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Abstract

Background—Chloride intracellular channel 4 (CLIC4) is highly expressed in the endothelium

of remodelled pulmonary vessels and plexiform lesions of patients with pulmonary arterial

hypertension (PAH). CLIC4 regulates vasculogenesis through endothelial tube formation.

Aberrant CLIC4 expression may contribute to the vascular pathology of PAH.

Methods and Results—CLIC4 protein expression was increased in plasma and blood-derived

endothelial cells from patients with idiopathic PAH (IPAH) and in the pulmonary vascular

endothelium of 3 rat models of pulmonary hypertension. CLIC4 gene deletion markedly

attenuated the development of chronic hypoxia-induced pulmonary hypertension in mice.

Adenoviral overexpression of CLIC4 in cultured human pulmonary artery endothelial cells

compromised pulmonary endothelial barrier function and enhanced their survival and angiogenic

capacity, while CLIC4 shRNA had an inhibitory effect. Similarly, inhibition of CLIC4 expression

in blood-derived endothelial cells from patients with IPAH attenuated the abnormal angiogenic

behaviour that characterises these cells. The mechanism of CLIC4 effects involves p65-mediated
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activation of nuclear factor-κB, followed by stabilisation of hypoxia-inducible factor-1α and

increased downstream production of vascular endothelial growth factor and endothelin-1.

Conclusions—Increased CLIC4 expression is an early manifestation and mediator of

endothelial dysfunction in pulmonary hypertension.
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INTRODUCTION

Chloride intracellular channel 4 (CLIC4) is a member of a family of six highly conserved

redox-sensitive proteins (CLIC1–6) homologous to glutathione transferases1. In its soluble

form, CLIC4 is essential for normal vasculogenesis through endothelial tubulogenesis2,3.

Knockout of the murine CLIC4 gene results in reduced collateral vessel formation in vivo,

associated with a reduction in ischemia-induced expression of hypoxia inducible factor-1α
(HIF-1α) and downstream targets, such as (VEGF) and angiopoietin-24.

CLIC4 is highly expressed in the lungs of patients with pulmonary arterial hypertension

(PAH), compared with healthy lungs5. Increased CLIC4 expression is evident in the

vascular endothelium and, in particular, in the occlusive and plexiform lesions that result

from endothelial cell proliferation, impaired apoptosis and disorganised angiogenesis that

characterise the disease6. The expression of CLIC4 is influenced by reactive oxygen species

(ROS), DNA damage and cytokines, such as tumour necrosis factor-α (TNF-α) and

transforming growth factor-β (TGF-β)7,8. CLIC4 is an integral component of TGF-β
signalling through prevention of the dephosphorylation of phospho-Smad2 and 3 in the

nucleus, as well as several other pathways that have been implicated in the pathogenesis of

PAH, including TNF-α, bone morphogenetic protein (BMP) and Rho signalling9,10.

We hypothesized that aberrant CLIC4 expression may contribute to pulmonary endothelial

dysfunction and vascular remodelling in PAH. To address this, we investigated (a) the

expression of CLIC4 in the plasma of idiopathic PAH (IPAH) patients and 3 experimental

models of PAH, (b) the effect of CLIC4 knockout on pulmonary vascular homeostasis in the

hypoxic mouse, (c) the role of CLIC4 in the regulation of endothelial junctional integrity

and function in human pulmonary artery endothelial cells and endothelial cells derived from

circulating progenitors in patients with IPAH and (d) the molecular mechanisms mediating

CLIC4-induced effects.

MATERIALS AND METHODS

An expanded Materials and Methods section is available in the Online Data Supplement.

Human pulmonary arterial endothelial cell (HPAEC) and smooth muscle cell (HPASMC)
culture

HPAECs were cultured in endothelial growth medium-2 (Promocell) while HPASMCs were

cultured in smooth muscle cell growth medium-2 (Promocell). The cells were incubated
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under normoxic (20% O2, 5% CO2) or hypoxic (2% O2, 5% CO2, 93% N2) conditions for 1–

24 hr at 37°C. Hypoxia was used as means of manipulating HPAEC phenotype, protein

expression and angiogenic potential in vitro. In some experiments, 5 μmol/L diphenylene

iodonium (DPI, Sigma) or 5 μmol/L rotenone (Sigma), were added to the cells 1 hr prior to

hypoxic exposure.

Plasma and blood-derived human endothelial cell from IPAH patients

Venous blood samples were obtained with local ethics committee approval and informed

written consent from healthy volunteers and IPAH patients (Tables S1–S2 in the Online

Data Supplement). Plasma samples were obtained from 123 consecutive patients, between

2011 and 2013, and endothelial colony forming cells (ECFCs) were derived as previously

described11,12.

Animals and Experimental Design

All experiments were conducted in accordance to the UK Home Office Animals (Scientific

Procedures) Act 1986 (London, UK) and the Colorado State University Animal Care Use

Committee. To study the effect of CLIC4 gene knockout on the development of pulmonary

hypertension, 6 weeks old wild-type or CLIC4 knockout adult male mice (CD-1

background)13, were either housed in (1) normoxic conditions at sea level, (2) at Denver

altitude (5280 ft; Pb= 630 mmHg) for 13 weeks or (3) at Denver altitude for 10 weeks

followed by 3 weeks hypoxia (normobaric; Fio2=10%) (n=4–6/group). At 19 weeks, animals

were weighed and anesthetized (Hypnorm 0.25 mL/kg; Midazolam 25 mg/kg IP), then the

right ventricular systolic pressure (RVSP) was measured and the right ventricle to the left

ventricle plus septum ratios (RV/LV+S) were determined. The left lungs were fixed,

embedded in paraffin, and stained by the elastic van Gieson’s method. Vascular

muscularisation was defined as the proportion of vessels (<50 μm diameter) with double

elastic lamina over the total number of vessels stained with elastin. In addition, CLIC4

expression was studied in the lungs of rats with chronic hypoxia-, monocrotaline- and Sugen

5416/hypoxia models of pulmonary hypertension. Sugen 5416/hypoxia14 lung sections were

a kind gift of Professor Nobert Voelkel (Virginia Commonwealth University, Richmond,

VA, USA).

CLIC4 protein expression and localization

Plasma CLIC4 levels were measured using a sandwich enzyme immunoassay (Antibodies

Online Inc., Aachen, Germany), according to the manufacturer’s protocol. Tissue CLIC4

protein expression and localization was investigated by western blot analysis,

immunostaining of tissue sections and cultured endothelial cells followed by confocal

microscopy. Relative quantification of CLIC4 expression in the intimal and medial layers of

pulmonary vessels from healthy and pulmonary hypertension animal models was performed

using Image J.

Manipulation of CLIC4 expression and activity in cultured cells

Overexpression CLIC4 was induced by adenoviral gene transfer15. The inhibition of CLIC4

expression was achieved using adenoviral gene transfer of CLIC4 shRNA.
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Endothelial cell permeability and morphology

Endothelial permeability and morphology were studied as previously described16. In some

experiments, mouse monoclonal VEGF function-blocking antibodies (10 μg/mL; R&D

Systems) were added to the upper chamber of Transwell dishes 24 hr before permeability

measurement.

In vitro angiogenesis assays

Matrigel tube formation assay was used. Total tube length was determined using Image J

software.

Cell metabolic activity

CellTiter 96 proliferation assay (Promega) was used to assess metabolic activity associated

with cell proliferation and migration17.

Cell survival assay

HPAECs were grown in full medium or medium deprived of serum and growth factors.

Menadione (50 μM, Sigma) was added to cells for 6 hr as a positive control. Cells were

incubated with MitoProbe™ DiOC2(3) (Life Technologies, Invitrogen, USA) for 45 min and

images captured using an Olympus IX70 inverted fluorescent microscope, with 10×

objective F-view Soft Imaging System camera. Fluorescence intensity, corresponding to the

number of live cells was measured with Image J.

Short interference (si)RNA knockdown

Cells were transfected with HIF-1α siRNA or BMPR2 siRNA or scrambled siRNA, and the

levels of either CLIC4 or HIF-1α were measured by western blotting and/or by quantitative

reverse transcription polymerase chain rwaction 48 hr post-transfection.

HIF-1α stabilization, endothelin-1 (ET-1) and VEGF production

Human osteosarcoma cells stably expressing a luciferase reporter construct under the control

of a hypoxia response element (U2OS-HRE-luc)18 were used to assess the effects of CLIC4

on HIF stabilization. Expression of HIF proteins was determined by western blotting and

inhibition of HIF-1α expression was achieved by transfecting HPAECs with siRNA (details

in the Online Data Supplement). Production of VEGF and other angiogenic factors was

studied using Proteome Profiler Human Angiogenesis Array Kit® (R&D Systems) in

untreated and CLIC4 overexpressing cells cultured under both normoxic and hypoxic

conditions for 24 hr. Potential modulation of VEGF receptor type 2 (VEGFR2) expression

was measured using a PathScan® Total VEGFR-2 Sandwich ELISA kit (Cell Signaling).

Levels of ET-1 were determined using Human Endothelin-1 QuantiGLO® ELISa kit (R&D

Systems).

p65 expression, phosphorylation and NFκB activity

p65 expression and phosphorylation were analysed by western blotting. The antibodies were

from Cell Signaling Technology, Denver USA. Adenoviral NFκB luciferase reporter

construct (AdNFκB-Luc) and Luciferase Assay System (Promega)19 were used to measure
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NFκB activity. In some experiments, the NFκB inhibitor, BAY 117085 (10 μM/L; Sigma)

was added to the U2OS-HRE-luc cells 24 hr before luciferase assay.

Statistical analysis

All experiments were performed at least in triplicate. Data are presented as the mean

±standard error of mean. Comparisons between 2 groups were made using Student’s t-test

(except for analysis of plasma CLIC4 levels which was by the Mann-Whitney U-test) while

3 or more groups were compared with ANOVA and Tukey’s post-hoc test using GraphPad

Prism version 5.0. All key findings were confirmed by non-parametric statistical analyses

(Mann-Whitney U-test or Kruskal-Wallis test as appropriate). Statistical significance was

accepted for P<0.05.

RESULTS

Increased CLIC4 levels in plasma and cells from IPAH patients

Following on from our previous finding of increased CLIC4 protein expression in lung

tissues from PAH patients5, we measured circulating CLIC4 and found that plasma CLIC4

levels were significantly higher in IPAH patients (n=123) compared with healthy volunteers

(n=64) (Figure 1A). Levels were elevated across all four WHO functional classes,

independent of clinical measures of disease severity.

There is interest in the role of circulating endothelial progenitor cells in the pathogenesis of

pulmonary vascular disease6,20,21. Cells derived from the peripheral blood of IPAH patients

and healthy volunteers exhibited similar immunostaining for the endothelial markers, CD31,

VE-cadherin and von Willebrand factor and were indistinguishable from mature endothelial

cells (Figure S1 in the Online Data Supplement). Flow cytometry also demonstrated that

these cells were positive for the endothelial markers CD31 (99.4±0.1%, n=16) and

VEGFR-2 (87.1±1.8%, n=16), but negative (<0.1%) for the haematopoietic/monocytic

marker CD45 and CD133. Consistent with the findings in lung tissues and plasma samples,

CLIC4 protein levels were also significantly elevated in blood-derived endothelial cells from

IPAH patients (Figure 1B).

Increased CLIC4 expression in the lungs of pulmonary hypertensive rats

CLIC4 protein was examined in the lungs of rats exposed to monocrotaline, chronic hypoxia

and hypoxia-combined with Sugen. To understand better the relationship of CLIC4 to

pulmonary hypertension, lung CLIC4 levels were measured during the development of

pulmonary hypertension in monocrotaline- and hypoxia-exposed rats. An early increase was

detected in both models, before pulmonary hypertension is established (typically 3–4 weeks

in the monocrotaline rat22,23 and 2 weeks in the hypoxic rat24 (Figure 1C–D). Further

studies in the hypoxic rat showed that this response appears to be lung-specific, as renal and

cardiac CLIC4 levels were reduced in hypoxic rats (Figure S2 in the Online Data

Supplement). CLIC4 was localized predominantly to the endothelium in the rat pulmonary

vasculature (Figure 1E). Sections of lung from all 3 rat models of pulmonary hypertension

exhibited characteristic medial wall thickening, distal muscularization and occlusion of

pulmonary arteries, with prominent CLIC4 immunostaining of the endothelium, showing a

Wojciak-Stothard et al. Page 5

Circulation. Author manuscript; available in PMC 2015 April 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



similar distribution to the endothelial marker, von Willebrand factor (Figure 1E ii–vi). Cells

in the hypertrophied medial layer of pulmonary arteries displayed weaker and more variable

CLIC4 immunostaining (Figure 1E iii, v). Semi-quantitative analysis of immunostained lung

sections indicated significantly increased CLIC4 expression in the intimal layer of

intrapulmonary arteries in all three animal models of pulmonary hypertension, while the

lower levels of CLIC4 immunostaining in the medial layer only increased significantly in

the monocrotaline model (Figure S3 in the Online Data Supplement).

CLIC4 knockout mice are protected against development of chronic hypoxia-induced
pulmonary hypertension

To determine the importance of CLIC4 signalling in vivo, we studied the development of

chronic hypoxia-induced pulmonary hypertension in CLIC4 knockout (CLIC4 KO) mice,

compared with wildtype (WT) controls. The absence of CLIC4 in CLIC4 KO mice was

confirmed by western blotting and immunohistochemical analyses (Figure S4A–B in the

Online Data Supplement). Knockout of CLIC4 protein did not alter the expression of the

closely related CLIC1 or CLIC5 proteins (Figure S4A in the Online Data Supplement). WT

mice kept for 13 weeks at Denver altitude (5280 feet above sea level) developed pulmonary

hypertension and vascular remodelling, evident by a significant increase in RVSP, RV/LV

+S ratio and vessel muscularization (Figure 2). In contrast, these measurements showed little

change in CLIC4 knockout mice maintained under identical conditions. Exposure of these

mice to an additional 3 weeks of hypoxia (10 % O2) further increased vessel muscularisation

and RV hypertrophy while RVSP remained unchanged. The effects of hypoxia on vessel

muscularization, right heart hypertrophy and RSVP were significantly attenuated in CLIC4

KO mice (Figure 2). These results suggest that CLIC4 knockdown is protective in early

stages of pulmonary hypertension.

CLIC4 affects HPAEC morphology in vitro

The intracellular localization of CLIC4 is an important determinant of its function15.

Soluble, cytoplasmic CLIC4 can localize to the cell membrane where it interacts with

cytoskeletal proteins involved in lamellipodia and filopodia formation, while nuclear-

targeted CLIC4 promotes apoptosis15. CLIC4 was localised predominantly in the cytoplasm

of cultured HPAECs (Figure S5 in the Online Data Supplement), consistent with its

distribution in cells in plexiform lesions5. Hypoxia increased CLIC4 protein expression 2-

fold, with some translocation of protein to the cell periphery (Figure S5A, B in the Online

Data Supplement). Hypoxia-induced increase in CLIC4 expression in endothelial cells was

prevented by the inhibitors of intracellular ROS production, DPI and rotenone (Figure S5B

in the Online Data Supplement). In contrast, hypoxia did not significantly affect CLIC4

expression in HPASMCs (Figure S6 in the Online Data Supplement). We have also

compared the relative levels of CLIC4 protein expression in HPAECs and HPASMCs

cultured in normoxic or in hypoxic conditions. The results show that normoxic and hypoxic

levels of CLIC4 expression in HPAECs were significantly higher than CLIC4 levels in

HPASMCs (Figure S6 in the Online Data Supplement).

To examine the role of CLIC4 in modulating pulmonary endothelial cell phenotype, CLIC4

was overexpressed in HPAECs via adenoviral gene transfer. The CLIC4-overexpressing
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cells showed enhanced cortical F-actin polymerization and the formation of membrane

ruffles, absent in the normal, untreated endothelium (Figure S7A–D in the Online Data

Supplement). The morphological effects of CLIC4 overexpression were inhibited in cells

co-transfected with CLIC4 shRNA (Figure S7E–F in the Online Data Supplement).

CLIC4 affects hypoxia-induced endothelial permeability

We hypothesised that CLIC4, through association with cytoskeletal proteins and regulation

of cell morphology could influence vascular integrity. Increased endothelial permeability is

thought to be an early event in the pathogenesis of pulmonary hypertension, permitting

growth factors access to cells in the vascular wall. Hypoxia affected both HPAEC cell

morphology and permeability (Figure 3A, B). In confluent cells under normal oxygen

tension, F-actin was localized mainly at the cell periphery together with vascular endothelial

(VE)-cadherin (Figure 3A), a major component of adherence junctions16. Changes in CLIC4

protein levels following adenoviral infection were confirmed by western blotting (Figure

3B). Hypoxia (24 hr) induced the formation of actomyosin filaments and disruption of

intercellular junctions and these changes were accompanied by a 1.7-fold increase in

endothelial permeability (Figures 3A, C). Overexpression of CLIC4 compromised

endothelial barrier function under normoxic conditions and further increased hypoxia-

induced permeability (Figure 3C). Conversely, the effects of hypoxia were inhibited by

CLIC4 shRNA (Figures 3A, C).

CLIC4 expression influences HPAEC metabolic activity, cell survival and angiogenesis in
vitro

The reduction of MTS tertazolium compound into coloured formazan measures the

metabolic activity of viable cells, which increases with cell proliferation and migration,

irrespective of the presence of oxidative respiration25. Overexpression of CLIC4 increased

cell metabolic activity in both normoxic and hypoxic conditions (Figure 4A). Endogenous

CLIC4 expression was essential for hypoxia-induced cell activation and was inhibited by

treatment with CLIC4 shRNA (Figure 4A). CLIC4 overexpression significantly improved

survival of HPAECs cultured in media deprived of serum and growth factors (Figure 4B),

indicating its possible role in the emergence of apoptosis-resistant endothelial cells in the

distal pulmonary vasculature.

Hypoxia, a known stimulus of angiogenesis, induced a 3-fold increase in tube formation by

HPAECs in Matrigel, compared with normoxic controls. Overexpression of CLIC4

increased tube formation in both normoxic (2-fold) and hypoxic (5.8-fold) conditions

compared to controls. The effects of hypoxia and CLIC4 overexpression were prevented by

CLIC4 shRNA (Figure 4C, D).

CLIC4 expression is not affected by BMPR2 knockdown

Reduction in BMPR2 signaling is associated with the pathogenesis of PAH2. We used

BMPR2 siRNA to inhibit expression of the receptor in both HPAECs and blood-derived

endothelial cells but found no change in CLIC4 protein levels in either cell type, despite a

marked reduction in BMPR2 mRNA and protein levels (Figure S8 in the Online Data

Supplement).
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CLIC4 stabilises HIF-1α and increases production of ET-1 and VEGF in HPAECs

Increased HIF-1α stabilization and activity has been reported in the pulmonary vasculature

and endothelial cells isolated from patients with IPAH26. Knockout of the murine CLIC4 is

associated with a reduction of ischemia-induced HIF-1α signalling4. We postulated that the

effects of CLIC4 in HPAECs may reflect, at least in part, modulation of HIF-1α activity and

expression. To measure changes in HIF activation, we used the human U2OS-HRE-luc cell

line, which had been optimised and validated for the use in high-throughput screens of HIF

inhibitors and studies on hypoxia-induced HIF activation18. Overexpression of CLIC4 led to

a marked (30-fold) increase in U2OS luciferase activity under hypoxic conditions, which

was reduced to adenovirus control levels by pre-treatment with CLIC4 shRNA (Figure 5A).

In keeping with a role for CLIC4 in the regulation of HIF stabilization, overexpression of

CLIC4 was accompanied by the nuclear translocation of HIF-1α in HPAECs (Figures 5B)

and a marked increase of HIF-1α protein levels (Figure 5C). Consistent with the changes in

HIF-1 activity, CLIC4 increased production of ET-1 in cells, while CLIC4 shRNA had an

inhibitory effect (Figure 6A). The overexpression of CLIC4 was also associated with

increased VEGF production in HPAECs (Figure 6B and Figure S9A in the Online Data

Supplement), with no apparent change in VEGFR-2 levels (Figure S9B in the Online Data

Supplement). VEGF function-blocking antibodies prevented the CLIC4-induced increase in

endothelial permeability, implicating secreted VEGF as a critical mediator of CLIC4-

induced changes in endothelial junctional integrity (Figure S9C). siRNA-mediated

knockdown of HIF-1α (Figure S10A in the Online Data Supplement) completely prevented

the pro-angiogenic effects of CLIC4 (Figures 6C), reinforcing the concept of HIF-1α acting

as a downstream mediator of CLIC4 effects. Consistent with the postulated role for CLIC4

in the regulation of HIF stability, CLIC4 knockout mice showed reduced levels of HIF-1α
(Figure S10B in the Online Data Supplement). Interestingly, the levels of HIF-2α in these

mice were also reduced, suggesting common regulatory mechanisms (Figure S10B in the

Online Data Supplement).

HIF-1α and tube formation are dysregulated in blood-derived endothelial cells from IPAH
patients

Cells derived from circulating progenitor cells in IPAH patients showed significantly higher

levels of CLIC4 and HIF-1α proteins, compared with cells isolated from healthy volunteers

(Figure 7A–B). In keeping with the proposed pro-angiogenic role of CLIC4, endothelial

cells from IPAH patients also showed an enhanced capacity to form endothelial tubes in

Matrigel. Transfection with CLIC4 shRNA reduced CLIC4 expression and tube formation to

a level comparable to that seen with cells derived from healthy volunteers (Figures 7C).

CLIC4-induced activation of NFκB is required for HIF activation

The pro-inflammatory transcription factor NFκB is a known inducer of HIF activity27.

Using affinity purification followed by liquid chromatography and tandem mass

spectrometry (LC-MS/MS) analyses (data not shown), the approach employed to identify

CLIC4 in human lung5, we identified a p65 subunit of NFκB (RelA) as one of the proteins

interacting with CLIC4. Phosphorylation of p65 facilitates nuclear translocation and
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transcriptional activity of NFκB28 and we hypothesised that CLIC4 overexpression may

affect NFκB activity.

CLIC4 overexpression in HPAECs significantly increased NFκB activity in normoxic and in

hypoxic conditions (Figure 8A). NFκB activation in CLIC4 overexpressing cells was

accompanied by increased phosphorylation of p65 on Ser536 (Figure 8B), which is known

to facilitate nuclear translocation and transcriptional activation of NFκB25. Consistent with

the postulated role of CLIC4/NFκB in the regulation of HIF activity, treatment with an

NFκB inhibitor, BAY-117085, attenuated CLIC4-induced HIF activation in hypoxic

HPAECs (Figure 8C) – suggesting NFκB as an upstream regulator of HIF in the CLIC4

signalling pathway.

DISCUSSION

This study demonstrates a critical role for CLIC4 in the regulation of pulmonary endothelial

function and vascular homeostasis. Increased CLIC4 levels were observed in plasma and

blood-derived endothelial cells from IPAH patients and in the vascular endothelium of three

rodent models of pulmonary hypertension. CLIC4 gene knockout in mice attenuated the

development of chronic hypoxia-induced pulmonary hypertension. Overexpression of

CLIC4 in HPAECs increased endothelial permeability and influenced their survival and

angiogenic capacity, these effects being dependent in part on the stabilisation of HIF-1α.

Selective inhibition of CLIC4 expression in endothelial cells derived from circulating

progenitors from IPAH patients inhibited the aberrant tube formation characteristic of these

cells. The mechanism of CLIC4-induced effects involves p65-dependent NFκB activation

followed by stabilisation of HIF. Coupled with our previous observation of increased CLIC4

expression in the remodelled pulmonary vasculature of PAH patients5, our data provide

compelling evidence implicating CLIC4 in the pathobiology of the disease.

As in IPAH lungs, increased CLIC4 expression was observed most consistently in the

endothelium of the pulmonary vasculature of all 3 rat models of pulmonary hypertension -

chronic exposure to hypoxia, monocrotaline and the combination of Sugen 5416 and

hypoxia, a model that exhibits similarities to the pathological features of advanced human

IPAH14. Nonetheless, while the endothelium appears to be a predominant site of CLIC4

protein expression in the hypertensive human and animal lung, we cannot exclude the

possibility that CLIC4 may also affect other cell types. We observed lower levels of CLIC4

immunostaining in the pulmonary vascular medial layer, but this was increased in the

vessels of monocrotaline-treated rats and CLIC4 has been implicated in the migratory

responses of cultured HPASMCs downstream of BMPRII/BMP-2 signaling10.

The endothelial layer of the pulmonary vasculature acts as a barrier to the underlying tissue,

limiting the influx of inflammatory cells, growth factors and cytokines. Changes in vascular

endothelial permeability are thought to occur early in the pathogenesis of pulmonary

hypertension, both in animal models and human PAH29,30. Consistent with a role for CLIC4

in compromising endothelial integrity early in the disease, we found that CLIC4 expression

is increased (by 7 days) in both the monocrotaline and hypoxia-induced rat models of

pulmonary hypertension, before pulmonary hypertension and vascular remodelling is fully
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established in these models (3–4 weeks for the monocrotaline rat and around 2 weeks for the

hypoxic rat).

In contrast to the lung, CLIC4 levels were reduced in renal and myocardial tissues of

chronically hypoxic animals. This suggests an organ-specific response to hypoxia and the

differential regulation of CLIC4 expression in pulmonary and systemic vascular beds. The

potential drivers of increased CLIC4 expression in the lung in pulmonary hypertension

include oxidative stress, growth factors and pro-inflammatory cytokines (e.g. TNF-α and

TGF-β)4,8,26,31–33. Hypoxia-response element consensus sequences have also been

identified in the CLIC4 gene and may be a regulatory mechanism contributing to increased

CLIC4 expression in ischemia or hypoxic conditions4. Our preliminary observations suggest

that ROS generation may play a role in the regulation of CLIC4 expression in pulmonary

endothelium, consistent with observations in ovarian cancer8. The inhibitor of NADPH-

oxidase-induced ROS formation, DPI, and the inhibitor of mitochondrial ROS, rotenone,

both attenuated the hypoxia-induced increase in CLIC4 expression in HPAECs.

As heterozygous germline BMPR2 mutations contribute to heritable forms of PAH34 and

down regulation of BMP signalling has been implicated in the development of experimental

pulmonary hypertension35, we examined whether BMPR2 expression influenced CLIC4

protein levels. Despite a marked suppression of BMPR2 mRNA and protein expression, we

found no significant change in CLIC4 protein levels in either HPAECs or blood-derived

endothelial cells. This is consistent with the results of an earlier study on the regulation of

CLIC4 mRNA expression in isolated smooth muscle cells10 and suggests that the enhanced

expression of CLIC4 found in endothelial cells from IPAH patients5 and lungs from rats

with pulmonary hypertension is not a direct manifestation of altered BMPR2 expression.

In addition to increasing permeability, CLIC4-induced endothelial junctional remodelling is

an important step in angiogenesis, as breaking off inter-endothelial junctions in activated

endothelium is a prerequisite for endothelial cell migration and new vessel formation. Key

mediators of the effects of increased CLIC4 expression are HIF and angiogenic factors, such

as VEGF. Hypoxia-inducible transcription factors have been implicated in both the

development of experimental pulmonary hypertension and the altered endothelial cell

phenotype found in IPAH patients26. HIF-1α regulates release of pro-angiogenic factors

such as VEGF30 and vasoactive mediators such as ET-136, both of which are elevated in

PAH30,37. HIF-1α has also been reported to mediate the effects of hypoxia on endothelial

permeability38. We found that CLIC4 overexpression in HPAECs led to HIF activation in

normoxia and to a marked increase in HIF activity under hypoxic conditions. This was

accompanied by nuclear translocation of HIF-1α and increased VEGF and ET-1 production,

while VEGF inhibition reduced the barrier-compromising effects of CLIC4. Consistent with

these observations, CLIC4 knockout mice show impaired ischemia-induced expression of

HIF-1α, VEGF and angiopoetin-24. We cannot exclude the possibility that HIF-2 may also

play a role. HIF-2 is induced by hypoxia and regulates endothelial cell proliferation and

angiogenesis39,40 and we observed a reduction in HIF-2 expression in CLIC4 knockout

mice, contemporaneous with the reduction in HIF-1 expression.
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Finally, we identified the p65 subunit of the pro-inflammatory transcription factor NFκB as

one of the CLIC4-interacting proteins in endothelial cells. Phosphorylation of p65 on serine

residues S536 and Ser276 is critical for full activation of NFκB28. CLIC4 competes with

phosphatase PPM1A, known to de-phosphorylate p65 and other signalling proteins,

including Smad 2/341. We observed significant activation of NFκB following

overexpression of CLIC4, which correlated with increased phosphorylation of p65 on

Ser536. More importantly, the NFκB inhibitor BAY117085, known to inhibit nuclear

translocation of p65 in endothelial cells42, significantly attenuated CLIC4-induced activation

of HIF. It is well documented that NFκB regulates HIF activity in a variety of pathological

states27. These findings suggest NFκB acts as an upstream activator of HIF in the CLIC4

signalling pathway. A proposed CLIC4 signalling pathway is shown in Figure 8D.

CONCLUSION

Pulmonary endothelial CLIC4 is up-regulated in human PAH and experimental models of

pulmonary hypertension. CLIC4 regulates the activity of two key transcription factors,

NFκB and HIF-1, that drive endothelial responses to inflammatory and angiogenic stimuli.

CLIC4 inhibition serves to maintain pulmonary endothelial function under hypoxic stress

and attenuates the development of pulmonary hypertension in the chronically hypoxic

mouse. Approaches that reverse increased pulmonary endothelial CLIC4 expression may be

beneficial in patients with PAH.
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Figure 1.
CLIC4 protein expression in patient plasma, human ECFCs and rat lung. (A) CLIC4 protein

levels in plasma samples from IPAH patients (n=123) and healthy volunteers (n=64). As

these data show a skewed distribution they were analysed using the Mann-Whitney U-test.

(B) Levels determined in blood-derived endothelial cells from IPAH patients (n=4–5). (C)

CLIC4 protein expression in the lungs of rats treated with monocrotaline (MCT) or (D)

exposed to hypoxia (n= 3–8). Data are presented as mean±SEM. *P<0.05; **P<0.01,

compared with controls. Lung sections from (E i) control, (E ii) hypoxia-, (E iii–iv) MCT

and (E v–vi) Sugen 5416/hypoxia-induced pulmonary hypertensive rats, demonstrating co-

localisation of CLIC4 and von Willebrand factor (vWf) in the pulmonary endothelium

(arrows) of normal and remodelled pulmonary arteries. Arrowheads (E iii, v) indicate

CLIC4 immunoreactivity in smooth muscle cells. Bar=50 μm.
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Figure 2.
CLIC4 gene knockout attenuates development of chronic hypoxia-induced pulmonary

hypertension. (A) Percentage of muscularized vessels diameter ≤50 μm in lung sections of

normoxic and hypoxic wildtype (WT; black bars) and CLIC4 knockout (CLIC4 KO; grey

bars) mice. (B) Representative sections showing α-smooth muscle actin staining in

normoxic or hypoxic WT or CLIC4 KO mice. Red arrows point to the fully muscularized

peripheral artery with double elastic lamina staining. Bar=50 μm. (C) Right ventricular

hypertrophy (RV/(LV+S)) and (D) right ventricular systolic pressure (RVSP) were

measured in the WT control and CLIC4 KO mice following exposure to normoxia, 13 weeks

at Denver altitude or 10 weeks (w) of Denver altitude followed by 3 weeks of hypoxia.

*P<0.05, **P<0.01, ***P<0.01, compared to normoxic WT; #P<0.05, ##P<0.01 compared

to WT at Denver altitude and @@P<0.01, WT versus CLIC4 KO group at 3w Hypoxia+10w

Denver Altitude; (C). In (A–C) n=4–8.
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Figure 3.
Hypoxia-induced changes in human pulmonary endothelial phenotype and permeability. (A)

Images showing the organization of F-actin and VE-cadherin in confluent HPAECs under

normoxic or hypoxic (24 hr) conditions. The cells were left untreated or overexpressed

CLIC4 shRNA, as indicated. Merged images show F-actin (red), VE-cadherin (blue) and

GFP co-expressed with CLIC4 shRNA (green). Bar=10 μm. (B) The adenoviral

manipulation of CLIC4 expression was confirmed by western blot analysis of cell extracts.

(C) Pulmonary endothelial cell permeability in normoxic and hypoxic cells expressing

scrambled shRNA, CLIC4 shRNA or CLIC4, as indicated; In (C) data are expressed as % of

control and each bar represents mean±SEM (n=4). *P<0.05; ***P<0.001, compared with

normoxic AdControl; ###P<0.001, compared with hypoxic AdControl. Comparisons

between AdCLIC4 and CLIC4 shRNA + AdCLIC4 are also indicated.
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Figure 4.
Effects of CLIC4 expression on HPAEC metabolic activity, cell survival and angiogenesis.

(A) Cell metabolic activity under normoxic and hypoxic conditions and following

overexpression of CLIC4, scrambled shRNA (shRNA control) or CLIC4 shRNA, as

indicated; MTS reduction assay. (B) HPAEC viability in cells cultured in full media, treated

with apoptosis-inducer, menadione (6 hr, 10 μM) or serum-starved for 48 hr. The cells were

overexpressing CLIC4 or CLIC4 and CLIC4 shRNA, as indicated. (C) Changes in total

endothelial tube length (expressed as % of normoxic control) in cells treated, as indicated.

(D) Representative images showing the effects AdCLIC4 and AdCLIC4 shRNA on tube

formation in normoxic and hypoxic HPAECs. Bar=500 μm. In (A–C) each bar represents

mean±SEM; (n=4–5). *P<0.05, **P<0.01, ***P<0.001, compared with normoxic control
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(A–C) or non-starved control (B); ###P<0.001, compared with hypoxic AdControl (A, C).

Comparisons between AdCLIC4 and AdCLIC4 + CLIC4 shRNA groups are also indicated.
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Figure 5.
CLIC4 regulates endothelial HIF activity and stabilization. Overexpression of CLIC4 (24 hr)

or exposure to hypoxia (A) stabilizes HIF in U2OS-HRE-luc cells, luciferase reporter assay

(n=12); (B) increases nuclear translocation of HIF-1α and (C) increases HIF-1α levels in

HPAECs (n=4–5). Each bar represents mean±SEM ***P<0.001, **P<0.01, compared with

normoxic AdControl; ###P<0.001, compared with hypoxic AdControl. Comparisons

between AdCLIC4 and CLIC4 shRNA + AdCLIC4, are also indicated
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Figure 6.
The effect of CLIC4 on HIF-dependent protein expression and tube formation in HPAECs.

Production of (A) ET-1 and (B) VEGF in normoxic and hypoxic HPAECs overexpressing

CLIC4 or CLIC4 shRNA (n=3–5). (C) HPAEC tube formation following siRNA-mediated

HIF-1α knockdown in cells treated, as indicated (n=5). Each bar represents mean±SEM.

*P<0.05; **P<0.01, ***P<0.001 compared with normoxic

AdControl; ##P<0.01, ###P<0.001 compared with hypoxic AdControl. Comparisons

between AdCLIC4 and CLIC4 shRNA or between scrambled siRNA and HIF-1α siRNA

groups are also indicated.
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Figure 7.
HIF-1α levels and tube formation in blood-derived endothelial cells. (A) Blood-derived

endothelial cells from IPAH patients showed greater protein expression of HIF-1α
compared to healthy controls. (B) CLIC4 shRNA (CSh; 48h) reduces CLIC4 levels in IPAH

cells to control levels, while scrambled shRNA (Ssh) has no effect. (C) CLIC4 shRNA

inhibits tube formation in IPAH endothelial cells. Each bar represents mean±SEM (n=3–4).

Representative images of tube formation in healthy and IPAH cells are shown below the

graph; Bar=100 μm. In (A–D) *P<0.05, **P<0.01, ***P<0.001, compared with untreated
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cells derived from healthy volunteers. #P<0.05, ###P<0.01 comparison with untreated IPAH

cells.
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Figure 8.
CLIC4 regulates NFκB activity in HPAECs. (A) NFκB activity in HPAECs treated with

lipopolysacharide (LPS), control adenovirus (AdControl), AdCLIC4 or AdCLIC4 shRNA in

normoxic (grey bars) or hypoxic (black bars) conditions, as indicated; luciferase reporter

assay. (B) CLIC4 increases phosphorylation of p65 on Serine 536, western blotting. (C)

NFκB inhibitor, BAY 117085 prevents HIF activation in CLIC4- overexpressing HPAECs

(30 hr overexpression) in hypoxia. n=4; *P<0.05; **P<0.01, ***P<0.001, compared with

untreated controls; #P<0.05, ##P <0.01, ###P <0.001, comparison with hypoxic controls. (D)

The proposed CLIC4 signalling pathway.
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