affairs Healthcare System.

2.4. In Vitro Human Pulmonary Artery Endothelial Cells

HPAECs were cultured in Endothelial Cell Growth Media (Cell Applications, San Diego, 

CA, USA) containing 1% (vol/vol) penicillin/streptomycin. Cells were grown under 

standard incubator conditions at 37 °C and with 5% CO2. HPAECs cells were plated in 

6-well plate or 10 cm cell culture dishes. Media was changed every 3 days, and cells were 

split when the cell density reached 80–90% confluence.

2.5. Gain or Loss of USP11 or HINT3 Function in HPAECs

For loss of USP11 or HINT3 function (LOF), HPAECs were transfected 

with scrambled or USP11 (F:5′-GUCAAUGAGAAUCAGAUCGAGUCCA-3′, 

R:3′-GACAGUUACUCUUAGUCUAGCUCAGGU-5′) or 

HINT3 (F:5′-CUUGCAGUGAUAUAAUUGACAACAT-3′, R:3′-

UUGAACGUCACUAUAUUAACUGUUGUA-5′) dicer-substrate siRNA (DsiRNA) (20 

nM, Integrated DNA Technologies, Coralville, IA, USA) using Lipofectamine 3000 

transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s 

instructions. After transfection for 6 h, the transfection media were replaced with EGM 

containing 5% FBS and incubated at room temperature for 72 h. For gain USP11 

and HINT3, Human HINT3 and USP11 [25] were inserted into pcDNA3.1D/His-V5 

TOPO vector. In selected experiments, HPAECs were treated with the USP11 inhibitor, 

mitoxantrone, for 0–4 h. HPAEC lysates were then harvested and examined for USP11, 

HINT3, and BCL2 levels using Western blot assays. To overexpress USP11 (gain of 

function), HPAECs were transfected with USP11 plasmid constructs (1 μg, oxUSP11) or 

empty vector (Mock) we previously reported.24 After transfection for 6 h, media were 

replaced with fresh 5% FBS EGM, and HPAEC lysates were then harvested and examined 

for USP11, HIN3, and BCL2 levels using Western blot assays.

2.6. Co-Immunoprecipitation

To ascertain the presence of protein-protein interaction between USP11-HINT3 or HINT3-

BCL2, we performed co-immunoprecipitation (co-IP) with HINT3 antibody assay in 

HPAECs. Briefly, for co-IP, cell lysates (1 mg) were incubated/rotated with primary 
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antibody of HINT3 overnight at 4 °C and then were bound to prewashed 40 μL protein 

A/G agarose (ThermoFisher Scientific, Waltham, MA, USA) at 4 °C for 2 h. The 

immunoprecipitated complex was washed three times (5 min each) with cold PBS-T 

(PBS + 1% Triton). The 2X dye with β-ME was added to the beads and heated at 95 

°C for 5 min. The immunoprecipitated complex was analyzed by immunoblotting with 

an enhanced chemiluminescence detection system (Advansta, San Jose, CA, USA). Then, 

protein samples were evaluated for equal loading, using β-actin or GAPDH antibody.

2.7. HINT3 Half-Life and Ubiquitination

To characterize if the HINT3 protein is degraded by ubiquitination, HPAECs were 

transfected with 1 μg of HA-ubiquitin plasmids (HA-tagged Ubi) or with control plasmids 

(empty vector), using Lipofectamine 3000 (ThermoFisher Scientific, Waltham, MA, USA). 

After twenty-four hours, cell lysates were collected in 1X M-PERTM Mammalian Protein 

Extraction Reagent (ThermoFisher Scientific, Waltham, MA, USA) and then treated by 

protease/phosphatase inhibitors examined by immunoblotting. β-actin levels were used as 

an endogenous control. To examine the half-life of USP11, HPAECs were cultured in 

complete endothelial cell growth media (EGM) with 1% (vol/vol) penicillin/streptomycin. 

After twenty-four hours, HPAECs were exposed to 20 μg/mL cycloheximide (CHX) in the 

presence or absence of 20 μM MG132 for 0, 2, 4, or 8 h.

2.8. mRNA Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

To measure USP11, HINT3, and BCL2 levels in the lungs of IPAH patients or 

mouse lungs, total RNAs were isolated using the total RNA isolation kit (Qiagen, 

Germantown, MD, USA). Human: USP11, forward: 5′-TCCTCAGCCCAGAGTGTTCT-3′, 

reverse: 5′-CACACACACAGCAGAAGGTACA-3′, HINT3, forward: 5′-

AGTGCGTTAAGTTCCCTGATG-3′, reverse: 5′-CCACCCACTCTCAGAAGTGTT-3′, 

BCL2, forward: 5′-GTGACCGTACAGTCGGGATT-3′, reverse: 5′-

GCCGTACAGTTCCACAAAGG-3′ and mouse: Usp11, forward: 5′-

CACCCTCTCCTGGTGTCAGT-3′, reverse: 3′-ATCTGAGGTGGGTTTGGTCA-5′ 
Hint3 forward: 5′-TGACAGCAACTGCGTGTTCT-3′, reverse: 

3′-CCGCTGGTTTGATATCTTTG-5′, and BCL2, forward: 5′-

GTACCTGAACCGGCATCTG-3′, reverse: 3′-GCTGAGCAGGGTCTTCAGAG-5′ mRNA 

levels mRNA levels in the same sample were determined and quantified using 

specific mRNA primers. Human GAPDH, forward: 5′-GCCCAATACGACCAAATCC-3′, 

reverse: 3′-AGCCACATCGCTCAGACAC-5′ and mouse Gapdh, forward: 5′-

AGCTTGTCATCAACGGGAAG-3′, reverse: 3′-TTTGATGTTAGTGGGGTCTCG-5′ 
mRNA levels were used as an endogenous control.

2.9. Western Blot Analysis

All protein homogenates from human and mouse lungs or HPAECs were subjected to 

Western blot analysis as reported [24]. Primary antibodies were purchased from Abcam 

(Waltham, MA, USA) and included USP11 anti-rabbit polyclonal antibody (1:250 dilution, 

Cat #ab109232, 110 kDa), HINT3 Rabbit polyclonal antibody (1:500 dilution, Cat 

#ab121960, 20 kDa), BCL2 Rabbit polyclonal antibody (1:500 dilution, Cat #ab59348, 

26 kDa). GAPDH rabbit polyclonal antibody (1:10,000 dilution, Cat #G9545, 37 kDa) or 
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ACTB Rabbit polyclonal antibody (1:10,000 dilution, Cat #4970, 37 kDa) was purchased 

from Cell signaling (Danvers, MA, USA). Proteins were visualized using infrared secondary 

antibodies (1:10,000) using Rad gel doc proprietary software. Relative protein levels were 

visualized using image Lab software (Bio-Rad, Hercules, CA, USA), quantified Image J 

software, and normalized to GAPDH or ACTB levels within the same lane.

2.10. Statistical Analysis

For all measurements, data were presented as mean ± standard error of the mean (SEM). All 

data were analyzed using analysis of variance (ANOVA). Post hoc analysis used the Student 

Neuman Keuls test to detect differences between specific groups. To test for normality, we 

employed the Shapiro-Wilk test. If the data were not normally distributed, we performed a 

Mann-Whitney U test. Statistical significance was defined as p < 0.05. Statistical analyses 

were performed using GraphPad Prism, Version 9.0 software (LaJolla, CA, USA).

3. Results

3.1. USP11 and HINT3 Are Upregulated in the Lung Tissues of PAH Patients and from 
Hypoxia/Sugen-Treated Mice In Vivo

We revisited our recent genome-wide association study (GWAS) analysis using Affymetrix 

microarray 15 and found that USP11 and HINT3 were positively correlated, and their 

expression increased in the lungs of PAH patients compared to controls (Supplementary 

Figure S1). Therefore, we validated the findings by measuring levels of USP11 and HINT3 

mRNAs and proteins in the lung tissues of IPAH patients and hypoxia/Sugen-treated mice. 

USP11 mRNA (Figure 1A,C) and protein (Figure 1B,D), and concordantly, HINT3 mRNA 

(Figure 2A,C) and protein (Figure 2B,D), were significantly increased in the lungs of IPAH 

patients and hypoxia/Sugen-treated mice.

3.2. HINT3 Is Degraded by Ubiquitination

To understand the functional significance of the association of USP11 and HINT3, 

we sought to find protein-protein interactions between USP11 and HINT3 with co-

immunoprecipitation (co-IP) assay in HPAECs. As illustrated in Figure 3A, HINT3 strongly 

binds USP11. Since USP11 has a deubiquitination ability, we hypothesized that HINT3 

is degraded by ubiquitination. To address the hypothesis, first, HPAECs were transfected 

with either control (empty vector) or 1 μg of hemagglutinin (HA)-tagged ubiquitin plasmid 

(HA-Ubi), and the level of HINT3 was measured. As shown in Figure 3B, HINT3 protein 

was reduced upon transfection with HA-Ubi, indicating ubiquitin-mediated degradation of 

HINT3. To further dissect the mechanisms of HINT3 protein degradation, HPAECs were 

treated in a time-dependent manner with the translational inhibitor, cycloheximide (CHX), to 

arrest de novo protein synthesis. As illustrated in Figure 3C, CHX treatment revealed a half-

life of HINT3 of 8 h. To determine whether HINT3 degradation was primarily dependent on 

the ubiquitin proteasome pathway, HPAECs were pretreated with the proteasome inhibitor, 

MG132, followed by CHX. MG132 significantly prolonged the half-life of HINT3 protein, 

with only 10% degradation at 8 h. These data suggest ubiquitination is a major regulatory 

step governing steady-state HINT3 levels.
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3.3. USP11 Deubiquitinates HINT3 in HPAECs In Vitro

Having established that USP11 interacts with HINT3, and that HINT3 degradation is 

regulated by ubiquitination, we tested whether USP11 acts as a deubiquitinase to stabilize 

HINT3. First, HPAECs were transfected with USP11 plasmid or empty vector (mock) 

for 72 h. Overexpression of USP11 increased HINT3 levels (Figure 3D). In parallel, the 

knockdown of USP11 with siRNA reduced HINT3 expression in HPAECs (Figure 3E). On 

the other hand, mitoxantrone is a known topoisomerase II inhibitor and is clinically used 

to decrease cell viability through apoptosis pathway in cancer cells. Thus, the inhibition of 

USP11 is not the only role of mitoxantrone, and it may have off-target effects [26]. We 

further explored whether pharmacologic inhibition of USP11 using mitoxantrone affected 

HINT3 expression. As shown in Figure 3F, mitoxantrone significantly reduced USP11 and 

HINT3 expression. Taken together, these findings suggest that USP11 interacts with HINT3 

to stabilize through deubiquitination.

3.4. USP11 Regulates the Anti-Apoptotic Mediator BCL2 via HINT3 Binding Activity

To further clarify the relationship between USP11, HINT3, and BCL2, we first examined 

BCL2 expression using qRT-PCR and Western blot analysis. Congruent with previous 

results [27,28], lung tissue levels of BCL2 were increased in IPAH patients (Figure 4A,B) 

and hypoxia/Sugen-treated mice (Figure 4C,D). Next, we performed co-IP to determine 

whether BCL2 interacts with HINT3 and found the interaction between BCL2 and HINT3 

(Figure 5A). Interestingly, siRNA knockdown of HINT3 attenuated BCL2 expression in 

HPAECs, while USP11 levels remained unchanged (Figure 5B). Conversely, overexpression 

of USP11, which can indirectly increase the expression of HINT3, significantly augmented 

the expression of BCL2 (Figure 5C). These findings suggest that USP11 deubiquitinates 

HINT3, allowing it to regulate BCL2 expression positively.

4. Discussion

In this work, we discovered regulatory relationships between USP11 and HINT3 associated 

with apoptosis-resistance in PAH. This shows a mechanistic interplay between novel 

candidate genes identified in our recent genome-wide association study of PAH. Our 

findings can be summarized as follows: (1) both USP11 and HINT3 are regulated at 

multiple levels, based on concordant elevation of mRNA and protein in the lungs of IPAH 

patients and hypoxia/Sugen-treated mice with experimental PAH in vivo; (2) however, the 

balance of ubiquitination and USP11-mediated deubiquitination is a major determinant of 

HINT3 protein stability; and (3) HINT3 positively regulates the anti-apoptotic mediator 

BCL2, consistent with the stereotyped finding of apoptosis-resistance in pulmonary artery 

endothelial cells. Immunoprecipitation assays corroborate interactions between relevant 

binding partners: USP11-HINT3-BCL2. Therefore, abnormal upregulation of USP11 

contributes to hypo-ubiquitination and inappropriate stabilization of HINT3, resulting in 

downstream activation of BCL2.

The homeostasis of many cellular proteins is regulated by ubiquitin-mediated proteostasis in 

response to environmental stimuli. Ubiquitination is a prolific post-translational modification 

that regulates diverse processes by branding proteins for degradation either by the 
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proteasome or lysosome [29]. Various ubiquitin ligases have been described in neoplastic 

and degenerative disease processes [30]. Conversely, the removal of ubiquitin chains from 

ubiquitinated proteins is catalyzed by deubiquitinating enzymes (DUBs), which can rescue 

substrate proteins from degradation [29]. Abnormal ubiquitination of several vasoactive, 

redox, and mitogenic proteins such as calveolin-1, angiotensin converting enzyme-2, and 

superoxide dismutase-2, followed by increased proteasomal degradation, have been reported 

in PAH [31–33]. Recent studies revealed that inhibition of deubiquitinase (USP15 and 

UCHL1) reduced cell proliferation and migration of endothelial and smooth muscle cells via 

YAP/TAZ and AKT1 signaling, respectively, and attenuated PH and PAH [34,35].

Recently, our group demonstrated a global change in the hypoxic lung ‘ubiquitome’, 

with differential ubiquitination detected in at least 131 proteins [36]. Across the lysine 

landscape, multiple sites of the proteins were hypo-ubiquitinated, which may also indicate 

increased DUB activity stimulated by hypoxia. Therefore, the contribution of DUBs to 

PAH pathogenesis warrants more careful scrutiny. USP11 is a newly described DUB whose 

repertoire of targets is unknown. Based on the strength of the association between the pair in 

our GAWAS dataset, we hypothesized that HINT3 could be a downstream target of USP11.

HINT3 is a poorly characterized protein with an unknown function other than AMP 

hydrolase activity of uncertain significance. There is a paucity of literature on the relevance 

of HINT3 to disease, but existing reports indicate high expression in breast cancer, where 

it strongly correlates with mortality [37], and in hepatocellular carcinoma, where it is 

associated with apoptosis-resistance in the face of serum starvation [38]. These findings 

indicate that HINT3 may potentially function as a proto-oncogene. Pursuant to this 

notion, we demonstrated that HINT3 directly interacts with and positively regulates the 

anti-apoptotic protein BCL2. These findings represent additional novel insights into the 

clinical significance of HINT3 in IPAH, a condition which features cancer-like expansion of 

pulmonary vascular endothelial cells. It is worth noting that the effect of the USP11/HINT3 

axis may not be limited to pulmonary vascular endothelial cells. Considering that the BCL2 

pathway is known to increase viability of smooth muscle cells and fibroblast cells, the effect 

of the USP11/HINT3 axis on the BCL2 pathway may imply potential effects of USP11/

HINT3 on smooth muscle cells and fibroblast in addition to the endothelial cells.

The current study has several important limitations. To confirm the contribution of 

USP11-HINT3 dysfunction to IPAH, pulmonary artery hemodynamics, right ventricular 

hypertrophy, and lung vascular remodeling must be directly measured in the endothelial-

targeted USP11 overexpressing transgenic mouse model. To solidify the impact of HINT3 

on pro-remodeling phenotypes, additional markers of apoptosis, endothelial dysfunction. 

Proliferation, contractile-secretory transdifferentiation, and migration should be assessed. 

Cell-type specificity of this pathway, encompassing pulmonary artery smooth muscle cells 

and adventitial fibroblasts, should similarly be examined. Additionally, to demonstrate the 

therapeutic feasibility of targeting the USP11-HINT3 axis, studies are needed to investigate 

whether pharmacologic inhibition or genetic ablation of USP11 attenuates rodent models 

of PAH. Another limitation of the study is the lack of quantitative analysis of western blot 

bands, which leaves the western blot analysis as a qualitative representation.
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5. Conclusions

In summary, the current study mechanically validates the relationship between two novel 

co-regulated targets detected on genomic and transcriptomic screening. We demonstrate 

that HINT3 is stabilized through UPS11-directed deubiquitination. Stabilized HINT3 

upregulation enhanced BCL2 activation in HPAECs. Our findings prove that mitoxantrone, 

an FDA-approved antineoplastic agent with canonical DNA topoisomerase inhibitor activity, 

suppresses USP11 and HINT3 expression. These in vitro results lay the groundwork for 

future studies investigating the drug’s role in vascular biology and its impact on pulmonary 

hypertension outcomes in in vivo mouse models. It may be repurposed or functionalized to 

target USP11 to restore apoptosis-sensitivity and reduce vascular remodeling in PAH [39]. 

Furthermore, our results suggest that HINT3 polymorphisms may be prospectively validated 

in longitudinal patient cohorts as a mechanistic biomarker in PAH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
UPS11 is increased in clinical and experimental PAH samples. (A,B) Fail donor (CON) 

or idiopathic pulmonary arterial hypertension (IPAH) patient lungs were subjected to qRT-

PCR and Western blots. n = 4–5. Densitometry with a representative blot and GAPDH 

loading control is shown in Figure 1B. (C,D) Whole lung homogenates were collected from 

normoxic/sugen (NOR/SU) or hypoxic/Sugen (HYP/SU)-treated mice. Densitometry with a 

representative blot and GAPDH loading control is shown in Figure 1D. All bars represent 

mean USP11 mRNA or protein levels ± SEM relative to GAPDH expressed as fold-change 

vs. control (CON) or vs. NOR/SU. n = 5. * p < 0.05 vs. respective control condition.
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Figure 2. 
HINT3 is increased in clinical and experimental PAH samples. (A,B) Fail donor (CON) 

or idiopathic pulmonary arterial hypertension (IPAH) patient lungs were subjected to qRT-

PCR and Western blots. n = 4–5. Densitometry with a representative blot and GAPDH 

loading control is shown in Figure 2B. (C,D) Whole lung homogenates were collected from 

normoxic/sugen (NOR/SU) or hypoxic/Sugen (HYP/SU)-treated mice. Densitometry with a 

representative blot and GAPDH loading control is shown in Figure 2D. All bars represent 

mean HINT3 mRNA or protein levels ± SEM relative to GAPDH expressed as fold-change 

vs. control (CON) or vs. NOR/SU. n = 5. * p < 0.05 vs. respective control condition.
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Figure 3. 
HINT3 is degraded by ubiquitination and USP11 deubiquitinates HINT3 in HPAECs in 
vitro. (A) Human pulmonary artery endothelial cells (HPAECs) were cultured for 48 h. 

Cell lysates were harvested and subjected to immunoprecipitation (IP) with either anti-IgG 

antibody or anti-HINT3 antibody and then immunoblotted with anti-USP11, anti-HINT3, or 

anti-β-actin (ACTB) antibody. (B) HPAECs were transfected for 24 h with HA-ubiquitin 

(1 μg, HA-Ubi) plasmid or the control plasmid (empty vector), then collected and assayed 

by immunoblotting for anti-HA, anti-HINT3, and ACTB (loading control) antibody. (C) 
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HPAECs were pretreated with MG132 for 2 h, and then were treated with cycloheximide 

(CHX, 20 μg/mL) for 0, 2, 4, and 8 h, to inhibit protein synthesis, and harvested for 

immunoblotting. The level of HINT3 was set as 100% at time 0, and the percent HINT3 

protein remaining after CHX treatment at each time point was calculated accordingly. 

All bars represent mean HINT3 protein levels ± SEM relative to ACTB expressed as 

fold-change vs. CON * p < 0.05 vs. CON, n = 3. (D) HPAECs were transfected with 

USP11 (1 μg, oxHUWE1) plasmid or the control plasmid (empty vector) for 6 h. After 

media replacement, HPAECs were incubated for additional 72 h. Cell lysates were collected 

and immunoblotted with anti-HINT3 or ACTB antibody. (E) HPAECs were treated with 

scrambled (SCR) or HINT3 (20 nM) siRNAs for 6 h, media were replaced with endothelial 

growth medium (EGM) containing 5% FBS. And then incubated for an additional 72 h. 

Western blotting was performed for HINT3 or GAPDH protein. (F) HPAECs were treated 

with dimethyl sulfoxide (DMSO) or USP11 inhibitor (mitoxantrone) for 0–4 h. Western 

blotting was performed for HINT3 or GAPDH protein.
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Figure 4. 
BCL2 is increased in clinical and experimental PH samples. (A,B) Fail donor (CON) 

or idiopathic pulmonary arterial hypertension (IPAH) patient lungs were subjected to qRT-

PCR and Western blots. n = 4–5. Densitometry with a representative blot and GAPDH 

loading control is shown in Figure 4B. (C,D) Whole lung homogenates were collected from 

normoxic/sugen (NOR/SU) or hypoxic/sugen (HYP/SU)-treated mice. Densitometry with a 

representative blot and GAPDH loading control is shown in Figure 4D. All bars represent 

mean BCL2 mRNA or protein levels ± SEM relative to GAPDH expressed as fold-change 

vs. control (CON) or vs. NOR/SU. n = 5. * p < 0.05 vs. respective control condition.
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Figure 5. 
HINT3 regulates BCL2 expression in HPAECs in vitro. (A) Human pulmonary artery 

endothelial cells (HPAECs) were cultured for 48 h. Cell lysates were harvested and 

subjected to immunoprecipitation (IP) with either anti-IgG antibody or anti-HINT3 antibody, 

and then immunoblotted with anti-HINT3, anti-BCL2, or anti-β-actin (ACTB) antibody. 

(B) HPAECs were treated with scrambled (SCR) or HINT3 (20 nM) siRNAs for 6 h, 

and the media was replaced with an endothelial growth medium (EGM) containing 5% 

FBS. And then incubated for an additional 72 h. Western blotting was performed for 

HINT3, BCL2, USP11, or GAPDH protein. (C) HPAECs were transfected with either the 

control plasmid (Mock) or USP11 (1 μg, oxUSP11) plasmid for 6 h, media were replaced 

with endothelial growth medium (EGM) containing 5% FBS. And then incubated for an 

additional 72 h. Cell lysates were collected and immunoblotted with anti-BCL2 or ACTB 

antibody. (D) Hypothetical schema defining the role of USP11/HINT3/BCL2 signaling in 

PAH pathogenesis. Hypoxia induces USP11, which stabilizes HINT3 levels through HINT3 

deubiquitination. Increases in HINT3 stimulate anti-apoptosis marker, BCL2 expression 

promoting PAH pathogenesis
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