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Introduction
Right ventricular dysfunction (RVD) predicts worse clinical outcomes, including death, in patients with 
heart failure (HF) (1–6) and pulmonary hypertension (PH) (7–9), irrespective of  etiology, left ventricular 
(LV) function, or pulmonary artery pressures. Although RVD is largely a consequence of  PH, left heart 
disease is the most common etiology of  PH, and HF patients with RVD outnumber other PH patients with 
RVD. More than half  of  all HF patients are estimated to have RVD: 25%–50% of  HF patients with pre-
served LV ejection fraction (HFpEF) and up to 75% of  those with reduced LV ejection fraction (HFrEF) (5, 
10, 11). Strikingly, current guideline-directed HF pharmacotherapies neither reverse RVD nor prevent RV 
failure (RVF) (12). This discrepancy should not be surprising. The RV is distinct from the LV with regards 
to embryological origin, morphology, physiology, and response to stress. Diuretics, inotropic medications, 
and, in select cases, advanced pulmonary vasodilators are empiric medications used for managing RVF. 
However, none of  these improve long-term outcomes in HF patients, and there remain no RV-targeted 
therapies for either PH or HF patients.

To date, efforts in drug development for PH and HF have focused, respectively, on pulmonary vascular 
remodeling and LV function, not RV function directly. Preclinical studies have been challenged by limitations 
of  commonly used animal models that were developed to study pulmonary vascular disease rather than RV 
dysfunction or biventricular HF. Some studies have sought to identify molecular signatures of  RVF, using 
animal models (13–17) or human tissue (18–20). Most of  these were limited to animal models or patients with 
RV dysfunction but not RVF (13, 14, 16, 18, 19). These prior studies did not pursue experimental validation 
or mechanistic studies of  their potential molecular signatures of  RV dysfunction (13–20). All relied on biased 
pathway analyses of  select differentially expressed genes. Although widely used, pathway analyses are limited 

Right ventricular (RV) dysfunction is highly prevalent across cardiopulmonary diseases and 
independently predicts death in both heart failure (HF) and pulmonary hypertension (PH). 
Progression towards RV failure (RVF) can occur in spite of optimal medical treatment of HF or PH, 
highlighting current insufficient understanding of RVF molecular pathophysiology. To identify 
molecular mechanisms that may distinctly underlie RVF, we investigated the cardiac ventricular 
transcriptome of advanced-HF patients, with and without RVF. Using an integrated systems 
genomic and functional biology approach, we identified an RVF-specific gene module, for which 
WIPI1 served as a hub and HSPB6 and MAP4 as drivers, and confirmed the ventricular specificity 
of Wipi1, Hspb6, and Map4 transcriptional changes in adult murine models of pressure overload–
induced RV versus left ventricular failure. We uncovered a shift towards noncanonical autophagy in 
the failing RV that correlated with RV-specific Wipi1 upregulation. In vitro siRNA silencing of Wipi1 
in neonatal rat ventricular myocytes limited noncanonical autophagy and blunted aldosterone-
induced mitochondrial superoxide levels. Our findings suggest that Wipi1 regulates mitochondrial 
oxidative signaling and noncanonical autophagy in cardiac myocytes. Together with our human 
transcriptomic analysis and corroborating studies in an RVF mouse model, these data render Wipi1 
a potential target for RV-directed HF therapy.
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by an emphasis on individual genes, the resolution of  the associated knowledge base, potentially incorrect and 
inaccurate annotations, and lack of  dynamic information (21).

Here, we sought to analyze the ventricular transcriptome of  advanced-HF patients, with versus with-
out hemodynamically significant RVF, to identify gene networks that may be uniquely altered in RVF. We 
integrated weighted gene coexpression network analysis (WGCNA) with detailed hemodynamic indices of  
advanced-HF patients to identify a gene network (module) that correlated specifically with RVF. By validat-
ing gene hubs and drivers of  this network in murine HF models, we identified Wipi1 as a conserved medi-
ator of  RVF. Furthermore, silencing Wipi1 in aldosterone-stimulated, isolated neonatal rat cardiac myo-
cytes blunted excessive noncanonical autophagy and mitochondrial superoxide levels, suggesting Wipi1 as 
a potential target for therapeutic intervention.

Results
Clinical and hemodynamic characteristics of  advanced-HF patients. Clinical characteristics of  advanced-
HFrEF patients without RVF and thereby with LV failure (LVF) alone, advanced-HFrEF patients with 
RVF and thereby biventricular failure (BiV-HF), and nonfailing (NF) adult patients are listed in Sup-
plemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.122929DS1. The median (interquartile range) age was 61.5 (60.0–63.5) years for all advanced-HF 
patients and 51.0 (43.0–52.0) years for NF donors. There was no significant difference in age between LVF 
and BiV-HF patients. As would be expected, BiV-HF patients had higher rates of  inotropic medication 
use, lower rates of  beta blocker use, lower LVEF, and worse hemodynamic indices of  RV function than 
LVF patients (Supplemental Tables 1 and 2). Specifically, BiV-HF patients had markedly elevated right 
atrial pressure (RA), increased ratio of  RA to pulmonary capillary wedge pressure (RA/PCWP), lower 
systolic and mean arterial blood pressure (SBP and MAP), markedly decreased ratio of  mean arterial 
pressure to RA (MAP/RA), and lower cardiac index (CI) in spite of  greater inotropic support.

Transcriptomic analysis identifies a gene module uniquely associated with RVF. We used WGCNA to iden-
tify genetic pathways and groups of  genes that distinguish the RV from the whole heart (22). Using only 
genes that were expressed (average FPKM >1) and variable (coefficient of  variation >10% across all 
cohorts) in the RV, we partitioned 13,613 transcripts into 23 RV-derived gene modules. Each module 
was defined by a tighter clustering coefficient compared with the network as a whole. We examined the 
correlation of  the eigengene for each of  the 23 RV-derived network modules with hemodynamic indices 
of  RVF. Consequently, we identified one module that correlated significantly with elevated RA, elevated 
RA/PCWP, decreased SBP, and decreased CI (Supplemental Figure 1). This RV-derived, RVF-associated 
module contained 279 transcripts, of  which 245 were protein-coding genes, 30 were potentially novel 
transcripts, and 4 were noncoding RNAs (1 long intergenic noncoding RNA, 1 pseudogene, 1 regula-
tory RNA, and 1 antisense RNA). These 279 transcripts displayed an average of  6.9 connections per 
transcript (Figure 1). GeneAnalytics revealed that the module was enriched in genes involved in striated 
muscle contraction, cytoskeletal signaling, fMLP (N-formyl-Met-Leu-Phe) signaling, receptor tyrosine 
kinase EphB-EphrinB signaling, oxidative stress response, and protein metabolism (Supplemental Data 
Set 1). Other signaling pathways already known to be involved in HF — PKA signaling, PI3K/Akt 
signaling, Wnt signaling, and AMPK signaling — were also highlighted. Strikingly, the RVF-associated 
module appeared trilobed in structure. Two of  the 3 lobes had strong, distinct physiological themes — 
muscle filament sliding and striated muscle contraction (cardiac signaling lobe, Supplemental Data Set 
2); and neutrophil degranulation and innate immune system signaling (innate immunity signaling lobe, 
Supplemental Data Set 3). The cardiac signaling lobe was also enriched in genes involved in cytoskel-
etal signaling, cell death (apoptosis and autophagy), and intracellular membrane transport. The innate 
immune system signaling lobe was additionally enriched in genes involved in cytokine signaling, cell 
chemotaxis, and PLC signaling. The third lobe of  the RVF-associated module was moderately enriched 
in genes involved in Notch signaling, fMLP pathway, metabolism, calcium homeostasis, and ER stress 
(intracellular signaling lobe, Supplemental Data Set 4).

WIPI1, HSPB6, MAP4, SNAP47, and PRDX5 are potential determinants of  RVF. To elucidate the mech-
anisms by which the RVF-associated module may regulate RVF, we focused on (a) those genes with high 
connectivity to other genes (hubs) and (b) those with high positive or negative correlations to hemodynamic 
indices of  RVF (drivers or repressors). Of  the 10 hubs, only WIPI1 encoding autophagy and mitophagy 
WD repeat domain phosphoinositide-interacting protein 1 was (a) differentially expressed in RV of  BiV-HF 
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Figure 1. Visualization of lightgreen module correlated with composite right ventricular failure (RVF) index. All members of the lightgreen module are con-
nected at a coexpression correlation threshold of 0.667. The module network is filtered to show edges between transcript pairs with a coexpression correlation 
value ≥ 0.88. Gene set pathway analysis revealed a trilobar structure with signaling themes. Cyan edges delineate the “Cardiac Signaling Lobe,” purple edges 
delineate the “Innate Immunity Lobe,” and dark blue edges delineate the “Intracellular Signaling Lobe.” Node size reflects the betweeness centrality of the 
transcript; the larger the node size, the greater the betweeness centrality. Each node is also correlated to a composite index of hemodynamic parameters 
associated with RVF — right atrial pressure (RA), mean arterial pressure to RA ratio (MAP/RA), and pulmonary artery systolic pressure (PASP). Positive correla-
tions between transcript node and composite RVF index are represented in orange to red, thereby designating “drivers” of RVF. Negative correlations between 
transcript node and composite RVF index are represented in green, thereby designating “repressors” of RVF.
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hearts versus the RV of  either LVF or NF hearts, and (b) differentially expressed in RV versus LV of  BiV-HF 
hearts (Supplemental Table 3). Moreover, the expression of  WIPI1 correlated with multiple RVF-associated 
hemodynamic indices (Table 1).

To identify genetic drivers and repressors of  RVF, we examined the correlation of  each of  the 279 
transcripts within the RVF-associated module to RA, RA/PCWP, MAP/RA, pulmonary artery systolic 
pressure (PASP), SBP, and CI (Supplemental Data Set 5). Increased HSPB6, SNAP47, and MAP4 expression 
and decreased PRDX5 expression were associated with increased RA, PASP, and RA/PCWP and with 
decreased MAP/RA, SBP, and CI — consistent with RVF (Table 1).

Wipi1, Hspb6, and Map4 are upregulated only in the failing RV and not in the merely dysfunctional RV. To val-
idate their associations with RVF, we measured the ventricular expression of  Wipi1, Hspb6, Snap47, Map4, 
and Prdx5 in a mouse model of  pressure overload–induced RVF. Adult male C57BL/6J mice (age 10–12 
weeks) were subjected to moderate pulmonary artery banding (PAB, 25 g) or thoracotomy alone (sham) and 
assessed at 3-week intervals following surgery. By 3 weeks after PAB, RV systolic dysfunction and mild RV 
dilatation were echocardiographically evident (Figure 2, A–D). However, RVF, defined as markedly elevat-
ed RV end-diastolic pressure, diminished RV stroke volume, and pathological evidence of  elevated central 
venous pressure in the form of  hepatic congestion (increased liver weight/tibia length), did not manifest until 
9 weeks after PAB (Figure 2, E and F). By 9 weeks after surgery, PAB mice (PAB9wk) also developed mild 
pulmonary edema (increased lung weight/tibia length) and peripheral edema (increased BW/tibia length). 
Failing PAB9wk mice also demonstrated marked induction of  the fetal gene program, namely upregulation 
of  atrial natriuretic factor (Nppa), brain natriuretic peptide (Nppb), and skeletal α actin (Acta1), and switching 
of  cardiac myosin heavy chain isoforms to a predominance of  βMHC, encoded by Myhc7 (Figure 2G).

As in the human BiV-HF hearts, Wipi1, Hspb6, Snap47, and Map4 mRNA expression was increased 
in the failing RV of  PAB mice (PAB9wk-RV) compared with that of  time-matched sham (Sham9wk-RV) 
(Figure 3A). Transcriptional analyses at 3- and 6- weeks after surgery confirmed that Wipi1, Hspb6, and 
Map4 inductions were indeed specific to RVF (PAB9wk) and not associated with simply RV pressure 
overload or RV dysfunction. Western blot analysis confirmed increased protein expression at PAB9wk of  
WIPI1, HSPB6, and MAP4 but not SNAP47 (Figure 3, B and C). In contrast to the findings in human 
BiV-HF RV, there was increased Prdx5 transcript expression but no difference at the protein level between 
PAB9wk-RV and Sham9wk-RV.

Transcriptional upregulation of  Wipi1, Hspb6, and Map4 are specific to the failing RV and not evidenced in the failing 
LV. To confirm that these transcriptional changes were specific to the failing RV and not shared by the failing 
LV, we also assessed the expression of these gene hub and drivers/repressors in a mouse model of pressure 
overload–induced LVF (Supplemental Figure 2). Adult male C57BL/6J mice (age 10–12 weeks) were sub-
jected to severe transverse aortic constriction (TAC, 27 g) or sham and assessed at 3-week intervals following 
surgery. By 3 weeks after surgery, TAC mice developed increased LV mass and depressed LV systolic function. 
By 6 weeks after surgery, TAC mice (TAC6wk) progressed to severe LV dysfunction, LV dilatation, and overt 
LVF, as manifested by severe pulmonary edema on terminal morphometric analysis; induction of the fetal 
gene program was also confirmed. Expression of Wipi1, Hspb6, Snap47, Map4, and Prdx5 in the failing LV of  
TAC6wk mice was similar to that in LV of Sham6wk mice.

Table 1. Pearson’s correlation coefficients of RVF-associated drivers, repressor, and hub with hemodynamic indices

Gene
Correlation Coefficient (Pearson’s P value)

RVF Index
RA RA/PCWP MAP/RA PASP SBP CI

HSPB6 0.810 (<0.001) 0.803 (<0.001) –0.583 (0.023) 0.861 (<0.001) –0.642 (0.010) –0.688 (0.005) 0.75
SNAP47 0.735 (0.002) 0.727 (0.002) –0.689 (0.005) 0.686 (0.005) –0.761 (0.001) –0.575 (0.025) 0.70
MAP4 0.703 (0.003) 0.592 (0.020) –0.500 (0.058) 0.746 (0.001) –0.697 (0.004) –0.624 (0.013) 0.65
PRDX5 –0.679 (0.009) –0.660 (0.007) 0.600 (0.019) –0.630 (0.012) 0.602 (0.018) 0.745 (0.001) –0.64
WIPI1 0.528 (0.043) 0.477 (0.072) –0.455 (0.088) 0.664 (0.007) –0.624 (0.013) –0.442 (0.099) 0.55

RA, right atrial pressure; RA/PCWP, ratio of right atrial pressure to pulmonary capillary wedge pressure; MAP/RA, ratio of mean arterial pressure to 
right atrial pressure; PASP, pulmonary artery systolic pressure; SBP, systolic blood pressure; CI, cardiac index; RVF, right ventricular failure; RVF index is 
calculated as the average of three coefficients — the correlation coefficients for RA and PASP and the negative value of the correlation coefficient for 
MAP/RA. Pearson’s P values are presented in parentheses.
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In vitro silencing of Wipi1 partially protects against RVF-associated neurohormone-induced HF. WGC-
NA discovered modest to strong correlations between RVF-associated hub WIPI1 and each of our candidate 
RVF-associated drivers and repressors, suggesting potential functional or biological interactions between them 
(MAP4 R2 = 0.802, SNAP47 R2 = 0.726, HSPB6 R2 = 0.672, and PRDX5 R2 = 0.608). Our in vivo RVF mouse 
model validated that transcriptional changes in Wipi1 correlated with that of Hspb6 and Map4, thereby raising 

Figure 2. Pulmonary artery banding (PAB) induces progressive dilatation, functional decline, and eventual failure of the right ventricle (RV) over a 9-week 
course. C57BL/6J WT male mice were subjected to sham or PAB surgery and assessed at 3-week intervals, up to 9 weeks after surgery. Representative 
echocardiographic images of (A) tissue Doppler assessment of RV systolic function by lateral tricuspid annular systolic velocity S′, (B) M-mode assessment of 
TAPSE (tricuspid annulus planar systolic excursion), and (C) B-mode assessment of RV FAC (fractional area change) and RV diastolic dimensions (a, major axis 
dimension; b, mid-cavity dimension; c, basal dimension). (D) Summary of echocardiographic assessment of RV function and structure, n = 10–15 per group. 
(E) Terminal hemodynamic assessment of RV pressures (RVSP, RV peak systolic pressure; RVEDP, RV end-diastolic pressure) and stroke volume (SV) at 6 and 
9 weeks after surgery for PAB and sham mice, n = 5 per sham group, n = 4 per PAB group. (F) Morphometric assessment of hepatic congestion (Liver/TL, liver 
weight/tibia length), pulmonary edema (Lung/TL, lung weight/tibia length), and peripheral edema (BW/TL), n = 7–17 per group. (G) RT-qPCR analysis of fetal 
gene program in RV myocardium of PAB9wk versus Sham9wk, n = 7–10 per group. *P < 0.0001, †P < 0.1, §P < 0.01, ‡P < 0.05, **P < 0.001 versus respective sham 
unless otherwise indicated by comparison bar, by Tukey’s multiple-comparison testing following 2-way ANOVA for panels D–F; by 2-tailed, unpaired Student’s 
t test for panel G. Scatter dot plots with bars show individual values and mean ± SEM. Box-and-whisker plots show mean (+), median (midline), 25th and 75th 
percentiles (box), and minimum and maximum values.
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the hypothesis that Wipi1 might potentially regulate one or both of these RVF-associated drivers. As a genetic 
hub of RVF, Wipi1 may be a potential target for RVF therapy. Thus, we sought to ascertain the cardioprotective 
potential of silencing Wipi1 in an in vitro model of HF and its effect on RVF-associated drivers. Specifically, we 
cultured isolated neonatal rat ventricular myocytes (NRVMs) with aldosterone to mimic the neurohormonal 
activation predominantly associated with RV dysfunction and failure (23–26). In control NRVMs transfected 
with nontargeting siRNA (si-Scramble), neurohormonal stimulation with aldosterone significantly increased 
the expression of Nppa, Nppb, Acta1, and Myh7, consistent with induction of the fetal gene program in HF 
(Supplemental Figure 2). Specific siRNA (si-Wipi1) significantly knocked down Wipi1 expression in NRVMs 
by approximately 70% at both the mRNA and protein levels (Figure 4). Notably, silencing Wipi1 prevented 
aldosterone-induced upregulation of Myh7, suggesting that silencing Wipi1 may be partially protective against 
the neurohormone activation associated with RVF (Supplemental Figure 3).

Wipi1 regulates Map4 expression under conditions of  aldosterone activation. To determine whether RVF hub 
Wipi1 might regulate Hspb6, Map4, Snap47, and/or Prdx5, we also assessed the mRNA and protein expres-
sion of  these genes in si-Wipi1–transfected versus si-Scramble–transfected NRVMs. The effect of  silencing 
Wipi1 on Map4, Hspb6, Snap47, and Prdx5 varied. Silencing Wipi1 in NRVMs decreased Map4 transcript 
expression by 25%–30% relative to its expression in si-Scramble control NRVMs, under both basal and 
aldosterone-stimulated conditions (Figure 4, A and B). Aldosterone did not affect Map4 transcript levels 
in either si-Wipi1 or si-Scramble NRVMs. However, aldosterone did induce MAP4 protein expression in 
si-Scramble control NRVMs. This aldosterone-induced upregulation of  MAP4 protein expression was not 
observed in si-Wipi1 NRVMs (Figure 4C). In contrast, silencing Wipi1 had no impact on Hspb6 transcript 
expression. Aldosterone stimulated Hspb6 transcript expression in both si-Wipi1 and si-Scramble NRVMs. 
HSPB6 protein expression was consistent with transcript data. Neither silencing Wipi1 nor stimulating with 
aldosterone affected Snap47 or Prdx5 transcript or protein expression. Taken together, our findings validated 
the WGCNA-calculated correlation between Wipi1 and Map4 transcripts.

Wipi1 upregulation correlates with increased noncanonical autophagy in the failing RV. Because WIPI1 has 
been implicated in early autophagosome formation (27, 28), we investigated whether autophagy might 

Figure 3. Transcript and protein expression of WGCNA-identified, RVF-associated gene hub, drivers, and repressor in pulmonary artery banding (PAB) 
mouse model. RNA and protein were extracted from the RV of C57BL/6J WT male mice subjected to sham or PAB. (A) RT-qPCR analysis of Wipi1, Hspb6, 
Snap47, Map4, and Prdx5 in RV of sham and PAB mice at 3, 6, and 9 weeks after surgery. (B) Representative Western blots, and (C) summary densitometry 
analysis of Westerns, normalized to total protein stain, relative to sham control. Total protein stain not shown. *P < 0.001, †P < 0.01, ‡P < 0.05, §P = 0.06 by 
Tukey’s multiple-comparison testing following 2-way ANOVA for panel A; by 2-tailed, unpaired Student’s t test for panel C. n = 5–10 per group. Scatter dot 
plots with bars show individual values and mean ± SEM.
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be differentially dysregulated in the failing RV versus the failing LV. An autophagy-focused heatmap of  
our human ventricular transcriptomic data suggested differential dysregulation of  autophagy pathways in 
the failing RV versus the failing LV (Supplemental Figure 4). To substantiate this hypothesis, we sought to 
characterize autophagy in our mouse models of  RV versus LVF. We analyzed the expression of  autophagy 
proteins beclin-1 (BECN1) and microtubule-associated protein light-chain 3 (LC3), the ratio of  the phos-
phatidylethanolamine conjugate to the cytosolic isoform of  LC3 (LC3-II/I) as an index of  LC3-lipidation 
and autophagic flux (29), and phosphorylation of  serine-16 of  heat shock protein B6 (HSPB6) as a marker 
of  canonical autophagy (30) (Figure 5A). BECN1, HSPB6, WIPI1, and LC3I were all upregulated in 
PAB9wk-RV compared with Sham9wk-RV (Figure 5B). However, LC3II expression and the LC3-II/I ratio 
remained similar in PAB9wk-RV and Sham9wk-RV. Coupled with the finding that Ser16-phosphorylated 
HSPB6/total HSPB6 ratio remained low and unchanged in PAB9wk-RV relative to Sham9wk-RV (Figure 
5C), these findings suggest that in the failing RV, noncanonical autophagy is upregulated while canoni-
cal autophagy is not. In contrast, in the failing TAC6wk-LV, both HSPB6 and its Ser16 phosphorylation 
were increased relative to levels in Sham6wk-LV (Supplemental Figure 5), suggesting an upregulation of  
canonical autophagy in the failing LV. Hence, noncanonical autophagy may play a more significant role in 
the pathophysiology of  RVF, while p-Ser16-HSPB6–mediated, BECN1-dependent, canonical autophagy is 
more predominant in LVF.

Silencing Wipi1 prevents aldosterone-induced noncanonical autophagy in NRVMs. Given the central role for 
WIPI1 across multiple autophagy pathways (31, 32) and our finding of increased noncanonical autophagy in 
the RVF mouse model, we hypothesized that silencing Wipi1 might restore a physiological balance of autoph-
agy pathways by blunting the excessive noncanonical autophagy associated with RVF. We assessed the effect 
of silencing Wipi1 on BECN1 expression, LC3 lipidation, and phosphorylation of HSPB6 Ser16 in our in vitro 
model of RVF-associated neurohormone activation. Isolated NRVMs were transfected with either si-Scramble 

Figure 4. Effect of silencing Wipi1 on hub, drivers, and repressor of WGCNA-identified RVF-associated module. Neonatal rat ventricular myocytes (NRVMs) 
were transfected with scramble or Wipi1-specific siRNAs and then stimulated with aldosterone (Aldo, 1 μM) for 48 hours. (A) Effect of Aldo stimulation and 
Wipi1 silencing on transcript levels of WGCNA-identified RVF-associated genetic hub, drivers, and repressor (n = 9 per group from 3 independent experiments). 
(B) Representative Western blot. (C) Summary of Western analysis (n = 9–12 per group from 3–4 independent experiments). *P < 0.001, †P < 0.0001, ‡P < 0.01, 
§P < 0.05 by Tukey’s multiple-comparison testing following 2-way ANOVA. Scatter dot plots with bars show individual values and mean ± SEM.
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or si-Wipi1 and subsequently cultured for 48 hours, under serum-starved conditions, with or without aldoste-
rone. In si-Scramble control NRVMs, aldosterone did not affect BECN1 expression or LC3 lipidation but did 
decrease Ser16-HSPB6 phosphorylation in si-Scramble NRVMs (Figure 6, A and B). These results suggest that 
aldosterone inhibits p-Ser16-HSPB6/BECN1–dependent (canonical) autophagy while increasing noncanoni-
cal autophagy in cardiac myocytes for a net constant overall autophagic flux. Under basal conditions, silencing 
Wipi1 had no affect on BECN1 expression, LC3 lipidation, or Ser16-HSPB6 phosphorylation. However, under 
aldosterone stimulation, silencing Wipi1 decreased LC3 lipidation (LC3II/I ratio) without affecting Ser16-
HSPB6 phosphorylation relative to the respective si-Scramble control. Hence, silencing Wipi1 could selectively 
limit noncanonical autophagy under conditions of chronic aldosterone activation.

To further elucidate the role of WIPI1 in canonical versus noncanonical autophagy, we used 2 distinct 
autophagy inhibitors to differentiate the effects of Wipi1 silencing on these autophagy pathways. V-ATPase 
inhibitor bafilomycin A (BafA) blocks LC3II lysosomal degradation during canonical autophagy. Chloroquine 
(CQ) inhibits the fusion between the autophagosome and lysosome, thereby rendering it capable of revealing 
total autophagic flux, inclusive of both canonical and noncanonical autophagy (33, 34). Thus, the difference 
between the effects of CQ versus BafA on LC3-II/I ratios is attributed to noncanonical autophagy. Here, we 
transfected NRVMs with si-Wipi1 versus si-Scramble, treated them with either BafA or CQ, and then mea-
sured LC3-II/I ratios (Figure 6C). BafA increased LC3-II/I equally in si-Wipi1– and si-Scramble–transfected 

Figure 5. Noncanonical autophagy is upregulated in the failing right ventricle (RV) of pulmonary artery banding (PAB) 
mouse model. Protein lysates were prepared from RV of 9-week sham- or PAB-operated C57BL/6J WT male mice. (A) 
Western blots of autophagy proteins and total protein stain in nonfailing Sham9wk-RV and failing PAB9wk-RV. The HSPB6 
and WIPI1 blots shown are reused from Figure 3B. (B) Summary of Western analyses reveals upregulation of BECN1, HSPB6, 
WIPI1, and nonlipidated LC3 (LC3I) without an increase in either LC3 lipidation (LC3II and LC3II/I ratio) or (C) phosphorylation 
of HSPB6 Ser16 in failing PAB9wk-RV versus nonfailing Sham9wk-RV. This suggests a shift towards noncanonical autoph-
agy pathways in the failing RV. *P < 0.05, †P < 0.001 by 2-tailed Student’s t test; n = 8 per group. Scatter dot plots with bars 
show individual values and mean ± SEM.
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NRVMs, suggesting that canonical autophagy remains intact even when Wipi1 is silenced. However, silenc-
ing Wipi1 blunted the CQ-induced increase in the LC3-II/I ratio otherwise seen in si-Scramble–transfected 
NRVMs (Figure 6D), suggesting that Wipi1 plays a substantial role in noncanonical autophagy.

Silencing Wipi1 blunts aldosterone induction of  mitochondrial superoxide and mitochondrial protein oxidation. 
Recent studies have revealed an emerging relationship between mitochondrial oxidative stress and autophagy 
(35, 36). Thus, we investigated the effect of  silencing Wipi1 on mitochondrial superoxide levels in NRVMs 
subjected to aldosterone treatment. Aldosterone increased mitochondrial superoxide levels in si-Scramble con-
trol NRVMs, as observed with the MitoSOX Red superoxide indicator (Figure 7, A and B). Silencing Wipi1 
blunted aldosterone-induced mitochondrial superoxide but not that induced by hydrogen peroxide (H2O2). 
Neither aldosterone stimulation nor silencing Wipi1 negatively impacted cell viability (Figure 7C). Moreover, 
subsequent assessment of  the redox state of  mitochondrial proteins cyclophilin D (CYPD) and thioredoxin 
2 (TRX2) confirmed that silencing Wipi1 prevents downstream oxidation of  these mitochondrial proteins 
(Figure 8). Silencing Wipi1 blunted aldosterone-induced oxidation of  CYPD and TRX2 but had no effect 
on H2O2-induced protein oxidation (Figure 8, B–D). Altogether, these results indicate that silencing Wipi1 
not only protects cardiac myocytes from excessive noncanonical autophagy but also mitigates mitochondrial 
oxidative stress by blunting mitochondrial superoxide levels and limiting mitochondrial protein oxidation.

Discussion
RVF portends accelerated clinical decline and early death in patients with cardiac or pulmonary disease, and 
yet no therapies exist that directly target the RV. The goal of  this study was to leverage human transcriptomic 
data to identify myocardial determinants of  RVF and experimentally validate candidate genes in in vivo and 
in vitro models of  RVF. Using an unbiased and robust, large-scale, module-based statistical approach, we 
identified WIPI1 as a genetic hub of  RVF, experimentally validated it in mouse models, and tested hypothe-
ses regarding its pathophysiological role in isolated cardiac myocytes under conditions mimicking the neu-
rohormonal activation of  RVF. We provide insights into the role of  Wipi1 in noncanonical autophagy and 

Figure 6. Silencing Wipi1 blunts aldosterone induction of noncanonical autophagy. Neonatal rat ventricular myocytes (NRVMs) were transfected with 
scramble or Wipi1-specific siRNAs and then stimulated with aldosterone (Aldo, 1 μM, 48 hours), bafilomycin A (BafA, 100 nM, 1 hour), or chloroquine (CQ, 
100 μM, 1 hour). (A) Representative Western blots of autophagy proteins (n = 9–18 per group from 3–6 independent experiments). (B) Summary Western 
analysis of LC3 lipidation (LC3II/LC3I) and canonical autophagy (pS16-/total HSPB6). (C) Representative Western blots of LC3 and WIPI1 in si-Scram-
ble– versus si-Wipi–transfected NRVMs treated with BafA or CQ to differentiate, respectively, canonical versus noncanonical autophagy. BafA blocks LCII 
lysosomal degradation during canonical autophagy, whereas CQ inhibits the fusion between the autophagosome and lysosome. Hence, CQ reveals total 
autophagic flux and the difference between the effects of CQ and BafA on LC3II/I ratios is attributable to noncanonical autophagy (32, 33). (D) Quantifi-
cation of LC3II/I ratio shows that silencing Wipi1 selectively inhibits noncanonical autophagy (CQ) without affecting canonical autophagy (BafA) (n = 11 per 
group from 4 independent experiments for LC3II/I). *P < 0.0001, ‡P < 0.01, †P < 0.05 versus basal, unless otherwise indicated by comparison bar, by Tukey’s 
multiple-comparison test following 2-way ANOVA. Scatter dot plots with bars show individual values and mean ± SEM.
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in mitochondrial oxidative stress signaling. Our findings also offer proof  of  principle that silencing cardiac 
myocyte Wipi1 signaling holds therapeutic potential in RVF, by preventing excessive noncanonical autopha-
gy and blunting mitochondrial superoxide levels and mitochondrial protein oxidation (Figure 9).

WIPI1 was first discovered for its role in nascent autophagosome formation and subsequently implicated 
in both canonical and noncanonical autophagy pathways (37). Although cardiac myocyte autophagy has been 
associated with human HF (38, 39), the precise roles of canonical versus noncanonical autophagy in cardiovas-
cular disease is unknown and unexplored. Transgenic mice with gain or loss of function of autophagy-related 
genes (40–43) and animal models of induced cardiac dysfunction (30, 35, 40, 41, 43–46) have demonstrated 
both cytoprotective and pathologic roles of autophagy in the heart. Moreover, both increased and decreased 
autophagic flux have been associated with LVF. Such ambiguity might be explained by differential dysregulation 
of canonical versus noncanonical autophagy (31). Whereas canonical autophagosome formation involves dis-
tinct hierarchical steps that require specific autophagy-related (ATG) proteins at each stage, noncanonical auto-
phagosome formation does not require the involvement of all ATG proteins. Noncanonical autophagosome 
elongation may also occur from multiple membrane sources or from preexisting, nonphagophore endomem-
brane. Notably, noncanonical autophagy pathways include those that are independent of either BECN1 or LC3 
lipidation. Prior cardiac autophagy studies often assessed autophagic flux via LC3 lipidation, a step universal to 
canonical and some noncanonical autophagy pathways as well as mitophagy, but did so without distinguishing 
these pathways. Both canonical and noncanonical autophagy are likely important for cellular homeostasis, and 
dysregulation of either or both pathways may underlie specific pathophysiological responses.

By incorporating analyses of  a recently identified upstream regulator of  canonical autophagy (i.e., 
p-Ser16 HSPB6) with that of  LC3 lipidation, we provide evidence suggesting that increased noncanonical 
autophagy distinguishes the failing RV from the failing LV. Furthermore, we demonstrated in NRVMs that 

Figure 7. Silencing Wipi1 decreases mitochondrial superoxide (O2˙) levels in in vitro neurohormonal model of right ventricular failure (RVF). Neonatal rat 
ventricular myocytes (NRVMs) were transfected with scramble or Wipi1-specific siRNAs and then stimulated with aldosterone (Aldo, 1 μM, 48 hours) or hydro-
gen peroxide (H2O2, 50 μM, 2 hours). (A) Brightfield and MitoSOX Red imaging of NRVMs transfected with si-Scramble versus si-Wipi1, with and without Aldo 
stimulation. H2O2 was used as a positive control. Scale bars: 75 μm. (B) Summary analysis of mitochondrial O2˙ levels (n = 41–44 per group from 6 independent 
experiments). (C) Cell viability as assessed by MTT assay (n = 24 per group from 3 independent experiments). *P < 0.0001 versus respective unstimulated base-
line unless indicated otherwise by comparison bar, by Tukey’s multiple-comparison test following 2-way ANOVA. Box-and-whisker plots show mean (+), median 
(midline), 25th and 75th percentiles (box), minimum and maximum values (whiskers).
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silencing Wipi1 can limit aldosterone-induced noncanonical autophagy while still permitting canonical 
autophagy. Our finding is significant as it provides evidence that these autophagy pathways can be differen-
tially intervened upon under pathological conditions. Further studies are needed to elucidate the differen-
tial role of  WIPI1 in noncanonical versus canonical autophagy.

Strikingly, our studies also suggest novel functions for WIPI1. We provide evidence that WIPI1 reg-
ulates mitochondrial oxidative stress signaling. Silencing Wipi1 in NRVMs decreased aldosterone-stimu-
lated mitochondrial superoxide levels and limited oxidation of  mitochondrial proteins CYPD and TRX2. 
The significance of  this discovery is 2-fold. First, the RV is more vulnerable than the LV to oxidative stress 
due to interventricular differences in ROS regulation (47). Thus, attenuating mitochondrial oxidative stress, 
either through decreasing mitochondrial ROS production or improving antioxidant defense, is a promising 
therapeutic approach for RVF. Secondly, autophagy is known to regulate redox homeostasis; intracellular 
ROS triggers autophagy and mitophagy, which in turn modulate ROS levels. Dysregulated autophagy may 
potentiate detrimental ROS signaling. WIPI1 appears to lie at the nexus of  autophagy and mitochondrial 
ROS signaling. How WIPI1 regulates mitochondrial superoxide surpasses the scope of  our current study but 
warrants further investigation.

Another function of  WIPI1 proposed by our studies relates to its observed correlation with MAP4 
(microtubule-associated protein 4). WGCNA of human ventricular tissue revealed a strong correlation 
between WIPI1 and MAP4, which we then corroborated in our mouse model of  RVF. We subsequently found 

Figure 8. Silencing Wipi1 mitigates aldosterone-induced oxidation of mitochondrial proteins CYPD and TRX2. Neonatal rat ventricular myocytes (NRVMs) were 
treated with oxidizing or reducing agents and then subjected to urea lysis, iodoacetamide-iodoacetic acid (IAM-IAA) alkylation, and Western analysis. (A) Sche-
matic representation of the IAM-IAA alkylation method for identifying oxidized and reduced proteins in native nonreducing urea PAGE. (B) Representative redox 
Western blots for CYPD and TRX2 of NRVMs treated with (i) control, (ii) reducing agent N-acetyl cysteine (NAC), (iii) oxidizing agent hydrogen peroxide (H2O2), or 
(iv) aldosterone (Aldo). Black arrowhead, reduced protein band. Red arrow, oxidized protein band. (C) Histogram of Western densitometric analysis of CYPD and 
TRX2 oxidation. (D) Quantification of CYPD and TRX2 oxidation under different redox conditions as shown by the ratio of oxidized to reduced protein band signals 
(n = 3 per group). *P < 0.05 by 1-tailed Student’s t test. Scatter dot plots with bars show individual values and mean ± SEM.
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that silencing Wipi1 in NRVMs reduced Map4 transcript levels, at baseline and with aldosterone stimulation. 
MAP4 protein expression data in the NRVMs were not as definitive; MAP4 protein levels did not mirror all 
the changes observed at the transcript level, perhaps reflecting differential kinetics in mRNA translation or 
protein degradation at baseline versus neurohormonal activation. Nevertheless, aldosterone induced MAP4 
protein expression in si-Scramble NRVMs but not in si-Wipi1 NRVMs, suggesting that the correlation between 
Wipi1 and Map4 transcript expression is biologically significant. MAP4 is involved in microtubule stabiliza-
tion (48, 49), myogenesis (50), myocyte metabolism (51), and inhibition of  microtubule-based mRNA active 
transport (52). Overexpression of  MAP4 in isolated cardiac myocytes and transgenic mice has been shown 
to cause cardiac myocyte contractile dysfunction (53). Our findings suggest that WIPI1 might regulate Map4 
transcription itself  and, in doing so, could theoretically affect MAP4-mediated cellular processes.

Our identification of  HSPB6 as a driver of  RVF is consistent with current understanding of  HSPB6 
but also presents potentially new insights. In our in vitro and in vivo RVF models, HSPB6 was upregulated 
but its phosphorylation was not. Phosphorylated HSPB6 plays important roles in cardiac contractile func-
tion (54–56), canonical autophagy (30, 57), and cardioprotection (30, 58). Increased cardiac expression of  
phosphorylated HSPB6 has been reported in the LV of  advanced-HFrEF patients (30), suggesting excessive 
canonical autophagy in the failing LV. Our finding of  increased phosphorylation of  HSPB6 Ser16 in the 
failing LV of  TAC mice is consistent with these human data. Whether nonphosphorylated HSPB6 has dis-
tinct pathophysiological actions or reflects deficiencies in processes otherwise mediated by phosphorylated 
HSPB6 remains unclear. Our findings suggest differences between the failing RV and the failing LV with 
regards to HSPB6 signaling and autophagy pathways.

Above all, our study stands out for its unbiased, comprehensive approach to identifying molecular patho-
physiological signaling specific to the failing RV. Prior transcriptomic analyses of  animal models and human 
tissue have relied on differential-expression and pathway analyses without subsequent experimental and 
mechanistic validation studies of  proposed molecular signatures of  RVF (13–20). Although single-gene and 
differential-expression analyses are powerful tools, there are a number of  advantages with WGCNA (59). As 
a module-based approach, WGCNA is well suited to analyze large data sets and to take a more global view. 
Moreover, by examining the interaction patterns between genes to identify gene modules (networks), WGC-
NA filters results to a meaningful subset of  the total expression data in an unsupervised, unbiased manner.  

Figure 9. Proposed schematic of Wipi1 signaling mechanisms underlying right ventricular failure (RVF). RV pressure 
overload and chronic aldosterone activation upregulate WIPI1 signaling in the failing RV. Enhanced WIPI1 signaling increases 
mitochondrial superoxide levels and noncanonical autophagic flux. WIPI1 upregulation also correlates with increased Map4 
expression, thereby potentially triggering MAP4-mediated myocyte contractile dysfunction or inhibition of microtubule-me-
diated active mRNA transfer. In vitro studies in neonatal rat ventricular myocytes demonstrated the feasibility of mitigating 
aldosterone-induced mitochondrial superoxide levels, blunting noncanonical autophagy, and decreasing Map4 expression by 
silencing Wipi1. Further studies are warranted to elucidate mechanistic details of WIPI1 signaling and to confirm the thera-
peutic potential of targeting WIPI1 in RVF.
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WGCNA is also able to utilize and incorporate subtle shifts in gene expression, making it better able to 
elucidate true changes in samples compared with differential expression approaches. By correlating these 
modules to hemodynamic indices of  RVF, we discovered a robust, biologically significant and interesting 
gene network. With WGCNA, we could leverage betweenness centrality to identify important actors in the 
alteration of  a phenotype, whereas such an analysis is impossible in a list of  differentially expressed genes. 
Further investigation of  intramodular connectivity between genes allowed us to identify key genetic drivers 
or hubs that could be experimentally validated, targeted for therapeutics, or used as novel biomarkers. Addi-
tionally, WGCNA can link novel with known genes, thereby assisting in the identification of  potential func-
tions and biological processes of  novel genes. For example, WGCNA has been instrumental in identifying 
genetic programs critical to embryonic development (60) and cardiac myocyte differentiation (61). Finally, 
because WGCNA is expression rather than interaction based, it is better able to identify large, high-impact 
modules driven by changes due to transcription factors and other global signaling processes as compared 
with an interaction-based network that excels at the exact recreation of  already known pathways. 

Limitations. Despite its robustness for understanding global patterns that underlie phenotypic traits, 
WGCNA does have some limitations. Firstly, as a statistically driven method, WGCNA may link genes 
that are not involved in the exact same molecular pathway. Instead, linked genes may represent related 
but noninteracting members of  2 parallel processes. Thus, experimental validation is absolutely neces-
sary. Secondly, the WGCNA algorithm may distort the true relationships between genes and phenotypes 
through the use of  the soft-thresholding algorithm. The soft-thresholding algorithm alters expressed genes 
by raising them to an algorithm-guided power and uses only the first principle component of  a module, 
which may represent only a small fraction of  the total variance of  a module, as a proxy measure for cor-
relation between a phenotype and the entire module. Our first principle component accounted for 77% of  
the total variance (Supplemental Figure 6), suggesting that these concerns do not apply to our data. Third-
ly, the algorithm used by Cytoscape to generate betweenness centralities is incapable of  working with 
weighted edges. A weighted betweenness centrality approach may be able to more accurately identify hub 
genes. Lastly, because our modules are derived computationally, hubs that physically interact with many 
genes but which do not affect their expression will not be observed in our results. Despite these limitations, 
WGCNA and module-phenotype analyses still offer biologically significant insights that simply cannot be 
afforded by single-gene and differential-expression analyses. Importantly, these limitations of  WGCNA 
can be addressed through experimental validation and testing, as we have done.

In vitro modeling of  RVF is particularly challenging compared with that of  LVF. Morphologic and 
physiologic differences between the RV and LV as well as those between the pulmonary and systemic 
vasculatures profoundly magnify the pathophysiologic role of  increased arterial elastance (decreased pul-
monary vascular compliance) in RVF (62). As suggested by our mouse model, chronicity of  both pressure 
overload and neurohormonal activation are likely important determinants of  WIPI1 expression. Thus, lim-
itations inherent to in vitro cell culture models might explain why Wipi1 transcript and protein expression 
were upregulated in the failing RV of  PAB mice but not in aldosterone-stimulated NRVMs. Despite this 
discrepancy, our in vitro studies with si-Wipi1 still revealed a significant functional role of  WIPI1 in medi-
ating aldosterone-induced mitochondrial superoxide levels. Importantly, others have already demonstrated 
that hyperaldosteronism is associated with RVF in large animal models (23) and patients (26). Moreover, 
mitochondrial ROS play a significant role in the pathophysiology of  RVF but not that of  LVF (63).

Our experimental data regarding the cardioprotective effect of  silencing Wipi1 are limited to in vitro 
studies at this time. Silencing Wipi1 had the greatest effects on aldosterone-induced mitochondrial superoxide 
signaling and noncanonical autophagy but only a small impact on the fetal gene program. This highlights the 
limitation of  using the fetal gene program as a surrogate outcome for RVF, rather than necessarily a limitation 
of  the therapeutic potential of  targeting Wipi1. Given the known pathophysiological roles of  aldosterone and 
mitochondrial ROS in RVF, the substantial blunting of  aldosterone-induced mitochondrial superoxide levels 
and mitochondrial protein oxidation by si-Wipi1 is particularly significant. In vivo studies are needed to con-
firm the therapeutic potential of  silencing or inhibiting Wipi1 in RVF.

Conclusions. In summary, our data demonstrate what we believe are novel roles for WIPI1 in regulat-
ing mitochondrial oxidative stress signaling, noncanonical autophagy, and MAP4 transcription in RVF. 
Silencing Wipi1 in an in vitro model of  RVF-associated neurohormone activation decreased mitochondrial 
superoxide levels and mitochondrial protein oxidation, dampened excessive noncanonical autophagy, and 
reduced Map4 mRNA expression. Given the significance of  RV dysfunction and RVF and the absence of  
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RV-targeted therapies, further investigation into how WIPI1 mediates these processes is warranted and may 
lead to innovative therapies for RVF.

Methods
Study design. The goal of  this study was to identify unique genetic determinants of  RVF that might be target-
ed for the development of  novel RVF-specific therapy. Towards this end, we leveraged transcriptomic data 
from human ventricular tissue of  advanced-HF patients with versus without hemodynamically significant 
RVF as well as that from NF donors (n = 5 patients per group). Using WGCNA, module-trait analysis, 
and subsequent gene-phenotype correlations, we identified genes likely to mediate RVF. We experimentally 
validated some of  the candidate RVF-associated genes in mouse models of  pressure overload–induced RVF 
versus LVF. We subsequently focused our attention on the genetic hub WIPI1, which was upregulated in 
the failing RV of  HF patients and mouse models and also correlated with other identified RVF-associated 
genetic drivers. To elucidate possible pathophysiological mechanisms of  WIPI1 and test its potential as a 
therapeutic target, we performed in vitro–isolated cardiac myocyte cell culture studies, in which cells were 
subjected to neurohormonal activation associated with RVF, namely aldosterone activation. We silenced 
Wipi1 in this in vitro model and assessed the effect on autophagy, mitochondrial superoxide levels, and the 
fetal gene program associated with HF. Additional details can be found in the supplemental material.

Human ventricular tissue samples. Human ventricular myocardium was obtained from end-stage ischemic 
cardiomyopathic hearts explanted at the time of  cardiac transplantation, as previously described (64). NF 
donor hearts that were unsuitable for transplantation were used as controls.

RNA-Seq. End-stage ischemic cardiomyopathic hearts were selected for RNA sequencing (RNA-Seq) 
based on patients’ invasive hemodynamic parameters prior to transplantation and the absence of  LV-assist 
device as a bridge to transplantation. The LVF cohort, defined as those without hemodynamic evidence 
of  RVF, were selected based on RA less than 8 mmHg and RA/PCWP less than 0.5. The BiV-HF cohort, 
defined as those with hemodynamic evidence of  RVF and thereby biventricular HF, were selected based on 
RA greater than 15 mmHg and RA/PCWP greater than 0.62. These hemodynamic criteria for RVF were 
based on prior studies establishing cutoff  values for RA (65) and RA/PCWP (2) in advanced-HF patients. 
Only matched LV and RV tissues (from the same patient) were used. RNA extraction was performed with 
a Total RNA Purification Plus Micro Kit (Norgen Biotek). RNA-Seq was performed by LC Sciences with 
the Illumina platform. The RNA-Seq data from this publication have been submitted to the NCBI’s Gene 
Expression Omnibus (GEO) database (accession number GSE120852).

WGCNA. Networks were generated as previously described (22) using the parameters provided online 
(http://labs.genetics.ucla.edu/horvath/htdocs/CoexpressionNetwork/Rpackages/WGCNA/Tutorials/). 
The WGCNA method was implemented in the freely available WGCNA R package (22).

Module selection and enrichment. Eigengenes of  the RV-only modules were correlated to RVF hemody-
namic indices, and modules with significant correlations (P < 0.05) were further filtered to determine which 
RV modules were not preserved or weakly preserved in the combined network. This RV-specific, RVF-as-
sociated module was subsequently used to identify hubs and drivers. GeneAnalytics was used to identify 
enriched biological categories in the genes of  our modules of  interest (66). Significance was determined by 
a Benjamini-Hochberg–corrected binomial test P < 0.05.

Hubs. Betweenness centrality was calculated for each transcript using the NetworkAnalyzer tool in 
Cytoscape (67). Transcripts with significant betweenness centralities (Hubs) have increased importance to 
overall modular structure. Significance was calculated by bootstrapping 100,000 networks with the same 
number of  nodes and preserved degree structure using the degree.sequence.game function from the R pack-
age igraph (68) and an overall significance threshold (0.00029) determined by Bonferroni’s correction.

Drivers and repressors. Drivers and repressors are genes connected to the rest of  the module that respectively 
show strong independent positive or negative correlation with RVF hemodynamic indices. Genes with low 
betweenness centralities (lowest quartile) were removed. Genes significantly correlated to RVF hemodynamic 
indices were ranked based on P value. Potential candidate drivers and repressors were selected based on sig-
nificant correlations, betweenness centrality, and previously validated expression in human cardiac tissue (69).

Module visualization. Module visualization was performed using Cytoscape 3.4 (70). Node size reflected that 
node’s betweenness centrality; node color reflected the transcript’s correlation (direction and strength) to a com-
posite RVF phenotype index averaging the correlation values of each transcript with RA, PASP, and MAP/
RA. The negative of the MAP/RA correlation value was used in this averaged index because MAP/RA is 
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inversely related to RVF. Hence, drivers have positive correlations to the RVF index, and repressors have negative 
correlations. Green node color indicates at least modest negative (R2 < –0.4), yellow indicates minimal (–0.4 
≤ R2 ≤ 0.4), and red indicates at least modest positive (R2 > 0.4) phenotypic correlations. Module layout was 
determined via the “edge-weighted spring embedded” layout algorithm using the correlation strength between 
individual gene expressions as the edge weights. Edges with R < 0.88 were removed to aid visualization.

Heatmaps. Heatmaps were generated using the heatmap.2 function from the R package gplots (71).
RNA isolation and quantitative RT-PCR. Total RNA was extracted from animal tissues and cells using 

the Tissue RNA Purification Kit (Norgen Biotek) and TRIzol reagent (Invitrogen), respectively; quantified 
using a NanoDrop-2000c (Thermo Fisher Scientific); and reverse transcribed with iScript Supermix (Bio-
Rad). RT-qPCR was performed in triplicate using iTac Universal SYBR Green Supermix (Bio-Rad) and 
the CFX96 Touch Detection System (Bio-Rad). Primer sequences are listed in Supplemental Table 4. Gene 
expression was normalized to Rps13, and relative mRNA expression was quantified using the 2–ΔΔCt method.

Protein isolation and Western blot analysis. Total protein was prepared from tissues and cells by homoge-
nization in T-PER lysis buffer (Thermo Fisher Scientific) supplemented with the Halt Protease and Phos-
phatase Inhibitor Cocktail (Thermo Fisher Scientific) and quantified using BCA assay (Pierce). Protein 
samples were resolved in NuPAGE 4%–12% Bis-Tris gradient gels (Invitrogen) and transferred to 0.2-μm 
nitrocellulose membranes (Bio-Rad). Membranes were stained with the LI-COR Revert Total Protein Stain 
kit and analyzed. Membranes were subsequently blocked, incubated with primary antibodies at 4°C over-
night, washed, and then incubated with the appropriate LI-COR secondary antibody. The ODYSSEY-Clas-
sic infrared imaging system (LI-COR) was used for quantitation. Target protein expression was normalized 
to total protein. Antibodies are listed in Supplemental Table 5.

Animal experiments. PAB, TAC, and sham surgeries were performed as previously described (72, 73) 
with slight modifications.

Echocardiography. Mice were anesthetized with 1%–2% inhalational isoflurane and transthoracic echo-
cardiography was performed using a 18- to 38-MHz linear-array transducer probe with a digital ultrasound 
system (Vevo 2100 Image System, VisualSonics). Vevo LAB 3.0 ultrasound analysis software (Fujifilm, 
VisualSonics) was used to measure and analyze images.

Hemodynamic assessment of  RV function. A subset of  6- and 9-week PAB/Sham mice underwent terminal 
hemodynamic assessment, as previously described (74) but modified for the RV. RV cardiac catheterization 
was performed using a closed-chest method whereby a Millar PVR-1035 (Millar Instruments) mouse con-
ductance catheter was inserted into the right external jugular vein and advanced into the RV. Upon hemo-
dynamic stability, steady-state baseline data were collected by the conductance catheter coupled to a Millar 
MPVS Ultra and PowerLab 16/35 data acquisition system (AD Instruments). RV pressure and volume 
waveforms were recorded simultaneously and analyzed over a minimum of  10 consecutive cardiac cycles 
using LabChart 8 software (AD Instruments).

Morphometric analysis. At experimental endpoints of  3, 6, or 9 weeks following surgery, mice were euth-
anized and heparinized, and ventricles, lungs, and liver were removed and weighed. Tissue weights were 
normalized to tibia length (TL) to assess pulmonary edema (lung weight/TL), hepatic congestion (liver 
weight/TL), and LV hypertrophy (LV/TL).

Isolation and primary culture of  NRVMs. Pregnant female Sprague-Dawley rats were purchased from 
Charles River Laboratories. Neonatal Sprague-Dawley rats were euthanized by decapitation within the first 
24 hours after birth and beating hearts were collected for digestion isolation of  ventricular myocytes and 
single-layer cell culture as previously described (75) with modifications.

siRNA transfection of  NRVMs and in vitro model of  neurohormone activation associated with RVF. At 24 hours 
following isolation, NRVMs were transfected with 10 nM nontargeting siRNA (si-Scramble) or Wipi1-tar-
geting siRNA (si-Wipi1) using Dharmafect 1 transfection reagent (Dharmacon). All siRNAs were ON-TAR-
GETplus SMARTpool siRNAs (Dharmacon). Following 24-hour transfection, cells were serum starved in 
serum-free DMEM/F12 supplemented with penicillin (100 units/ml) and streptomycin (100 μg/ml) for 
12 hours and then incubated with aldosterone (1 μM) in serum-free DMEM/F12 culture medium for 48 
hours at 37°C, 5% CO2. Serum-free DMEM/F12 culture medium without any aldosterone was used as a 
comparative control for neurohormone activation. For autophagy studies, transfected NRVMs were treated 
with either BafA (100 nM) or CQ (100 μΜ) for 1 hour prior to harvesting (33) in complete MEM medium.

MTT assay of  cell viability. To assess NRVM viability, the Vybrant MTT cell proliferation assay kit was 
used (Molecular Probes) according to the manufacturer’s protocol.
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MitoSOX Red analysis. Mitochondrial superoxide level was monitored with the MitoSOX Red mito-
chondrial superoxide indicator (Molecular Probes) for live-cell imaging, according to the manufacturer’s 
instructions. Cells were imaged with a DMI8 fluorescence microscope (Leica) using a red fluorescence 
filter (excitation/emission 510/580 nm). Red fluorescent signal was measured with ImageJ software (NIH) 
and normalized to the brightfield signal.

Redox Western blots. In NRVMs, the redox state of  the mitochondrial proteins CYPD and TRX2 was 
estimated by redox Western blot as previously described (76). Briefly, NRVMs were transfected with si-Wipi1 
or si-Scramble and incubated at 37°C under the following conditions: (i) nontreated control (18 hours); (ii) 
N-acetyl cysteine (2 mM, 18 hours); (iii) H2O2 (0.1 mM, 18 hours); and (iv) aldosterone (1 μM, 48 hours). 
Cells were harvested and incubated in urea lysis buffer (8 M urea, 50 mM Tris/HCl [pH 8.3] and 1 mM 
EDTA) containing 20 mM iodoacetamide (IAM) to alkylate protein thiol groups. Protein was then cold-ac-
etone precipitated from the lysate supernatant, washed, then resuspended and incubated in urea lysis buf-
fer containing 5 mM DTT to reduce the oxidized protein thiol groups. Subsequent incubation in 100 mM 
iodoacetic acid (IAA) in urea/DTT lysis buffer (final IAA concentration 50 mM) was performed to alkylate 
DTT-reduced thiol groups. Alkylation reactions were performed in the dark. Following the serial IAM/IAA 
alkylation, samples were subjected to urea-PAGE electrophoresis (7 M urea and 7.5% acrylamide) in nonre-
ducing conditions and immunoblotted for CYPD and TRX2.

Statistics. Statistical analyses of mouse and NRVM experiments were carried out using GraphPad Prism 8.0. 
Unless otherwise specified, data are expressed as mean ± SEM. Means between 2 groups were compared using 
unpaired, 2-tailed Student’s t test, unless otherwise specified. For redox Western blots, unpaired, 1-tailed Stu-
dent’s t test was used to determine whether the decrease in oxidized proteins seen with silencing Wipi1 was statis-
tically significant. Here, we sought to detect change in just one direction. For multiple comparisons, 1- or 2-way 
ANOVAs were performed, followed by Tukey’s multiple-comparison tests. Statistical significance was defined 
as P < 0.05. For the assessment of RNA-Seq data of each of the candidate WGCNA-identified RVF-associated 
genetic hub, drivers, and repressors, statistical significance was defined as P < 0.10, given the limited sample size, 
non-normal data distribution, and use of human tissue analysis as a discovery rather than validation approach.

Study approval. Patient consent, sample collection and preparation, and clinical data collection were 
performed according to a human subject research protocol approved by the IRB of  the Lewis Katz School 
of  Medicine at Temple University (PI: Tsai). Animal experiments were conducted in strict accordance with 
the recommendations in the Guide for the Care and Use of  Laboratory Animal of  the NIH. All animal 
protocols were approved by the IACUC of  Columbia University.
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