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Rationale: While the ubiquitin-proteasome system regulates protein degradation and the 

development of pulmonary arterial hypertension (PAH), limited is known about the role of 

deubiquitinating enzymes (DUBs) in this process. Ubiquitin carboxyl-terminal esterase-L1 

(UCHL1), a deubiquitinase, has been shown to reduce Akt1 degradation, resulting in higher 

levels. Given Akt1 is pathological in pulmonary hypertension (PH), we hypothesized that UCHL1 

deficiency attenuates PAH development via reductions in Akt1.

Methods/Results: Tissues from animal PH models as well as human PA endothelial cells 

(HPAECs) from patients with PAH exhibited increased vascular UCHL1 staining and protein 

expression. Exposure to LDN57444, a UCHL1-specific inhibitor, reduced HPAEC and smooth 

muscle cell proliferation. Across three pre-clinical PAH models, LDN57444-exposed animals, 

Uchl1 knockout (Uchl1−/−) rats and conditional Uchl1 knockout mice (Tie2Cre-Uchl1fl/fl) 

demonstrated reduced right ventricular (RV) hypertrophy, RV systolic pressures, and obliterative 

vascular remodeling. Lungs and PAECs isolated from Uchl1−/− animals exhibited reduced total 

and activated Akt with increased ubiquitinated Akt levels. UCHL1-silenced HPAECs displayed 

reduced lysine(K)63-linked and increased K48-linked Akt1 levels. Supporting experimental data, 

we found that rs9321, a variant in a GC-enriched region of the UCHL1 gene, is associated 

with reduced methylation (n=5133), increased UCHL1 gene expression in lungs (n=815) and 

reduced cardiac index in patients (n=796). Additionally, growth arrest and DNA damage-inducible 

alpha gene knockout (Gadd45α−/−) mice (established demethylating gene) exhibited reduced lung 

vascular Uchl1 and Akt1 expression along with attenuated hypoxic PH.

Conclusions: Our findings suggest that UCHL1 deficiency results in PAH attenuation via 

reduced Akt1, highlighting a novel therapeutic pathway in PAH.

Keywords

Pulmonary arterial hypertension; Uchl1; Ubiquitination

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare condition characterized by gradual 

occlusion of the small pulmonary arterioles, leading to progressively increased pulmonary 

vascular resistance (PVR) right ventricular (RV) failure and eventual death. Despite 

advances in management, the long-term prognosis for PAH remains poor 1, 2. 

While heritable mutations exhibit reduced penetrance, the variable expressivity, female 

predominance, and other genetic associations suggest that additional factors modify disease 

risk and progression 3–6. Although causal mechanisms of PAH remain largely unclear, 

histopathology analyses have revealed remodeling across all three layers of the vessel 

wall (intima, media, adventitia) with uncontrolled hyperplasia in pulmonary artery smooth 

muscle (PASMCs) and endothelial cells (PAECs) 3, 4, 7–9.

The pathological involvement of Akt1 in driving the hyper-proliferative state of the lung 

vasculature in PAH is well-established 10, 11. However, therapeutic studies, primarily 

from the cancer literature, have mainly focused on inhibiting Akt expression and/or 

activation, neglecting to explore pathways promoting its degradation 12–14. Ubiquitination, 

a reversible post-translational protein modification, regulates protein degradation and 
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membrane trafficking. Deubiquitinases (DUBs) are enzymes responsible for cleaving 

ubiquitin from the modified proteins. Recent studies have highlighted the role of DUBs 

in regulating Akt1 protein levels and subsequent activity. Pharmacological inhibition of 

ubiquitin carboxyl terminal hydrolase 1 (UCHL1), a well- established DUB, resulted 

in reduced Akt1 protein proteasomal degradation in mice with acute lung injury 15. 

Furthermore, reduced growth arrest and DNA damage-inducible alpha (GADD45α), an 

established demethylation gene 15–18, led to reduced UCHL1 and Akt1 expression levels 

associated with site-specific UCHL1 promoter methylation.

No prior studies, however have evaluated UCHL1-mediated Akt deubiquitination as a 

potential mechanism that contributes to the pathogenesis of PAH. The current study 

rigorously evaluates the role of UCHL1-mediated Akt deubiquitination using several 

approaches, including epigenetic depletion of Uchl1 through Gadd45α deficiency, 

pharmacological inhibition, and genetic ablation in animal models of PH. Cumulatively, 

these findings support the novel role of UCHL1 in the pathogenesis of PAH.

METHODS

Patient cohorts.

Patients with Group 1 PAH defined by right heart catheterization measurements including 

mean pulmonary artery pressure (mean PAP) ≥ 25 mmHg, pulmonary capillary wedge 

pressure (PCWP) ≤ 15 mmHg, and pulmonary vascular resistance (PVR) ≥ 3 Woods Units 

were included in all cohorts. All patients were prospectively recruited for participation in the 

respective study in accordance with institutional guidelines.

A. University of Arizona (UA) cohort and plasma UCHL1 levels.—Patients with 

PAH receiving their care at the UA Pulmonary Hypertension clinic between 2012 and 2016 

were prospectively enrolled. All participants provided informed consent. The cohort was 

composed of 94 subjects with Group 1 PAH, including connective tissue disease-associated 

(n=32), anorexigen/drug-associated (n=6), congenital-associated (n=13), HIV-associated 

(n=2), portopulmonary (n=6), heritable (n=3), and idiopathic PAH (n=32). For each subject, 

demographics and clinical testing data were collected, including data from right heart 

catheterization (RHC), acquired during their first visit (or as part of their initial collections). 

Plasma collection was performed during consent/enrollment in an outpatient setting. The 

time between RHC date and enrollment was a mean 1 year, standard deviation of 1.4 years, a 

median of 0.33 years and 1st quartile at 0 years and 3rd quartile at 1.6 years. Plasma UCHL1 

was measured using a commercially available ELISA kit (Antibodies-online.com, Limerick, 

PA).

Statistical Analysis for UA Cohort.

Hemodynamic measures of PAH severity were compared to plasma UCHL1 protein 

levels. A multivariable linear regression model was used to test for association between 

hemodynamic measures to log-transformed plasma UCHL1 protein levels in the UA cohort. 

We adjusted for age and sex. All analyses were conducted in R version 3.6.0
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B. PAH Biobank and UCHL1 genetics.—Target UCHL1 single-nucleotide 

polymorphism (SNP) association analyses were performed using a previously published 

cohort from the National Biological Sample and Data Repository for Pulmonary Arterial 

Hypertension (PAH Biobank, www.pahbiobank.org) described in detail in prior reports 5, 19. 

Eligible cases were recruited from pulmonary hypertension centers across the United States 

and Canada and prospectively recruited between October 3, 2012, to March 14, 2016.

Statistical Analysis for PAH Biobank.

Cardiac index (along with other hemodynamic measurements derived from diagnostic RHC) 

of European ancestry samples and additively coded genotypes for rs9321 (coded for the 

number of T alleles) were tested for association using linear regression while adjusting for 

age at PAH diagnosis, sex, and first 10 principal components. Patients with known mutations 

in BMPR2 gene were excluded. Genotype data was cleaned as previously described 5, 19. All 

analyses were completed in R version 3.6.0.

C. Patient Lung Staining.—Paraffin-embedded sections of lung tissue from subjects 

with Group 1 PAH and control lungs (died of other non-lung related causes) were 

obtained from the Department of Pathology, the University of Arizona after approval by 

the University of Arizona Institutional Review Board.

D. Human PAECs.—PAECs were acquired from the Pulmonary Hypertension 

Breakthrough Initiative (PHBI). PAECs were isolated and cultured from patients with PAH 

and control subjects (failed donor lungs). The methods for acquiring the PAECs have 

previously been detailed 20.

E. RV tissues from patients.—RV tissue acquisition has previously been detailed 21. 

All patients provided consent and the protocol for tissue collection was approved by Laval 

University and the IUCPQ Biosafety and Ethics Committees (CER#20773, CER#20735 

and CER#21747). RV samples were categorized as control RV (NRV), compensated RV, 

and those from subjects with PAH with decompensated RV (dRV) function based on both 

clinical history and cardiac index (CI) values as previously detailed 21. Control RVs were 

obtained from patients with normal RV function who underwent aortic valve surgery or 

from early autopsies following sudden death for which the previous medical history and 

the autopsy did not reveal cardiac or respiratory diseases. Compensated RVs were obtained 

from cardiac biopsies or autopsies of patients with RV hypertrophy and preserved CI (>2.2 

L/min/m2) measured by echocardiography. Decompensated RVs were obtained from early 

autopsies of patients with end-stage PAH.

Rodent PH models.

All experimental protocols were approved by the Animal Care and Use Committee of 

the University of Arizona and Indiana University, and the Ethics Committee of the First 

Affiliated Hospital of Guangzhou Medical University.

A. Mice.—Adult male C57BL/6N or Gadd45α−/− mice (8–12 weeks in age, obtained 

from NCI) were used for all experiments. We used Cre-Lox technology to generate a 
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conditional knockout mouse line with a similar strategy to previous study 22. Floxed Uchl1 
mice, herein called Uchl1flox/flox, were purchased from Cyagen Biotechnology (Guangzhou, 

China) and then were crossed with Tie2Cre mice (Cyagen Biotechnology, Guangzhou) for 

two generations to create Uchl1Tie2 mice (Tie2Cre-Uchlflox/flox or tCre+Uchlfl/fl). Exposure 

to normoxia (Nor) and chronic hypoxia (Hyp) for 4–5 weeks (n=6–10) was used as a 

model for murine PH as previously described 23. LDN57444 injections (0.5mg/kg/day, 

IP, dissolved in 2% DMSO) were administered daily for the last two weeks of murine 

experiments. Strategy for the generation of knockout mice and more detailed Methods and 

Materials sections are provided in Supplemental Methods.

B. Rats.—In initial experiments, Sprague-Dawley male rats (200 g, n=6–8) were given 

either a single dose of monocrotaline (MCT) injection (60 mg /kg) or a single dose of 

SU5416 (20 mg/kg, Cayman Chemical, Ann Arbor, MI). For the MCT-PH model, at the 

end of 4 weeks, hemodynamic, histologic, and molecular assessments were completed. 

LDN57444 injections were administered daily starting at week 3 (0.5 mg/kg/day, IP) versus 

vehicle (Veh) in a subset of rats. For the hypoxia-SU5416-induced PH model (SuHx), rats 

were placed under hypoxic conditions (FiO2 10%) for 3 weeks and then were transitioned 

to normoxia for 4 weeks. LDN57444 injections were administered daily starting at week 

4 (0.5 mg/kg/day, IP) versus vehicle in a subset of rats. Additional details on terminal 

measurements are provided in the Supplemental Methods.

RV tissues from both MCT-exposed rats and the pulmonary artery banding (PAB)-induced 

RV failure model have previously been described 21. Briefly, between weeks 1 and 5 

following MCT injection or at the end of protocol, rats underwent closed-chest right 

heart catheterization to measure RV systolic pressure (RVSP), RV end-diastolic pressure 

(RVEDP), and RV cardiac output, as previously described. Rats were categorized into 

cRV and dRV according to cardiac output (CO), RVEDP and clinical RV failure signs 

as previously described 21. For PAB model, male Sprague-Dawley rats (200 g) were 

randomized into two groups: sham (Sham) or PAB. PAB Rats were categorized into cRV 

and dRV according to clinical RV failure signs. Briefly, PAB rats without clinical RV failure 

signs were categorized as cRV. dRV was applied to PAB rats demonstrating an end-stage of 

RV failure sign 21.

C. Uchl1 Knockout Rats (Uchl1−/−).—Systemic Uchl1 gene deletion was achieved 

using Crisper/Cas9 editing in SD rats (Cyagen). Further details provided in Supplemental 

Methods and Figures S1–S6 as well as Tables S1 and S2. Uchl1−/− rats were administered 

MCT (60 mg/kg) at younger ages, starting at 4 weeks of age for both males and females. 

Hemodynamic, histologic, and molecular assessments were completed at the end of 3 

weeks and compared to cage controls. However, the protocol had to be deviated due to 

manifestation of progressive and rapid neuromuscular weakness, starting at 7–8 weeks of 

life. This phenotype was consistent with published genetic mouse models of systemic Uchl1 
deficiency 24–26. RV histology, endothelial cell isolation, proliferation and tube formation 

assay were performed as described in the Supplemental Materials.
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Statistical analysis.

Values were expressed as means ± SE. Intergroup differences were determined by the 

student’s unpaired t-test, while multiple group differences were assessed by a simple 

ANOVA. Post hoc Tukey analysis was used for multiple-comparison test. A value of P 
≤ 0.05 was considered statistically significant (GraphPad Software, San Diego, CA).

The remainder details of Methods are provided in the Supplemental Materials.

RESULTS

UCHL1 expression profiling.

Expression levels of UCHL1 were compared between control and PAH tissues. In patient 

lung samples, lung vascular UCHL1 staining was stronger in patients with PAH compared 

to non-PAH controls and was prominent in the endothelial (vWF co-staining) and adventitia 

layers (Figures 1A and 1B, Figure S7A). In isolated human PAECs, UCHL1 levels were 

increased in subjects with PAH compared to non-PAH controls (Figure 1C). Similarly, 

UCHL1 levels were higher in hypertrophied RV samples (cRV combined with dRV samples) 

compared to those from control subjects (Figure 1D, quantified in Figure S7B). The 

variation in UCHL1 expression may partly reflect the various patient confounders such as 

treatment differences, co-morbidities, diet differences, among others that were not available 

to analyze in our limited cohort along with differences in vascular UCHL1 expression within 

RV tissues. Immunofluorescence imaging also revealed vascular UCHL1 staining in the RV 

tissues from a patient sample (Figure S7C).

Western blots revealed elevated UCHL1 and GADD45α levels in whole lungs of rats 

exposed to MCT and SuHx (Figure 1E) compared to their respective controls. In 

experimental models of PH, immunohistochemistry of rat lungs from rodent PH models 

demonstrated similar lung vascular-specific increases in UCHL1 staining compared to 

controls (Figure 1F). Western blots revealed significantly elevated levels of UCHL1 in RV 

tissues from cRV and dRV groups of both MCT- and PAB-exposed rats compared to their 

respective controls (Figure 1G, Figures S7D–7E).

UCHL1 regulates PAEC/SMC proliferation.

To investigate the functional role of UCHL1 in PAH, targeted inhibition of UCHL1 activity 

with LDN57444 was utilized in vitro first in human PAECs. While UCHL1 inhibition 

did not influence baseline PAEC proliferation, administration of LDN57444 significantly 

reduced VEGF-induced EC counts and proliferation (Figure 2A and Figure S8A). In 

parallel, BrdU incorporation in HPAECs were also increased in presence of VEGF and 

was blocked significantly (Figure 2A) by LDN57444.

Additional evidence of the role of UCHL1 was next demonstrated with a co-culture assay 

using HPAEC, and human pulmonary artery SMCs (HPASMCs). HPAECs exposed to 

LDN57444 (Figure 2B, Figure S8B–D) exhibited significantly suppressed VEGF-induced 

tube formation due to formation of lower numbers of node, junction, and intervals 

observed in 3D culture along with segments. HPAECs and HPASMCs were next used to 
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investigate how SMC function is regulated by EC after LDN57444 exposure. As expected, 

VEGF treatment increased HPASMC proliferation co-cultured with PAEC, and exposure to 

LDN5744 attenuated the proliferative and migratory phenotype (Figure S8E). Cumulatively, 

these data demonstrate the anti-proliferative properties of UCHL1 inhibition in pulmonary 

vascular cells after exposure to VEGF.

Uchl1 regulates Akt1 in experimental PH.

To determine mechanistic contributions of UCHL1 inhibition via LDN57444, total and 

activated Akt1 protein levels were assessed based on prior work 27. Chronic hypoxic 

exposure of mouse lungs up-regulated phospho-Akt protein levels with slight increases in 

total Akt1 levels in whole lungs of wild-type (WT) mice. With Uchl1 inhibition, both total 

and phospho-Akt protein levels were reduced under normoxia and chronic hypoxia (Figure 

2C). Consistent with pharmacological inhibition of Uchl1 in mice, Uchl1−/− mutant rats 

and Tie2Cre-Uchl1fl/fl mice exhibited reduced total and phospho-Akt levels in whole lung 

homogenates compared to controls (Figure 2D–E).

Pharmacological inhibition of Uchl1 attenuates murine PH.

To determine the role of Uchl1 inhibition in vivo, a conventional 4-week hypoxic murine 

PH model was assessed. LDN57444 (vs vehicle) administration during the final two weeks 

to WT mice resulted in significantly reduced RVSP, (p<0.0001, Figure S9A–B) and RVH 

(p<0.0001, Figure S9C) in WT mice. Histologic examination of the lungs revealed that WT 

mice exposed to LDN57444 demonstrated a reduced pulmonary artery medial thickness 

index (Figures S9D) compared to vehicle controls when exposed to hypoxia.

Pharmacological inhibition of Uchl1 attenuates rat PH models.

Further potential benefits of UCHL1 inhibition in PAH were supported by the use of 

the MCT and SuHx rodent models of PH. Similar to mice, the rats with LDN57444 

administration in the last two weeks of MCT-injection or in the last 4 normoxic 

weeks of SuHx-exposure displayed significantly lower RVSP (p <0.001), RVH (p<0.01), 

reduction in medial wall thickness and reduced percent obliterated vessel count (p<0.01, 

Supplementary Figures 10A–F) compared to vehicle controls. Additionally, LDN57444 

administration significantly reduced cell proliferation within small pulmonary arterioles 

in sugen-hypoxia-exposed rats as demonstrated by alpha-smooth muscle actin and Ki-67 

staining (Supplementary Figure 11).

Uchl1 genetic deletion attenuates rodent PH.

Consistent with murine genetic models of Uchl1 deficiency 28, 29, systemic deletion of 

the Uchl1 gene in rats, at baseline, exhibited significant and progressive neuromuscular 

weakness. Subtle leg weakness was evident at 6 weeks of age (reduced rodent movement) 

with complete paralysis manifested by 7–8 weeks of age. By 9 weeks of age, no rats 

survived. In the modified MCT protocol, exposure to MCT resulted in severe PAH in 3 

weeks while Uchl1−/− rats displayed reduced RVSP (p<0.05), RVH (p<0.001) (Figure 3A), 

muscularized vessel staining and counts (Figures 3B–D), as well as medial wall thickness 
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(p<0.001, Figures 3C), compared to WT. Additionally, Ki67 staining revealed significantly 

decreased cell proliferation within small pulmonary arterioles in Uchl1−/− rats (Figure 3D).

To examine the role of endothelial UCHL1 in the development of hypoxia-induced murine 

PH, we generated conditional Uchl1 knockout mice (Figure 3E and Figure S12A) and no 

gross neuromuscular defect was observed at the ages tested. No significant difference in 

the basal pulmonary hemodynamic variables (e.g., RVSP) was observed between control 

and Tie2Cre-Uchl1fl/fl mice under normoxic conditions (Figure 3F and Figures S12B–E). In 

Tie2Cre-Uchl1fl/fl mice, hypoxia-mediated increases in RVSP, right ventricular hypertrophy 

(RVH) and pulmonary vascular remodeling (e.g., PA wall thickness), were significantly 

attenuated despite 4-weeks of hypoxia exposure compared with control mice (Figures 3F–

H and Figures S12B–I). Echocardiography also confirmed that the ratio of pulmonary 

acceleration over ejection time (PAT/PET) is lower in wild-type (WT) mice exposed to 

4 weeks of hypoxia versus those exposed to normoxia (Figure 3G and Figure S13). In 

contrast, Tie2Cre-Uchl1fl/fl mice exhibited increases in both, PAT values as well as the ratio 

of PAT/PET compared to WT mice when exposed to hypoxia (Figure 3G).

Linkage-specific UCHL1 activity and Akt1.

Based on the previously suggested role for UCHL1 in Akt1 proteasomal degradation, Akt1 

ubiquitination was evaluated using a co-IP assay between ubiquitin and Akt1 in HPAECs 

and in rat lung tissues. Our hypothesis predicted elevated ubiquitinated Akt1 levels in mice 

exposed to reduced Uchl1 suggesting reduced deubiquitination. To test this hypothesis, 

linkage-specific modification of Akt1 ubiquitination by lysine 48 (K48) and K63 were 

assessed. Protein ubiquitination has been described to serve a variety of functions based 

on linkage-specific modifications with K48 associated with protein degradation and K63 

associated with protein activation. Immunoblot results revealed reduced total K48-linked 

protein levels in PAECs isolated from MCT- and hypoxia-sugen-exposed rats compared to 

those from vehicle (Figure 4A, Figure S14A), suggesting increased proteasomal degradation 

of total proteins during PAH development. Immunoblot results also revealed increased 

K48-linked protein levels in whole lung homogenates from Uchl1−/− rats compared to those 

from WT with MCT exposure (Figure 4B). This trend was also observed in vehicle-exposed 

rats but was not statistically significant.

We next examined UCHL1-silenced HPAECs, which revealed increased total K48-linked 

proteins (Figure 4C), further augmented by using MG132, a proteasomal inhibitor. 

Moreover, UCHL1-silenced HPAECs revealed increased K48-linked (Figure 4D) and 

reduced lysine 63 (K63)-linked Akt1 levels (Figure 4E) in co-IP experiments. We further 

validated K48-linked Akt1 findings in murine PH. Specifically, hypoxic mice samples 

exposed to LDN57444 revealed higher K48-linked ubiquitinated Akt1 protein levels 

compared to those, which received vehicle (Figure S14B). These samples did not display 

significant differences in total loaded immunoprecipitated protein levels or in actin levels in 

the unbound protein. In parallel, we also observed that silencing UCHL1 resulted in greater 

reductions in K63-linked Akt1 activation in HPAECs derived from control cells than in those 

isolated from patients with PAH (Figure S14C), suggesting PAH is associated with Akt1 

activation, in part, via K63-linked ubiquitination of Akt1.
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Genetics and epigenetics of UCHL1 in patients with PAH.

Based on experimental data highlighting the association of increased UCHL1 expression 

in PAH, we investigated the role of genetics and epigenetics in regulating UCHL1 gene 

expression in patients with PAH. Specifically, review of UCSC genome browser revealed an 

enriched GC region in the 5’ region of the UCHL1 gene (Figure 5A), prioritizing further 

investigation into methylation of this region. Prior work reported rs9321, located within 

the 5’ UTR region of UCHL1, as a methylation quantitative trait locus (meQTL) in whole 

blood (cg15032098- β: 0.00849, SE: 0.001, P-value: 4.75 × 10−17; cg16026922- β: 0.00896, 

SE: 0.0009, P-value: 1.82 × 10−23; cg24715245- β: 0.00724, SE: 0.0007, P-value: 2.07 × 

10−24, for each copy of C (major) allele, n=5,133 subjects) 30. Consistent with reduced 

methylation with the minor (T) allele, GTeX data showed association of UCHL1 gene 

expression with rs9321 across several cardiovascular tissues (Figure S15A); specifically, the 

T allele of rs9321 was associated with increased UCHL1 gene expression (eQTL) in lungs 

among other tissues relevant in PAH pathology (Figure 5B). In contrast to GTeX data, which 

provides observations in non-PAH lungs, we next tested the association between rs9321 and 

UCHL1 gene expression levels expression to determine the same eQTL effect was observed 

directly in the lung tissues of patients with Group 1 PAH from genetic data available in 

a prior published report from the Pulmonary Hypertension Breakthrough Initiative (PHBI) 

cohort 20. While not statistically significant in a smaller sample size, trends for UCHL1 
gene expression were increased with the T (minor) allele and consistent with GTeX findings 

(Figure S15B). Finally, we tested whether rs9321 was associated with PAH hemodynamics 

in patients with Group 1 PAH from the PAH Biobank. Table S3 displays basic demographics 

and a cohort summary. We found a significant (p value=0.024) association between rs9321 

and cardiac index in an adjusted model. Each copy of the T allele decreases cardiac index 

by 0.2 L/min/m2 (Figure 5C). Other hemodynamic measurements were not statistically 

significant (Table S4). Given these are prevalent patients with varying time between the right 

heart catheterization (RHC) and collection of the blood sample, we performed a sensitivity 

analysis where we stratified the samples by those whose duration between the two time 

points was less than or more than 6 months. While this association between the SNP and 

cardiac index was no longer significant (n=125, p0.42) in those subjects with less than 

6 months duration, this analysis reduced sample size by ~85%. The association remained 

significant in those over 6 months (n=671, p=0.03), bolstering the importance of an adequate 

sample size in genetic association studies.

UCHL1 plasma levels in patients with PAH.

UCHL1 levels were measured in plasma samples from 94 Group 1 PAH patients (Table S5). 

In multivariable analyses adjusting for age and sex, associations between plasma levels and 

multiple hemodynamic measurements were significant as detailed in Table S6, suggesting 

an elevated UCHL1 plasma level was associated with increased PAH hemodynamic severity. 

Similar to the SNP association analyses, we performed a sensitivity analysis where we 

stratified the samples by 6 months duration between the RHC and the collection date (Tables 

S7 and S8). This analysis reduced sample size by nearly half per group (losing one sample 

due to missing information on date of RHC) and associations between plasma levels and 

several hemodynamics parameters remained significant in samples taken greater than 6 
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months from the collection date while similar significance was seen for cardiac index in the 

less than 6 months group.

Role of Gadd45α in UCHL1 expression in vivo.

Based on the differential methylation in patients and prior reports of GADD45α-mediated 

UCHL1 promoter demethylation 27, we evaluated whether GADD45α, a well-known 

demethylating protein 15–18, regulates UCHL1 expression and mediates murine PH. In 

Gadd45α knockout (Gadd45α−/−) mice lungs, total and activated Akt1 and UCHL1 protein 

levels were all reduced in normoxic samples consistent with previous reports 27. We next 

evaluated the effects of chronic hypoxia exposure in Gadd45α deficiency. Gadd45α−/− 

mice exhibited sustained reductions in total and phospho-Akt as well as reduced levels 

of UCHL1 protein levels (Figures 6D–E). Immunohistochemistry staining of the lungs 

of Gadd45α−/− mice revealed reduced UCHL1 staining in the lung vasculature (Figure 

6F), again predominantly in the endothelium under both normoxic and hypoxic exposure 

compared to WT mice.

Finally, Gadd45α−/− mice exposed to chronic hypoxia exhibited lower elevations in both 

RVSP and RVH compared to control mice exposed to hypoxia (Figures 6A and 6B). 

Consistent with these reductions in RVSP and RVH, histologic examination revealed 

significant improved vascular medial thickness and remodeling (Figure 6C and 6F) in 

hypoxia-exposed Gadd45α−/− mice compared to hypoxia-exposed WT mice.

DISCUSSION

Akt is an established mediator of cell survival and proliferation, both hallmarks of PAH 

pathology. Deletion of Akt1 in mice previously demonstrated reduced hypoxic pulmonary 

hypertension associated with reduced PAEC and PASMC proliferation via mTOR signaling 
10. While most studies have evaluated regulation of Akt via its expression or activation, 

there are a paucity of investigations evaluating the degradation of Akt1 12, 31. To address 

this gap, the current study demonstrated a novel post-translational mechanism in PAH, 

elucidating UCHL1-mediated K48-linked deubiquitination of Akt1. Specifically, UCHL1 

expression was found to be elevated in PAH and RV failure with higher plasma levels 

in subjects with markers of increased PAH severity. Furthermore, UCHL1 inhibition 

via pharmacological, genetic, or epigenetic approaches attenuated PAH development in 

animal models. Benefits from UCHL1 inhibition were mediated via concomitant increases 

in linkage-specific K48-linked and reduced K63-linked Akt1 ubiquitination, resulting in 

reduced total and activated Akt1 levels, respectively. Moreover, the novel associations 

between rs9321 and UCHL1 gene methylation, expression, as well as right heart function 

in patients bolstered these experimental findings and prioritized UCHL1 as a new candidate 

gene in PAH. Cumulatively, these data suggest the link between endothelial UCHL1 and Akt 

deubiquitination as a novel therapeutic pathway for PAH.

DUBs play a critical role in the regulation of protein levels by deubiquitinating 

corresponding polyubiquitinated proteins. Consistent with the established function of 

UCHL1 as a DUB, we observed increased total Akt1 ubiquitination and reduce total 

Akt1 levels after UCHL1 inhibition or reduction in vitro in HPAECs and in vivo. Using 
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MG132 and co-IP assays, our findings suggest UCHL1 mediates Akt1 DUB activity via 

K48 linkage, modifying its proteasomal degradation. Moreover, reductions in UCHL1 also 

led to reduced phosphorylated Akt1. While some of this reduction may reflect reduced total 

Akt1 protein pools, lower phosphorylated Akt1 levels may also be explained, in part, by K63 

linkage and the diverse roles of linkage-specific ubiquitination. Specifically, ubiquitination 

of proteins can regulate a host of processes beyond proteasomal degradation depending on 

linkage specificity 32. For example, while K48-linked polyubiquitin chains generally target 

proteins for destruction by proteolysis, K63-linked chains can induce protein activation 

including increases in phosphorylated Akt 32–35. We also observed reduced K63-linked 

Akt1 ubiquitination after silencing UCHL1, resulting in reduced phosphorylated Akt1. 

To explain this latter observation, changes in total Akt1 levels may have led to changes 

in phosphorylated Akt1 levels via availability of pool of total Akt1 protein that can be 

activated. Moreover, phosphorylated and pan-ubiquitinated Akt1 levels were both observed 

to be increased in hypoxic PH mice lungs in the absence of LDN57444 (compared to 

normoxia). Whether these represent an increase in K63-linked Akt1 ubiquitination during 

PAH development remains unknown. Collectively, our findings suggest that UCHL1 DUB 

activity regulates Akt1 levels while UCHL1 blockade increases ubiquitinated Ak1, thereby 

decreasing its levels.

Several published reports observed epigenetic regulation and specifically, methylation of the 

UCHL1 gene promoter 36, 37. Based on our findings, rs9321 may represent a cis-meQTL 

and cis-eQTL for UCHL1 methylation and expression, respectively in PAH. Furthermore, 

the SNP was associated with cardiac index, considered a surrogate measure of right heart 

function and PAH development. While there may be other critical and possibly functional 

SNPs within the UCHL1 gene, the current data on this target SNP supports its role as a 

proxy for the proposed mechanism in the study and emphasizes the need for additional 

studies into UCHL1 genetics and epigenetics in PAH. These data from patients specifically 

support observations of UCHL1 expression and potential roles in both, lung vascular and 

RV tissues in PAH. A key limitation of these patient-level data is that all of the cohorts 

presented in the current work were collected as part of registries with patients predominantly 

with prevalent and not incident disease. Therefore, the time of assessment and progression 

of disease may influence the associations along with a host of confounders not available 

for evaluation such as socioeconomic data, medication use and compliance, among others. 

The rare nature of the disease increases the difficulty of accumulating a sufficiently large 

sample size of incident disease for genetic and biomarker associations. Nonetheless, the 

PAH Biobank reflects the world’s largest genetic database combined with a registry for PAH 

and represents a powerful tool for these types of analyses as previously reported5, 6. They 

also corroborate our experimental and animal data suggesting a pathological role for UCHL1 

in PAH.

Supporting potential pathologic roles for GADD45α and UCHL1, the current work observed 

increased expression of both proteins in PAH tissues. We also confirmed that deletion of 

Gadd45α results in reductions in UCHL1 in murine PH, predominantly within the lung 

vasculature, providing further evidence of tissue specificity of this pathway and links to 

PAH relevance. Based on prior work, Gadd45α deletion reduced UCHL1 expression and 

was associated with reduced demethylation 15 at a specific UCHL1 promoter site in murine 
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lungs. GADD45α is a well-known demethylating agent 15–17, and, via orthologous gene 

expression profiling, GADD45α was identified as a highly differentially expressed gene 

induced by several acute and chronic lung injury stimuli 15, 27, 38, 39. Combined with 

the current findings, GADD45α is a novel mediator of UCHL1 expression and may also 

represent a new remodeling target in PAH via epigenetics.

In addition to mediating PASMC proliferation and PAEC tube formation, UCHL1 

expression is increased in PAECs of human PAH samples and histology demonstrated 

increased expression of UCHL1 levels in the lung and heart vasculature and in PAECs 

of human lungs, in particular. While Tie2 is also not specific for only endothelial cells, 

Tie2-based conditional mice further support a critical role for endothelial Uchl1 in the 

development of murine PH. UCHL1 also appears to be expressed in other vascular cells 

based on immunohistochemistry and systemic UCHL1 inhibition led to reduced vascular 

media thickness, RV hypertrophy and fibrosis in mice. While mice may not fully recapitulate 

human disease, they remain a powerful model to study disease mechanisms in PAH. 

Explanation of these observations may have resulted, in part, from potential downstream 

paracrine influences between EC and SMCs/cardiomyocytes as demonstrated by our co-

culture data. Specifically, the Akt1 pathway is a well-known mediator of several downstream 

canonical pathways including mTOR signaling and PDGF production 10, 40, which, upon 

secretion from PAECs, may augment hyperplasia of smooth muscle cells via paracrine 

signaling. Alternatively, given the detection of circulating plasma levels, UCHL1 may also 

directly target SMC-derived mTOR and PDGF along with additional molecular mediators of 

PAH beyond Akt1 including TGFβ type I receptor/SMAD2 41, 42 that are known to reduce 

SMC proliferation. The source and function of plasma UCHL1, however, remain unknown 

including whether they are derived from endothelial cells.

In summary, these data introduced the role of the GADD45α-UCHL1-Akt1 axis in 

PAH development (Figure S16). They shed insight into the epigenetic regulation and 

molecular targets of UCHL1 in PAECs, the latter regulated by intricate linkage-specific 

deubiquitination. Consistent with prior work that demonstrates a pathological role for 

murine UCHL1 deficiency resulting in degenerative changes in the central nervous system, 

constitutive Uchl1−/− rats in the current study also displayed significant motor function 

defects which were not seen in conditional Tie2Cre-Uchl1fl/f mice. While pharmacological 

targeting of UCHL1 will need to incorporate cell-specific delivery systems to reduce 

toxicity, the findings nonetheless suggest the deubiquitination system, in general, and 

endothelial UCHL1, more specifically, as novel therapeutic targets in PAH development.
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Significance Statement:

We present a novel role for a well-established deubiquitinase, UCHL1, in the 

development of PAH.
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Clinical Perspective:

What is new?

a. Using cell culture, animal models, and multi-omics patient-level data, we 

present the first evidence of the pathological role of an enzyme responsible 

for deubiquitination of proteins in endothelial cells which contributes to the 

development of PAH.

b. While inhibiting the activation of Akt1 has been well-studied in PAH, this 

work suggests that Akt1 degradation may also be a novel mechanism that 

contributes to PAH development.

What are the clinical implications?

a. The current work demonstrates that endothelial UCHL1 plays a critical role 

in PAH development and targeting deubiquitinases may be a novel therapeutic 

pathway in PAH.

b. The work also underscores the prospect of targeting Akt1 for proteasomal 

degradation as a potential therapeutic strategy in PAH.
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Figure 1. Elevated UCHL1 expression in PAH.
A) Immunohistochemistry (IHC) reveals increased vascular-specific staining of UCHL1 

in patients with PAH (n=3) compared to control patients (n=3). B) Immunofluorescence 

reveals co-localization of UCHL1 staining with vWF+ cells, consistent with increased 

expression in HPAECs (n=3). C) UCHL1 protein levels are higher in HPAECs isolated 

from subjects with PAH (n=5) than from controls (n=4). D) UCHL1 protein levels are higher 

in RV tissues isolated from subjects with RV hypertrophy (compensated RV or cRV with 

n=12 and decompensated RV or dRV with n=11) than from controls (n=17). E) Western 
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blots demonstrate increased UCHL1 and GADD45α levels in MCT-exposed rats and in 

SuHx-exposed rats compared to their respective controls. F) IHC display increased UCHL1 

staining in MCT-exposed rats and SuHx-exposed rats compared to their respective controls. 

G) UCHL1 protein levels are higher in RV tissues isolated from MCT-exposed rats (cRV and 

dRV, n=20 total) than from controls (n=10) and from PAB-exposed rats (cRV and dRV with 

n=17 total) than from controls (n=7). *p≤0.05, **p<0.01, ***p<0.001
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Figure 2. UCHL1 inhibition reduces PAEC proliferation, tube formation, and Akt1 levels.
A) After VEGF administration (10 ng/mL), quantitative measurements of cell counts 

reveal reduced HPAEC proliferation over time with co-administration of LDN57444. BrdU 

incorporation assay reveals reduced cell proliferation in vitro with co-administration of 

LDN57444 in HPAECs exposed to VEGF. B) Using a tube formation assay, HPAECs 

exposed to LDN57444 exhibited significantly suppressed VEGF-induced tube formation due 

to formation of lower numbers of node, junction, and intervals observed in 3D culture. C) 
While total Akt1 levels rise mildly, hypoxia exposure significantly upregulates phospho-Akt 
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protein levels in mouse lungs of WT mice. With LDN57444 administration, both total and 

phospho-Akt protein levels are reduced. D) Uchl1−/− rats demonstrate reduced p-Akt1 and 

slightly reduced total Akt1 levels in whole lung homogenates than WT. E) Tie2Cre-Uchl1fl/fl 

mice displayed reduced UCHL1, p-Akt1 and slightly reduced total Akt1 levels in whole lung 

homogenates compared to cage controls. The numbers of experiments (n) for each group are 

indicated in each bar. Analysis of variance, *p≤0.05, **p<0.01, ***p<0.001

Tang et al. Page 23

Circulation. Author manuscript; available in PMC 2025 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Uchl1 deletion attenuates animal PH.
Rats with Uchl1 deletion resulted in reduced A) RVSP (Veh-WT: 27.0 α 1.0, Veh-Uchl1−/

−: 23.9 α 0.6, MCT-WT: 83.6 α 5.6, MCT-Uchl1−/−: 40.4 α 6.1 mm Hg), and RVH 

(Veh-WT: 0.23 α 0.02, Veh-Uchl1−/−: 0.24 α 0.03, MCT-WT: 0.53 α 0.03, MCT-Uchl1−/−: 

0.32 α 0.02), B and C) pulmonary artery medial histology and thickness, muscularized 

vessel counts and staining, as well as D) ki-67 staining in rat lungs compared to WT after 

exposure to MCT. E) Schematic strategy for the generation of Tie2Cre-Uchl1fl/fl mice and 

modeling in hypoxia. F) Summarized data showing RVSP and the Fulton index in control 

and Tie2Cre-Uchl1fl/fl mice exposed to normoxia and hypoxia. G) Representative images of 

pulmonary outflow pulse wave Doppler tracing and summarized data of echocardiography 

showing pulmonary acceleration time divided by pulmonary ejection time (PAT/PET 

ratios). H) Representative histology images of small PA and summarized data showing 
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PA wall thickness in cage control and Tie2Cre-Uchl1fl/fl mice under normoxic and hypoxic 

conditions. Data above presented as mean ± SEM. *p≤0.05, **p<0.01, ***p<0.001. The 

numbers of experiments (n) for each group are indicated in each bar.
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Figure 4. UCHL1-mediated linkage-specific modification of Akt1.
A) Immunoblot results revealed reduced total K48-linked protein levels in PAECs isolated 

from MCT-exposed rats compared to those from vehicle. B) Immunoblot results revealed 

increased K48-linked protein levels in whole lungs of Uchl1 knockout rats compared to 

those from cage controls or WT rats with MCT exposure. This trend was also observed 

in vehicle-exposed rats but was not statistically significant. C) Silencing UCHL1 for 48 

hours in HPAECs resulted in increased K48-linked proteins which was further increased by 

exposure to MG132. Silencing UCHL1 for 48 hours in HPAECs resulted in increased K48-

linked Akt1 (D) and reduced K63-linked Akt1 levels (E). Total loaded immunoprecipitated 

protein levels and actin levels in the unbound (to the immunoprecipitate) protein remained 

unchanged. * p≤0.05, **p<0.01, *** p<0.001.
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Figure 5. UCHL1 epigenetics in patients with PAH.
A) The illustration depicts a highly GC-enriched region of the 5’ UCHL1 gene locus; rs9321 

resides in this region. B) Analyses of GTeX reveals cis-eQTL of rs9321 with UCHL1 
gene expression, with the T allele of associated with increased UCHL1 gene expression in 

lungs (p = 1.1 × 10−8). C) Association between rs9321 and cardiac index was statistically 

significant (P = 0.024). Each copy of T allele decreases cardiac index by a Beta of 0.2.
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Figure 6. Gadd45α deletion results in attenuated murine hypoxic PH with reduced UCHL1 and 
Akt.
A) While both WT and Gadd45α−/− mice exhibit elevated RVSP, Gadd45α−/− mice 

demonstrate reduced RVSP (Nor-WT: 22.7 α 1.0, Hyp-WT: 41.8 α 0.8, Nor-Gadd45α−/−: 

27.9 α 1.3, Hyp-Gadd45α−/−: 31.8 α 1.1 mmHg) and B) RVH (Nor-WT: 0.20 α 0.02, 

Hyp-WT: 0.49 α 0.03, Nor-Gadd45α−/−: 0.22 α 0.03, Hyp-Gadd45α−/−: 0.30 α 0.02) 

compared to WT mice when exposed to hypoxia. Data presented as mean ± SEM. The 

numbers of experiments (n) for each group are indicated in each bar. C) While both 
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WT and Gadd45α−/− mice develop vascular remodeling after exposure to hypoxic PH, 

Gadd45α−/− mice demonstrate reduced pulmonary artery medial thickness index compared 

to WT mice hypoxic lungs. D) Hypoxia exposure upregulates total and phospho-Akt protein 

levels in whole mouse lung homogenates of WT mice. With Gadd45α deficiency, both 

total and phospho-Akt protein levels are reduced. E) Western blot from lung homogenates 

from wild type and Gadd45α−/− mice show reduced expression of UCHL1 protein. F) 
Immunohistochemistry reveals increased UCHL1 staining in WT mice exposed to chronic 

hypoxia compared to normoxia mice, which appears to be predominantly within the 

endothelium. *p≤0.05, **p<0.01, ***p<0.001.
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