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Abstract 34 

Aims: Pulmonary hypertension (PH) is a common complication of left heart disease (LHD, group 2 PH) 35 

leading to right ventricular (RV) failure and death. Several loss-of-function (LOF) mutations in KCNK3 36 

were identified in pulmonary arterial hypertension (PAH, group 1 PH). Additionally, we found that 37 

KCNK3 dysfunction is a hallmark of PAH at pulmonary vascular and RV levels. However, the role of 38 

KCNK3 in the pathobiology of PH due to LHD is unknown.  39 

Methods and results: We evaluated the role of KCNK3 on PH induced by ascending aortic constriction 40 

(AAC), in WT and Kcnk3-LOF-mutated rats, by echocardiography, RV catheterization, histology 41 

analyses, and molecular biology experiments. We found that Kcnk3-LOF-mutation had no consequence 42 

on the development of left ventricular (LV) compensated concentric hypertrophy in AAC, while left 43 

atrial (LA) emptying fraction was impaired in AAC-Kcnk3-mutated rats. AAC-animals (WT and Kcnk3-44 

mutated rats) developed PH secondary to AAC and Kcnk3-mutated rats developed more severe PH than 45 

WT. AAC-Kcnk3-mutated rats developed RV and LV fibrosis in association with an increase of Col1a1 46 

mRNA in RV and LV. AAC-Kcnk3-mutated rats developed severe pulmonary vascular (pulmonary 47 

artery as well as pulmonary veins) remodelling with intense peri-vascular and peri-bronchial 48 

inflammation, perivascular edema, alveolar wall thickening, and exaggerated lung vascular cell 49 

proliferation compared to AAC-WT-rats. Finally, in lung, RV, LV, and LA of AAC-Kcnk3-mutated 50 

rats, we found a strong increased expression of Il-6 and periostin expression and a reduction of lung 51 

Ctnnd1 mRNA (coding for p120 catenin), contributing to the exaggerated pulmonary and heart 52 

remodelling and pulmonary vascular edema in AAC-Kcnk3-mutated rats.  53 

Conclusions: Our results indicate that Kcnk3-LOF is a key event in the pathobiology of PH due to AAC, 54 

suggesting that Kcnk3 channel dysfunction could play a potential key role in the development of PH 55 

due to LHD.  56 

 57 
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 59 

Translational perspectives : Pulmonary hypertension (PH) due to left heart disease (PH - LHD) has 60 

higher incidence and prevalence than other forms of PH. However, no pulmonary-targeted drugs are 61 

available in clinical practice. The difficulties to have access to PH-LHD patient tissues, and the small 62 

number of preclinical models available compromise our understanding of the molecular mechanisms 63 

underlying PH-LHD. Using unique Kcnk3-loss-of-function-mutated rats, the present results demonstrate 64 

for the first time that KCNK3 loss-of-function is a key event in the pathobiology of experimental PH 65 

due to AAC, suggesting that the Kcnk3 channel could play a potential key role in the development of 66 

PH due to LHD. 67 

 68 

1. Introduction 69 

Pulmonary hypertension (PH), which constitutes an abnormal increase in blood pressure in the 70 

pulmonary circulation, has seen its definition revised during the last PH world symposium, as mean 71 

pulmonary arterial pressure (mPAP) > 20 mmHg1. PH can be divided into 5 sub-groups, being group 1, 72 

or pulmonary arterial hypertension (PAH). Other forms of PH, such as PH due to left heart disease (PH-73 

LHD), have much higher incidence and prevalence, and although constitutes one of the most common 74 

forms of PH, roughly representing 50% of PH cases2. However molecular mechanisms involved in the 75 

development of PH-LHD are poorly documented. 76 

The pathophysiology of PH-LHD is complex and is caused by several mechanisms: 1) an initial passive 77 

increase in LV filling pressures more specifically left atrial (LA) pressure 2) pulmonary artery 78 

endothelial dysfunction 3) pulmonary vascular (artery and vein) remodelling 4) RV dysfunction and 79 

altered RV/Pulmonary artery coupling2. 80 

Pulmonary endothelial dysfunction seems to play a central role in PH-LHD in both preclinical models3–81 

5 and patients6. Endothelium-derived vasorelaxation is markedly impaired in pulmonary arteries from 82 

animals with PH-LHD induced by ischemic7 or pressure overload conditions3. Similarly, exacerbated 83 

pulmonary arterial and venous remodelling is observed in patients with both HF with reduced (HFrEF) 84 

or preserved (HFpEF) ejection fraction8,9, mostly explained by endothelial dysfunction and an imbalance 85 
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between vasodilation/vasoconstriction and growth factor signalling10. To date, most of the molecular 86 

pathways associated with PH-LHD are assumed to be common with PAH namely endothelial 87 

dysfunction, mitochondrial dysfunction, exacerbated inflammation11. In PH-LHD, endothelial 88 

dysfunction is at least characterized by an increased endothelin-1 (ET-1) production in the pulmonary 89 

vasculature12, as well as in AAC-induced PH in rat4. ET-1 inhibits KCNK3 function in PASMC through 90 

Rho kinase-mediated phosphorylation13, linking one of the main modulators of PH-LHD (ET-1) and 91 

KCNK3-dysfunction. KCNK3 protein, also known as TASK-1 (Twik-related-acid-sensitive-K+ 92 

channel) is an outward-K+ channel. KCNK3 regulates the resting membrane potential in several cell 93 

types, including pulmonary artery smooth muscle cells (PASMCs)14 and right ventricular (RV) 94 

cardiomyocytes15., KCNK3 The role of KCNK3 dysfunction in the development of PAH was previously 95 

highlighted by the identification of several loss-of-function (LOF) mutations in the KCNK3 gene, in 96 

PAH patients16,17,. In PH group 1, 16 different mutations were identified in PAH patients, 93.6% of them 97 

were missense mutations, most of them were heterozygous, and only one patient was identified with a 98 

homozygous mutation16, and by the fact that KCNK3 mutation carriers’ are younger and have higher 99 

mPAP at diagnosis14.. 100 

We have recently developed the first Kcnk3-mutated rat line with a Kcnk3-LOF-mutation 101 

(Kcnk3Δ94ex1/Δ94ex1), which develops exaggerated PH when challenged with either monocrotaline or 102 

chronic hypoxia18. Furthermore, Kcnk3-LOF-mutated rats are predisposed to pulmonary artery 103 

constriction, and have compromised endothelium-dependent and independent relaxation18. 104 

Assuming the importance of KCNK3 in the modulation of pulmonary vascular tone, and the fact that 105 

endothelial dysfunction in PH-LHD should induce KCNK3 dysfunction, we hypothesize that KCNK3 106 

dysfunction could be a key player in PH-LHD pathobiology and that Kcnk3-mutated rats are more 107 

susceptible to the development of PH secondary to LHD induced by LV pressure overload (AAC). 108 

  109 
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2. Methods 110 

Due to space limitation, an expanded methods section is provided in the Supplementary material online. 111 

2.1 Animals and surgical procedures 112 

The animal facility is licensed by the French Ministry of Agriculture (agreement N° C92-019-01). This 113 

study was approved by the Committee on the Ethics of Animal Experiments (CEEA26 CAP Sud). The 114 

animal experiments were approved by the French Ministry of Higher Education, Research and 115 

Innovation (N°#7757). The animal experiments were performed conforming to the guidelines from 116 

Directive 2010/63/EU on 22 September 2010 of the European Parliament on the protection of animals 117 

used for scientific purposes and complied with the French institution's guidelines for animal care and 118 

handling. 119 

Ascending Aorta constriction (AAC) was induced in rats under anaesthesia and analgesia, by placing a 120 

stainless steel hemoclip (0.6 mm internal diameter) on the ascending aorta via thoracic incision. The 121 

surgical procedure was carried out on 3-week old rats (WT / Kcnk3Δ94ex1/Δ94ex1, Kcnk3Δ94ex1/+ rats), under 122 

anaesthesia with a ketamine-xylazine mix (respectively, 75–10 mg/kg and 0.3 mL/100 g, i.p.). 123 

Buprenorphine chlorhydrate (0.03 mg/ kg, 0.2 mL/100g, s.c.) was administered twice daily for 3 days 124 

beginning at the end of the surgery. Age-matched Sham-operated animals (WT and Kcnk3-mutated) 125 

underwent the same procedure without placement of the clip. Echocardiographic measurement and 126 

closed-chest RV catheterization were performed in operated (AAC and Sham) animals 7 weeks after 127 

surgery. After RV catheterization, under profound anaesthesia (isoflurane 5%), the animals were 128 

euthanized by exsanguination (section of the descending abdominal aorta) and tissues harvest were 129 

performed in all animals. 130 

2.2 Statistical analyses 131 

All statistical tests were performed using GraphPad Prism software (GraphPad, version 8.0 for 132 

Windows). All data were verified for normal distribution using Shapiro-wilk normality. Positively 133 

skewed data was log-transformed for analysis, while for clarity reasons graphical representations are 134 

shown in their original scale. All values are reported as mean ± S.E.M. For experiments with more than 135 

5 samples, the difference between groups was assessed by two-way ANOVA analysis completed by 136 

Sidak’s multiple comparisons test for post hoc analyses. For experiments with less than 5 samples, the 137 

https://oup-silverchair-cdn-com.proxy.insermbiblio.inist.fr/oup/backfile/Content_public/Journal/cardiovascres/114/6/10.1093_cvr_cvy016/1/cvy016_supplemental_information.docx?Expires=1593261403&Signature=k7sGEYA7Oj3P4p9taVHwUMWbDO3jSm1jsDHt7N0xQjNejKispk3JvtPzziFfOfyLQGAtw8uqBrlTN8U1KPHPOjdMpB0T5r9-ZZaOqXMukR6vFf1UITnYFVZFNtfuIOWKuep8~g0rYY2j5d~dEuzofMzAH3Dtonnn3Zpp7yOw51fEOhmSfq1Xaf6nItJJsqonfRyTv80Mf9d--4xwkNDHr4fNkw~3rCA1ELBVz~JFqVwz5NTp5JnvaQSCh7vwXH3wgXIfLr1fkSIK10DoPajpYQRrZWl1Z0okEpnw-s32TepA-4D90ph-FtcGwEsII2T87-758WQePyqNoIxrdcuoRw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
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difference between two groups was assessed by one-way ANOVA analysis completed by Dunn’s 138 

multiple comparisons test for post hoc analyses after non-parametric ANOVA (Kruskal-Wallis). 139 

Differences were considered statistically significant at p-values < 0.05. 140 

 141 

 142 

 143 

Results 144 

AAC-induced LV pressure overload leads to concentric hypertrophy 145 

To determine the role of Kcnk3 channel in the development PH-LHD, we attempted to induce PH 146 

secondary to LV pressure overload by performing ascending aorta constriction (AAC), in WT and 147 

Kcnk3-mutated rats (homozygous and heterozygous Kcnk3-mutated rat, Kcnk3Δ94ex1/Δ94ex1 and 148 

Kcnk3Δ94ex1/+, respectively) as compared to littermate Sham animals, as previously described19. For 149 

clarity reasons, we present all results obtained in heterozygous Kcnk3-mutated rats in the supplemental 150 

material. 151 

Three weeks old animals were submitted to AAC, and after 7 weeks, cardiac structure and function was 152 

evaluated by echocardiography. LV cavity sizes remained within the normal range, resulting in unaltered 153 

LV ejection fraction (LVEF) in our different genotypes (Figure 1A and B). AAC resulted in significant 154 

LV wall hypertrophy (as evaluated by LV wall thickness (LVWT), as relative wall thickness (RVWT) 155 

was also increased (Figure 1C). LV hypertrophy were confirmed at the whole organ and cardiomyocyte 156 

level (Figure 1D, E and F), and revealed a concentric hypertrophy pattern (Figure 1G), in both WT and 157 

Kcnk3-mutated animals submitted to pressure overload (AAC). Similar results were obtained in 158 

heterozygous Kcnk3-mutated rats (Supplemental Figure 1). 159 

Of note, the aortic mean and peak gradient across the constriction were not different between WT and 160 

homozygous or heterozygous Kcnk3-mutated animals (Supplemental Figure 2). No changes in Kcnk3 161 

mRNA expression was detected in either ventricles or lung after AAC-surgery (Figure 1H). 162 

Kcnk3-LOF mutation leads to LV diastolic dysfunction 163 

Despite similar LV hypertrophic responses and preserved LVEF, diastolic function was compromised 164 

in Kcnk3-mutated rats (Figure 2A). Doppler-derived trans-mitral flow showed an increase in peak early 165 
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diastolic flow velocity (E-wave) in AAC-Kcnk3Δ94ex1/Δ94ex1 rats (Figure 2B). Furthermore, tissue Doppler 166 

imaging-derived mitral annular early diastolic peak myocardial velocity (e’) was significantly decreased 167 

in Kcnk3-mutated rats (Sham or AAC conditions), resulting in a quasi-significant increase in the E/e’ 168 

ratio in Kcnk3-mutated rats, suggesting increased LV filling pressures. Myocardial relaxation dynamics 169 

(IVRT, Figure 2C) were affected by surgery, but was uninfluenced by the genotype. A similar pattern 170 

was observed in Kcnk3Δ94ex1/+ rats, in which E/e’ was significantly increased, despite an apparently e’ 171 

velocity (Supplemental Figure 3A and B). The diastolic alterations present in Sham-Kcnk3-mutated rats 172 

suggests that Kcnk3-LOF mutation compromises myocardial compliance, predisposing Kcnk3-mutated 173 

rats to diastolic dysfunction. 174 

Underlying LV diastolic dysfunction, LV fibrosis was present in AAC rats, as shown by an increased 175 

proportion of interstitial fibrotic deposition (Figure 2D and E), even more pronounced in homozygous 176 

(Figure 2E) and heterozygous (Supplemental Figure 3C) AAC-Kcnk3-mutated rats. This increase was 177 

associated with an up-regulation of pro-fibrotic transcripts (Col3a1 and Periostin) in LV from AAC-178 

Kcnk3-mutated rats (Figure 2F, and Supplemental Table 1). Also associated with diastolic dysfunction, 179 

the LV of AAC-Kcnk3Δ94ex1/Δ94ex1 rats (re)expressed the pathological hypertrophic markers atrial and 180 

brain natriuretic peptides (Nppa and Nppb), and shifted towards the HF prone myosin heavy chain beta 181 

gene (Myh7) (Figure 2F, and Supplemental Table 1). The pro-inflammatory cytokine, Il6, gene 182 

expression was upregulated (6-fold). 183 

Left atrial (LA) dysfunction underlines Kcnk3 LOF mutation-associated with LV diastolic 184 

dysfunction 185 

In parallel to LV stiffness, we observed a significant dilation of the LA, associated with compromised 186 

LA function evaluated by LA emptying fraction (LAEF) (Figure 3A-C, and Supplemental Figure 3D 187 

and E), in homozygous and heterozygous Kcnk3-mutated rats submitted to AAC. As previously shown 188 

in human and rat heart20, we observed an atrial predominance for Kcnk3 expression (Figure 3D). This 189 

indicates that KCNK3 plays an important role in modulating LA function, and its LOF could affect 190 

atrioventricular flow, impaired in Sham-Kcnk3-mutated rats (Figure 2B, Supplemental Figure 3A). 191 

Indeed, altered gene expression, with activation of pro-remodelling signalling in AAC-Kcnk3Δ94ex1/Δ94ex1 192 

rats, could either trigger or result from LA structural and functional changes. Natriuretic peptides (Nppa 193 
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and Nppb) and Myh7 upregulation in LA tissue (Figure 3E, and Supplemental Table 1), as surrogates of 194 

hypertrophic and myocardial stretch signalling, and massive (> 100-fold) increase in Periostin and Il6, 195 

markers of fibrosis and inflammation, fits with the enlarged and dysfunctional LA seen in AAC-196 

Kcnk3Δ94ex1/Δ94ex1. These results demonstrate that Kcnk3-LOF mutation promotes LA remodelling and 197 

diastolic dysfunction in LV pressure overload condition, a common consequence of LV dysfunction 198 

playing a major role in patients with HFpEF21. 199 

Pulmonary hypertension is exaggerated in Kcnk3-mutated rats with AAC 200 

At the 10-week end-point, animals were submitted to right heart catheterization (RHC), using a closed-201 

chest approach to evaluate severity of PH. Compared to Sham groups, AAC resulted in the development 202 

of mild PH in AAC-WT rats, which was more severe in heterozygous and homozygous Kcnk3-mutated 203 

rats (Figure 4A and B, and Supplemental Figure 4B). RVSP was strongly correlated with LA dilation 204 

(LA maximal area), when looking at AAC rats, irrespectively of genotype, suggesting that PH had a 205 

passive/post-capillary component (Figure 4C), as a consequence of LA enlargement/dysfunction by 206 

Kcnk3 LOF-mutation. Sham-Kcnk3-mutated rats showed no significant increase in RVSP as compared 207 

to Sham-WT (Figure 4A and B, and Supplemental Figure 4B), contrarily to what we have previously 208 

shown in older Kcnk3-mutated rats18. This is likely due to the low number of sham animals. 209 

As a consequence of the development of PH, AAC-Kcnk3-mutated rats developed more RV hypertrophy 210 

compared to AAC-WT rats. RV free wall thickness (RVFWT, Figure 4D and E, and Supplemental 211 

Figure 4C), cardiomyocyte size, and normalized RV weight were increased in AAC-Kcnk3-mutated rats 212 

(Figure 4D-F). Although the Fulton index decreased in AAC animals (Figure 4F), as a consequence of 213 

LV hypertrophy, it was higher in AAC-Kcnk3-mutated rats when compared to AAC-WT (Figure 4F and 214 

Supplemental Figure 4C), a sign of RV hypertrophy, fitting with the increased RVSP observed in these 215 

group. Despite increased PH severity and RV hypertrophy, no significant changes were observed in RV 216 

function, with only a mild non-significant decreased in tricuspid annular plane systolic excursion 217 

(TAPSE) (Figure 4D, E), when comparing all experimental groups. Interestingly, TAPSE was decreased 218 

in Sham and AAC-Kcnk3-mutated animals, when compared directly to Sham-WT rats (p<0.05), 219 

suggesting that RV function was already compromised, albeit mildly, in animals with a Kcnk3-LOF 220 

mutation.   221 
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In AAC-Kcnk3Δ94ex1/Δ94ex1 rats, the development of PH and RV hypertrophy was paralleled with increased 222 

expression of overload/hypertrophic response-related genes (Nppa, Nppb and a shift in the Myh7/Myh6 223 

relation, Figure 4G, and Supplemental Table 1), as well as overexpression of pro-inflammatory (Il6) and 224 

pro-fibrotic genes (Col3a1 and Periostin), which resulted in increased interstitial fibrosis deposition in 225 

AAC-Kcnk3Δ94ex1/Δ94ex1 rats (Figure 4D and E) compared to the AAC-WT rats. Overall, these results 226 

indicate that Kcnk3-dysfunction facilitates the development of PH-LHD. 227 

Using frozen RV samples, we measured the myofilament properties of isolated skinned RV 228 

cardiomyocytes, where we found only a trend towards increased passive tension development in AAC-229 

rats (WT and Kcnk3-mutated rats, Supplemental Figure 4D), without differences between genotypes. 230 

Active tension and calcium sensitivity were not changed (Supplemental Figure 4D). 231 

Interestingly, and in agreement with the increase in RVSP, Sham-Kcnk3Δ94ex1/Δ94ex1 animals showed a 232 

significant increase in RV cardiomyocyte size (Figure 4E). Unexpectedly, and without changes in the 233 

analysed pro-remodelling transcripts, Sham-Kcnk3-mutated rats had a significantly higher percentage 234 

of fibrosis deposition in the RV. 235 

No differences were observed in mean carotid arterial pressure, while cardiac output was decreased in 236 

AAC-rats, irrespectively of the genotype (Supplemental Figure 4A and B), which could be a 237 

consequence of LV diastolic dysfunction leading to compromised LV filling.  238 

The development of PH resulted in mild right atrial dilation together with non-significant increase in 239 

HF and pro-fibrotic gene expression, in Kcnk3-mutated rats (homozygous and heterozygous) 240 

(Supplemental Figure 5A-E). 241 

Extensive pulmonary vascular remodelling supports the development of PH in AAC- 242 

Kcnk3Δ94ex1/Δ94ex1 rats 243 

Supporting the development of PH in AAC-rats and in comparison with Sham-group, we observed 244 

profound pulmonary structural remodelling in AAC-Kcnk3-mutated rats as media 245 

hypertrophy/hyperplasia in pulmonary arteries and neomuscularization of the small distal and normally 246 

not muscularized pulmonary vessels (Figure 5A, B). Semi-quantitative morphometric analysis of 247 

pulmonary vessels remodelling including arterioles and veinules indicated a greater proportion of 248 

pulmonary vessel remodelling in Sham-Kcnk3-mutated rats vs Sham-WT, and that all pulmonary vessels 249 
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were remodelled in AAC-Kcnk3-mutated rats compared to AAC-WT rats (Figure 5C). The pulmonary 250 

vessels wall area was increased in AAC-Kcnk3-mutated rats (Figure 5C and Supplemental Figure 6A). 251 

We observed the presence of adventitial/perivascular oedema in AAC-induced PH animals (Figure 5D 252 

and E, and Supplemental Figure 6B), as well as a decrease in Ctnnd1 expression (Figure 5F), which 253 

codes for p120-catenin, an important regulator of endothelial permeability. Despite that, adventitial area 254 

was significantly higher in Kcnk3Δ94ex1/Δ94ex1 rats (Figure 5E, and Supplemental Figure 6B). 255 

Interestingly, both adventitial area was increased and Ctnnd1 expression was  decreased in Sham-Kcnk3-256 

mutated rats, suggesting that the Kcnk3-LOF compromises endothelial integrity, leading to perivascular 257 

leakage, and ultimately supporting increased pulmonary pressures22, and sensitizing the pulmonary 258 

circulation to an exaggerated response to passive pressure increases. 259 

Not only the vasculature, but also the lung parenchyma was altered in AAC-induced PH, and aggravated 260 

with Kcnk3-LOF. In most of AAC-Kcnk3-mutated rats we observed severe lung injury with prominent 261 

enlargement of alveolar septa (Figure 5G), and inflammatory exudates (Figure 6D). Due to the lack of 262 

validated markers capable of differentiating arteries and veins, the assessment of vein remodelling in 263 

lung vascular diseases is an ambitious task, requiring accurate identification of venous vessels. In 264 

rodents, a reliable histologic item to identify pulmonary veins is based on the presence of a 265 

cardiomyocyte coat around pulmonary veins. Unfortunately, we did not find enough cardiomyocytes 266 

coat pulmonary veins to quantify their remodelling. However, when we succeeded to identify some 267 

cardiomyocytes-coated pulmonary veins in AAC-rats and we observed a severe interstitial oedema in 268 

the adventitial layer (Supplemental Figure 7A). In AAC-rats, we also observed that pulmonary veins 269 

wall thickness was increased with severe adventitial oedema and lymphangiectasis (Supplemental 270 

Figure 7B), indicating that large pulmonary veins were remodelled in AAC-rats. 271 

Similarly to Kcnk3Δ94ex1/Δ94ex1, we also found a significant increase in pulmonary vessel wall thickening, 272 

adventitia area in Kcnk3Δ94ex1/+ (Supplemental Figure 6A, B) and the presence of foci alveolar wall 273 

thickening in AAC-Kcnk3Δ94ex1/+ rats (data not shown), with significant parenchymal remodeling 274 

(Supplemental Figure 6C). 275 

Characterization of pulmonary remodelling 276 
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To evaluate the consequence of Kcnk3-LOF in AAC context on in situ lung cell proliferation, we 277 

visualized cells undergoing DNA replication by imaging the incorporation of 5-ethynyl-2’-deoxyuridine 278 

(EdU; white or pink nucleus in Figure 6). We observed very few EdU-positive cells in the lung 279 

parenchyma of Sham-WT or Sham-Kcnk3Δ94ex1/Δ94ex1 rats (data not shown). Underlying the pulmonary 280 

structural changes, we found an increase in lung proliferative cells (Figure 6A-C), including PASMCs, 281 

as the amount of αSMA and EdU positive cells was augmented in AAC-Kcnk3-mutated rats (p value = 282 

0.056) (Figure 6C). A larger accumulation of proliferating CD34+ cells was observed in lung from AAC-283 

Kcnk3Δ94ex1/Δ94ex1 rats compared with AAC-WT rats (Supplemental Figure 7C). 284 

The analysis of lung histology (HES) revealed that moderate alveolar septa enlargement was mostly 285 

characterized by the affluence of inflammatory cells (mostly mononuclear: monocytes, lymphocytes). 286 

In more severe cases, we observed that the alveolar septa enlargement was hypercellular, with many 287 

inflammatory cells (monocytes, lymphocytes), macrophages and interstitial oedema. Endo-alveolar 288 

macrophages were also visible (Figure 6D). Peri-bronchial inflammation was obvious in ACC-Kcnk3-289 

mutated rats (Figure 6E), whose histological score was aggravated compared with WT animals (Figure 290 

6F, and Supplemental Figure 6E). Elevated levels of Il-6 are described to hyper-activate STAT3 291 

signalling mediating the cell proliferation and cell survival23. In association with elevated lung Il-6 292 

mRNA and pulmonary cell proliferation in AAC-Kcnk3Δ94ex1/Δ94ex1 rats, we found an increase of STAT3 293 

phosphorylation (Figure 6G and H). 294 

Discussion 295 

Our findings, summarized in Figure 7, suggest that KCNK3 dysfunction plays a role in the development 296 

PH-LHD. In the context of LV pressure overload, we propose that Kcnk3-LOF mutation promotes (1) 297 

disruption of pulmonary endothelium integrity which leads to lung perivascular edema and PA 298 

adventitial remodelling, (2) inflammatory signaling (IL-6) which leads to increase PASMC proliferation 299 

promoting pulmonary vascular and parenchymal remodelling. (1) and (2) contribute to the increase in 300 

pulmonary vascular resistances. (3) Cardiac fibrosis links LV diastolic dysfunction to decreased LA 301 

compliance and abnormal pulmonary venous remodelling. All together these events act in favour of the 302 

aggravation of PH and the consequent RV hypertrophy and dysfunction in Kcnk3-mutated rats. Our 303 
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results are of major interest since understanding of molecular mechanisms involved in PH-LHD 304 

pathobiology are yet to be defined.  305 

 306 

KCNK3 is expressed in the rat and human heart20, with a clear atrial predominance, which is maintained 307 

in end-stage HF24. We have previously shown that Kcnk3 expression is decreased in the RV of PH 308 

animals and PAH patients, as well as in the pressure overloaded RV15. To understand the potential role 309 

of KCNK3 in LV pressure overload-induced PH, we measured its expression in heart and lungs. Kcnk3 310 

levels were unaltered by AAC surgery, in both LV and RV, and lungs. However, we observed enhanced 311 

expression in both right and left atria, in agreement with previously published literature, confirming that 312 

KCNK3 might play an important role in the function of atrial chambers. In human, both KCNK3 313 

upregulation and KCNK3-LOF mutations are associated with detrimental atrial electrophysiological 314 

alterations25. The important role of KCNK3 in LA could explain the LA enlargement in AAC-Kcnk3-315 

LOF-mutated rats. Directly or indirectly, LV diastolic dysfunction was associated with LA enlargement 316 

and functional compromise in AAC-Kcnk3-mutated rats. Inactivation of KCNK3 can lead to atrial 317 

enlargement when induced in the experimental context26. Signs of adverse LA remodelling in HF include 318 

increased expression of myosin heavy chain-β (Myh7)27, natriuretic peptides28 and Periostin29, all of 319 

which were upregulated in the LA of Kcnk3-mutated rats with LV pressure overload, and underlie the 320 

molecular mechanisms that resulted in compromised LA structure and function in these animals. 321 

Increased pulmonary pressures were highly correlated with LA size, which reveals the link between LA 322 

structural remodelling and the severity of PH. 323 

In the current work, a Kcnk3-LOF-mutation resulted in LV dysfunction, characterized by a pro-fibrotic 324 

remodelling and diastolic impairment, despite a similar degree of pressure-overload (gradient) and LV 325 

hypertrophic response. Bertero et al., recently demonstrated that KCNK3 knockdown upregulated the 326 

expression of Col3a1 and Lox in human pulmonary fibroblasts30, which could explain the increased 327 

expression of pro-fibrotic genes and fibrosis in all cardiac chambers. In association with increased RV 328 

and LV fibrosis in AAC-Kcnk3-mutated rats, we found an increase in Periostin expression. Periostin is 329 

known to modulate the transition of fibroblasts to myofibroblasts, collagen fibrillogenesis, ECM 330 

synthesis as well as the inflammatory response31. Moreover, Bruns et al., recently demonstrated that 331 
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Periostin-secreted from cardiac fibroblast drives cardiomyocyte dedifferentiation, contributing to RV 332 

dysfunction in experimental PH32. In our study increased Periostin in the 4 cardiac chambers could partly 333 

explain exaggerated peri-vascular inflammation and cardiac fibrosis.   334 

By contrast to our findings, a recent work using global kcnk3-deficient mice, submitted to transverse 335 

aortic constriction (TAC), develop reduced cardiac hypertrophy and preserved cardiac function 336 

compared to WT-TAC33. These opposite effects could be explained either by species/strain-specific 337 

differences, as in Wistar rats Kcnk3 expression is 2-fold higher in the RV as compared to LV15, while in 338 

the current manuscript, using Sprague-Dawley rats, we found no differences between the two ventricles. 339 

Moreover, in mice pulmonary vascular KCNK3 is not functional in PASMCs (Manoury B et al 2011), 340 

while KCNK3 plays a key role in the homeostasis of the pulmonary vasculature18. Recently, detailed 341 

species-related differences in the response to pressure overload34 have been described, fitting with the 342 

compromised ejection fraction in WT mice33, opposed to our WT rats. 343 

Either as a consequence of increased pulmonary resistances, direct RV effects of Kcnk3 decreased 344 

expression15, or Kcnk3-LOF-mutation in AAC animals, worsened RV hypertrophy and function in 345 

response to LV pressure overload, is an important observation, since a worse RV function predicts a 346 

deteriorated functional capacity in HF patients35, and affects treatment response in patients with 347 

HFpEF36 , making its evaluation in PH-LHD37 a requirement. RV cardiomyocyte hypertrophy and 348 

fibrosis in Sham-Kcnk3-mutated rats, suggests that the mutation itself promotes maladaptive 349 

remodelling, potentially having a direct consequence on RV adaptation in the context of LV pressure 350 

overload. The moderate deterioration RV function in our model could be explained by the improvement 351 

in RV perfusion secondary to AAC, recently shown to increase right coronary artery perfusion, leading 352 

to attenuation of RV functional and structural decline after MCT-exposure38. 353 

Generalized remodelling, involving most lung structures are associated with retrograde pressure build 354 

up-induced capillary injury11. Pulmonary arterial (pre-capillary component) and venous (post-capillary 355 

component) remodelling has been recently characterized in detail in patients with HF, irrespectively of 356 

EF, and correlated with disease severity8. Accordingly, AAC-Kcnk3-mutated animals, showed 357 

significant alterations in both pulmonary arteries and veins, with both lumen-compromising medial 358 

hypertrophy and neomuscularization of pulmonary vessels.  359 
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Adventitial restructuring, characterized by perivascular cuffing (fluid accumulation in the interstitial 360 

surrounding the vessels), which was previously described as a consequence of elevated pulmonary 361 

venous pressure22, was present in both AAC-groups (similar percentage of vessels with adventitial 362 

edema), but amplified in homozygous Kcnk3-mutated rats (larger adventitial area), which could be 363 

explain by decreased Ctnnd1 expression. Kcnk3-LOF-mutation was associated with lower Ctnnd1 364 

(p120-catenin) expression, a gatekeeper of endothelial barrier function and integrity39, even without LV 365 

pressure overload, predisposing these animals to endothelial injury, and asserting a causative role. We 366 

have previously shown that Kcnk3-mutated rats undergo endothelial-to-mesenchymal transition, with 367 

loss of CD31 expression, further contributing to endothelial barrier impairment. Unfortunately, we did 368 

not measure lung weight as a measure of congestion.  369 

In parallel, extensive parenchymal remodelling, characterized by alveolar septal thickening was patent 370 

in overloaded Kcnk3-mutated lungs. Similar alterations contribute to limited respiratory efficiency and 371 

effort capacity in HF patients with PH35. As indicated by our present results, alveolar septal enlargement 372 

observed in AAC-Kcnk3-mutated rats is at least the consequence of the increased CD34+ cells 373 

proliferation. CD34 is a marker of endothelial cells which is also used as a marker of hematopoietic 374 

stem cells, hematopoietic progenitor cells as well other non-hematopoietic cell types, including vascular 375 

endothelial progenitors 1 and embryonic fibroblasts40. Since Dierick et al., found that a population of 376 

pulmonary progenitor cells PW1+/CD34+ are recruited in mice and rat experimental PH models41, we 377 

could hypothesized that alveolar septal enlargement could also due to a larger accumulation of 378 

PW1+/CD34+ cells. 379 

In vivo, KCNK3 inhibition induced proliferation of CD4+ and CD8+ lymphocytes42, suggesting an 380 

activation of inflammatory processes. Moreover, kcnk3-deficient mice and fibroblast-derived induced 381 

pluripotent stem cells (iPSC) from patients with a Kcnk3-LOF mutation, showed an increased sensitivity 382 

to inflammatory stimulus43, with increased inflammatory mediators expression and an exaggerated 383 

infiltration of inflammatory cells in the lung. In harmony, increased IL6/STAT3 activation, which was 384 

recently demonstrated to play an important role in experimental and human PH-LHD44, was evident in 385 

AAC-Kcnk3-mutated rats, leading to extensive peri-bronchial inflammatory infiltrates, and overall 386 
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increased pulmonary cellular proliferation, including PASMC, sustaining pulmonary vascular wall 387 

remodelling.  388 

In AAC-Kcnk3-mutated rats, the inadequate pulmonary vascular remodelling and PH could shed some 389 

light on the development of unexplained disproportionate PH in LHD45. In some cases of PH-LHD, 390 

severe pulmonary vascular alterations persisted despite resolution of the underlying LV disease11. Our 391 

observation that Kcnk3-LOF exaggerates pulmonary vascular remodelling in the context of LV pressure 392 

overload, suggests that KCNK3-dysfunction might be associated with a lack of reverse remodelling, and 393 

therefore non-response to treatment. Recently, in AAC-induced LV pressure overload with pulmonary 394 

vascular remodelling, surgically removing the aortic constriction, normalized pulmonary vascular 395 

structure46, therefore using this approach would dissect if structural changes remain in the presence of a 396 

Kcnk3-mutation. 397 

Importantly, vascular changes were already present in Sham-Kcnk3-mutated rats, which could explain 398 

the exaggerated pulmonary remodelling in response to LV pressure overload in a Kcnk3-LOF-mutated 399 

rats. Underlying remodelling in unstressed conditions describes a pre-capillary component in AAC-400 

Kcnk3-mutated animals, which could explain the different response to LV pressure overload in the 401 

absence and presence of a Kcnk3-LOF mutation, and suggests that Kcnk3-dysfunction or reduced 402 

expression could not only worsen PH, but also compromise its reversibility/treatment in the context of 403 

HF. 404 

Several works have used either TAC or AAC to induce LHD or LV pressure overload and to study 405 

pulmonary vascular changes19,44. Although they might not replicate all the phenotypical characteristics 406 

of group 2 PH, it is clear that pulmonary vascular changes develop in response to a primary insult to the 407 

LV, and have granted experimental evidence for PH-LHD treatment, including sildenafil3. Inhaled 408 

iloprost showed a pulmonary-specific vasodilator effect in rats with AAC-induced PH5, which was 409 

confirmed in patients with HFpEF47. In animal model of PH-HFpEF, treprostinil attenuated the 410 

development of PH48. Both of these prostanoids stimulate KCNK3 currents in human PASMC13, 411 

providing that stimulation of KCNK3 activity might play a beneficial role in PH-LHD. 412 

Limitations 413 
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Other works have shown that PH-LHD development of experimental PH-LHD, with measurement of 414 

LV filling pressures in both AAC with19 or without metabolic syndrome associated LV disease44. 415 

Unfortunately we were unable to measure LV pressures, using our right heart catheterization, where LA 416 

or PCWP measurement is not possible49. Despite that, we show a clear concentric LV hypertrophy 417 

phenotype, characteristic of LV pressure overload in the rat34. 418 

Our echocardiographic analysis lacks E/A wave analysis. Due to the elevated heart rate of small animals, 419 

and equipment capabilities, E and A wave separation was not observed in all animals. Indeed, we were 420 

only able to measure the A wave in around 60% of animals, and without differences between groups, 421 

due to the small number of measurements (data not shown). Despite that, in the animals where peak 422 

separation occurs, E > A, allowing us to measure E peak velocity with a significant degree of confidence 423 

in all animals, we showed that homozygous AAC-Kcnk3-mutated rats had an increased E/e’ ratio.  424 

The access to lung from patients with PH-LHD is extremely difficult, since most of these do not undergo 425 

to surgical procedures, we are not able to measure KCNK3 function and expression in human PH-LHD 426 

patients. Furthermore, the genetic variations of PH-LHD patients have been barely studied50, 427 

consequently no information is available regarding the presence of mutation in KCNK3. 428 

We acknowledge that our model does not represent a pure phenotype of passive PH-LHD.. Despite that, 429 

we undoubtedly demonstrate that the presence of a Kcnk3-LOF-mutation aggravates pulmonary vascular 430 

remodelling and PH, generating new hypothesis for the understanding of the pathophysiology.  431 

Conclusion 432 

PH secondary to LHD is a common disease, but without specific therapies and a poorly understood 433 

pathophysiology. With this work, we established KCNK3 as an important mediator of PH in the context 434 

of LV pressure overload. Using Kcnk3-mutated rats and a model of AAC-induced LV concentric 435 

hypertrophy, we revealed a compromised left heart compliance, and disproportionate pulmonary 436 

remodelling, associated with pro-inflammatory and proliferative processes, ultimately leading to 437 

exaggerated PH and RV dysfunction. Either by sensitizing the pulmonary circulation directly, or by 438 

worsening LV/LA function, we established the importance of KCNK3 in this pathology, and have 439 

opened the way for the development of new therapeutic options for this condition. 440 
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632 

Figure 1: AAC-induced LV pressure overload leads to concentric hypertrophy. (A) Parasternal 633 
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short axis (PSAX) projection with M-mode was used to quantify left ventricle structure and function. 634 

Scale bars, 5 mm (upper panels), horizontal bars represent 100 ms. (B) LViDd, LVIDs, LVEF in LV 635 

from Sham-WT (n=7), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=7-8), AAC-WT (n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 636 

rats (n=9). (C) LVWT, RWT in LV from Sham-WT (n=7), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=8), AAC-WT 637 

(n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=9). (D) Immunofluorescence images of LV sections stained 638 

with FITC-conjugated wheat germ agglutinin (WGA, 50 μg/mL, green) and 4′,6-diamidino-2-639 

phenylindole (DAPI, blue). Scale bar, 50 μm. (E) Quantification of cardiomyocytes cross section area 640 

(CSA, 5 different rats for each group) (F) LV /TL in Sham-WT (n=5), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=10), 641 

AAC-WT (n=11) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=15). (G) Schematic representation of concentric 642 

LV hypertrophy. (H) Relative mRNA expression (2-∆∆Ct) of kcnk3 in LV, RV, lung from Sham-WT 643 

(n=5-6) and AAC-WT rats (n=5-6). Experiments were normalized to 18S mRNA and statistical analysis 644 

performed using ∆Ct values. Data are represented as scatter dot plots, with mean ± SEM. Experiments 645 

presented in panel A-D and F-H were analyzed using two-way ANOVA followed by Sidak’s post hoc 646 

test, and experiments presented in panel E were analyzed using one-way ANOVA followed by Dunn’s 647 

post hoc test after Kruskal-Wallis test, **p<0.01, ****p<0.0001. LVEF, LVWT, cardiomyocyte CSA 648 

and LV/TL were not normally distributed, and were log-transformed prior to statistical analysis. 649 
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650 

Figure2: Kcnk3-LOF mutation leads to LV diastolic dysfunction. (A) Mitral inflow and mitral 651 
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annulus velocity analysis, using pulse wave Doppler (PWD) and tissue-Doppler imaging (TDI). Vertical 652 

bars, 50 (upper) and 5 (lower panel) cm/s, horizontal bars represent 100 ms. (B) Left panel: E-wave, 653 

middle panel: é, right panel: E/é from Sham-WT (n=6-7), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=7-8), AAC-WT 654 

(n=7-8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=8-9). (C) IVRT from Sham-WT (n=5), Sham-655 

Kcnk3Δ94Ex1/Δ94Ex1 (n=8), AAC-WT (n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=9). (D) Representative 656 

images of interstitial collagen deposition in LV tissue sections stained with sirius red from WT and 657 

Kcnk3-mutated sham or AAC rats. Scale bar, 100 µm. (E) Analysis of the percentage of LV interstitial 658 

collagen staining in Sham-WT (n=3), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=3), AAC-WT (n=4) and AAC-659 

Kcnk3Δ94Ex1/Δ94Ex1 rats (n=3). (F) Relative mRNA expression (2-∆∆Ct) of Myh6, Myh7, Nppa, Nppb 660 

Col1a1, Col3a1, Periostin and IL-6 (Heatmap representation of the mean) in LV from Sham-WT (n=6), 661 

Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=5), AAC-WT (n=6) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=6). Experiments 662 

were normalized by 18S mRNA and analyzed using ∆Ct values (for a full statistical analysis refer to the 663 

supplemental material). Data is represented as scatter dot plots, with mean ± SEM. Experiments 664 

presented in panel A-D and F were analyzed using two-way ANOVA followed by Sidak’s post hoc test, 665 

and experiments presented in panel E were analyzed using one-way ANOVA followed by Dunn’s post 666 

hoc test after Kruskal-Wallis test. *p<0.05, **p<0.01 and ***p<0.001. Fibrosis was not normally 667 

distributed, and was log-transformed prior to statistical analysis. 668 
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669 

Figure 3: Left atrial (LA) dysfunction underlines Kcnk3-LOF mutation-associated LV diastolic 670 
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dysfunction. (A) Using an apical four chamber projection (A4C) we quantified left atrial (LA) 671 

dimensions. IAS – interatrial septum; IVS – interventricular septum; LV – left ventricle; RA – right 672 

atria; RV – right ventricle. Dashed white boxes represent the zoomed sections in the lower panel, and 673 

the blue shaded area delineates the LA. Vertical bars, 0.5 cm, horizontal bars represent 100 ms. (B) Left 674 

panel: LAAmax, right panel: LA emptying fraction from Sham-WT (n=7), Sham-Kcnk3Δ94Ex1/Δ94Ex1 675 

(n=7-8), AAC-WT (n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=9), and (C) LA/tibia length from Sham-676 

WT (n=5), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=10), AAC-WT (n=10) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=15). 677 

(D) Relative mRNA expression (2-∆∆Ct) of Kcnk3 in LV, RV, LA and RA from Sham-WT (n=6). 678 

Experiments were normalized by 18S mRNA and analyzed using ∆Ct values. (E) Relative mRNA 679 

expression (2-∆∆Ct) of Myh7, Nppa, Nppb, Periostin and IL-6 (Heatmap representation of the mean) in 680 

LA from Sham-WT (n=5), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=6), AAC-WT (n=5) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 681 

rats (n=7). Experiments were normalized by 18S mRNA and analyzed using ∆Ct values (for a full 682 

statistical analysis refer to the supplemental material). Data is represented as scatter dot plots, with mean 683 

± SEM. Experiments were analyzed using two-way ANOVA followed by Sidak’s post hoc test. 684 

*p<0.05and ***p<0.001. LAAmax, LA/TL and Kcnk3 expression were not normally distributed, and 685 

were log-transformed prior to statistical analysis. 686 
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687 

Figure 4: Pulmonary hypertension is exaggerated in Kcnk3-mutated rats with AAC. (A) 688 
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Representation of the record of right ventricular pressure (RVP in mmHg) using right heart 689 

catheterization. (B) Quantification of RVSP (in mmHg) (SHAM; WT=5, Kcnk3Δ94Ex1/Δ94Ex1 =8, AAC; 690 

WT=13, Kcnk3Δ94Ex1/Δ94Ex1 =19 rats) (C) Correlation (Spearman) between RVSP and LAAmax in AAC-691 

WT (n=3), AAC-Kcnk3Δ94Ex1/+ (n=6) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 (n=5) rats. (D) M-mode 692 

echocardiographic determination of RV free wall thickness (RVFW) and tricuspid annular plane systolic 693 

excursion (TAPSE, upper panels). Representative images of RV cardiomyocytes size (WGA staining) 694 

and RV interstitial collagen deposition (Sirius red staining, lower panels). Vertical bars, 0.5 cm (M-695 

Mode) and horizontal bars represent 100 ms, 50 μm (WGA staining), and 100 μm (Sirius red). (E) First 696 

panel: RVFWT; and second panel: TAPSE from Sham-WT (n=7), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=7-8), 697 

AAC-WT (n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=9). Third panel: RV cross section area; and fourth 698 

panel:  analysis of the percentage of RV interstitial collagen staining from Sham-WT (n=5), Sham-699 

Kcnk3Δ94Ex1/Δ94Ex1 (n=5), AAC-WT (n=5) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=5). (F) RV / tibia length 700 

ratio and Fulton index from Sham-WT (n=5-8), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=9-11), AAC-WT (n=9-14) 701 

and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=14-17). (G) Relative mRNA expression (2-∆∆Ct) of Myh6, Myh7, 702 

Nppa, Nppb, Col1a1, Periostin and IL-6 (Heatmap representation of the mean) in RV from Sham-WT 703 

(n=6), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=5), AAC-WT (n=6) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=7). 704 

Experiments were normalized by 18S mRNA and analyzed using ∆Ct values (for a full statistical 705 

analysis refer to the supplemental material). Data is represented as scatter dot plots, with mean ± SEM. 706 

Experiments were analyzed using two-way ANOVA followed by Sidak’s post hoc test after Kruskal-707 

Wallis test. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. RVSP, RV CSA, RV Fibrosis, RV/TL 708 

and Fulton were not normally distributed, and were log-transformed prior to statistical analysis. 709 
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710 

Figure 5: Analyses of pulmonary alteration in AAC-Kcnk3Δ94ex1/Δ94ex1 rats. (A) Representative 711 
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photography of HES staining of lung from AAC-Kcnk3-mutated rats. Upper panel: Smooth muscle cell 712 

hypertrophy/hyperplasia in pulmonary arteries, Lower panel: neomuscularization of the small distal and 713 

normally not muscularized pulmonary vessels. Scale bars, 50 (upper) and 15 μm (lower) (B) HES 714 

staining on lung slice from Sham and AAC WT or Kcnk3Δ94ex1/Δ94ex1 rats. Scale bar, 100 μm. (C) Left 715 

panel: Quantification of vessel wall area (µm²). Right panel: Analysis of the vascular remodeling score 716 

in Sham and AAC WT or Kcnk3Δ94ex1/Δ94ex1 rats. Sham-WT (n=4), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=4), AAC-717 

WT (n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=8). (D) Illustrative of lung perivascular edema in AAC-718 

Kcnk3-mutated rats. Scale bar, 50 μm. (E) Left  panel, percentage of vessels with large adventitia (which 719 

could be measured). Right panel, Quantification of adventitia surface area (µm²) in Sham-WT (n=4), 720 

Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=4), AAC-WT (n=8) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=9). (F) Relative 721 

mRNA expression (2-∆∆Ct) of Ctnnd1 (encoding p120Catenin) in lung from Sham-WT (n=6), Sham-722 

Kcnk3Δ94Ex1/Δ94Ex1 (n=5), AAC-WT (n=6) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=5). Experiments were 723 

normalized by 18S mRNA and analyzed using ∆Ct values. (G) Left panel, illustrative images of severe 724 

lung injury with prominent enlargement of alveolar septa and inflammatory exsudates observed in AAC-725 

Kcnk3-mutated rats. Scale bar, 500 and 100 μm. Right panel, Analysis of the parenchym alteration score 726 

in Sham-WT (n=4), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=4), AAC-WT (n=4) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats 727 

(n=4). Data is represented as scatter dot plots, with mean ± SEM. Experiments presented in panel A-B 728 

and D-F were analyzed using two-way ANOVA followed by Sidak’s post hoc test, and experiments 729 

presented in panel C and G were analyzed using one-way ANOVA followed by Dunn’s post hoc test 730 

after Kruskal-Wallis test. *p<0.05, **p<0.01. Vascular wall area, edema and adventitial area were not 731 

normally distributed, and were log-transformed prior to statistical analysis. 732 
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733 

Figure 6:  Characterization of pulmonary remodelling in AAC-rats. (A) Immunofluorescent 734 
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staining of frozen rat lung sections and confocal imaging with Click-iT 5-ethynyl-2’-deoxyuridine 735 

(EdU; white or pink nuclei=EdU-positive nuclei=proliferating cells) in combination with α-smooth-736 

muscle actin (α-SMA; in green) in AAC-WT and AAC-Kcnk3-mutated rats. Counterstain was DAPI 737 

(blue). EdU positive nuclei are indicated by yellow/white arrows, and vessel lumen is indicated (v). 738 

Scale bar, 50 μm (left panels) and 20 μm (right panels). (B) Quantification of the percentage of lung 739 

proliferating cells (% of EdU-positive nuclei) in Sham-WT (n=5), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=6), AAC-740 

WT (n=6) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=6). (C) Quantification of the proportion of EdU positive 741 

+ αSMA positive cells in in Sham-WT (n=3), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=3), AAC-WT (n=4) and AAC-742 

Kcnk3Δ94Ex1/Δ94Ex1 rats (n=6). (D) Upper panel, in a group of AAC-kcnk3-mutated rats alveolar wall 743 

appeared thickened. The alveolar septa enlargement is characterized by the affluence of inflammatory 744 

cells (mostly mononucleated), and at some degree to alveolar oedema. Lower panel, in severe cases the 745 

alveolar septa enlargement is hypercellular, with many inflammatory cells (red arrow), macrophages 746 

(blue arrow) and interstitial oedema (black star). Endoalveolar macrophages are also visible (dark blue 747 

arrows). No fibrin deposits nor alveolar necrosis are observed. Scale bars, 100 and 50 (zoom) μm. (E) 748 

Severe peri-bronchial/perivascular inflammation, extending in peri-bronchiolar alveoli. Scale bars, 100 749 

and 25 (zoom) μm. (F) Analysis of the peri-bronchiolar inflammation score in Sham-WT (n=4), Sham-750 

Kcnk3Δ94Ex1/Δ94Ex1 (n=4), AAC-WT (n=4) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=4). (G) Western blot 751 

images of the phosphorylation of STAT3 protein in lung lysates. (H) Quantification of the 752 

phosphorylation of STAT3 protein in lung from Sham-WT (n=6), Sham-Kcnk3Δ94Ex1/Δ94Ex1 (n=6), AAC-753 

WT (n=6) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 (n=7) rats (See the complete unedited gel in Supplemental figure 754 

8) (I) Relative mRNA expression (2-∆∆Ct) of Il-6 in lung from Sham-WT (n=6), Sham-Kcnk3Δ94Ex1/Δ94Ex1 755 

(n=6), AAC-WT (n=4) and AAC-Kcnk3Δ94Ex1/Δ94Ex1 rats (n=4). Experiments were normalized by 18S 756 

mRNA and analyzed using ∆Ct values. Data is represented as scatter dot plots, with mean ± SEM. 757 

Experiments presented in panel A-B, D-E, G-H and I were analyzed using two-way ANOVA followed 758 

by Sidak’s post hoc test, and experiments presented in panel C and F were analyzed using one-way 759 

ANOVA followed by Dunn’s post hoc test after Kruskal-Wallis test,***p<0.001. *p<0.05, **p<0.01 760 

and ***p<0.001. Edu+ and Edu+/αSMA+ and Stat3 phosphorylation were not normally distributed, and 761 

were log-transformed prior to statistical analysis. 762 
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763 

Figure 7. Proposed sequence of events arising from Kcnk3-LOF mutation in context of LV 764 

pressure overload. In context of LV pressure overload, we propose that Kcnk3-LOF mutation promotes 765 

(1) the disruption of pulmonary endothelium integrity (with a decreased expression of p120 catenin in 766 

lung from Sham-Kcnk3-mutated vs Sham-WT rats) which leads to lung perivascular oedema and PA 767 

adventitial remodelling, (2) the inflammatory signalling (Increased expression of IL-6 in lung, LV, RV 768 

and LA from AAC-Kcnk3-mutated rats) which leads to increase PASMC proliferation and promoting 769 

pulmonary vascular remodelling and parenchymal remodelling. (1) and (2) contribute to the increase of 770 

pulmonary vascular resistances. and (3) the cardiac fibrosis (with an increased expression of Col1A1 771 

and periostin in LV and RV from AAC-Kcnk3-mutated rats) link to LV diastolic dysfunction, decreased 772 
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of LA compliance and abnormal pulmonary venous remodelling. All together these deregulations act in 773 

favour of the aggravation of pulmonary hypertension and the consequent RV hypertrophy and 774 

dysfunction. All these events are responsible for the development of more severe PH-induced by LV 775 

pressure overload in Kcnk3-mutated rats.  776 

 777 


