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ABSTRACT 1 

Heart failure with preserved ejection fraction (HFpEF) is a public health problem and an elusive illness 2 

for which there are few treatment options. HFpEF is a systemic condition with a broad phenotype 3 

including diastolic dysfunction, pulmonary oedema, exercise intolerance, and left ventricular (LV) 4 

hypertrophy, collectively resulting in enhanced morbidity and mortality. Master-regulator transcription 5 

factor RUNX1 has recently been identified as a mediator of pathological changes in many cardiac 6 

diseases, however its role in HFpEF was unknown. Here we show that inhibition of Runx1 limits 7 

adverse cardiac remodelling in a clinically relevant mouse model of HFpEF. Cardiomyocyte-specific 8 

tamoxifen-inducible Runx1-deficient mice with HFpEF are protected, with preservation of diastolic 9 

function, and attenuation of pulmonary oedema, exercise intolerance, and hypertrophy. Furthermore, 10 

targeting Runx1 in HFpEF by using gene transfer or small molecule inhibitors improves diastolic 11 

function, both in female and male mice. Overall, our research enhances our understanding of RUNX1 12 

in cardiac disease and demonstrates a novel translational target for the treatment of HFpEF. 13 

Keywords: Heart failure with preserved ejection fraction, metabolic heart failure, diastolic dysfunction, 14 

hypertrophy, pulmonary oedema, exercise intolerance  15 

CLINICAL PERSPECTIVE 16 

Heart failure (HF) is a leading cause of death world-wide and traditionally divided into different 17 

subtypes according to cardiac ejection fraction (EF). In contrast to HF with reduced EF (HFrEF), there 18 

are limited treatment options for HF with preserved EF which is of considerable concern given that 19 

HFpEF is projected to become the dominant HF subtype in the future 1. RUNX1 has been 20 

demonstrated to play an important role in the development of many cardiac and non-cardiac 21 

diseases. As a result, the potential for RUNX1 inhibitors as therapeutic agents across various 22 

conditions has become increasingly evident. In this study we established the therapeutic potential of 23 

targeting RUNX1 in the context of HFpEF. Targeting RUNX1 in cardiomyocytes markedly attenuates 24 

the development of the HFpEF phenotype and therefore this novel translational therapeutic target has 25 

great potential to address one of the biggest challenges in cardiac research.  26 

INTRODUCTION 27 

Heart failure (HF), a complex syndrome in which the heart is unable to meet the metabolic demands 28 

of the body, leads to considerable morbidity and mortality worldwide. It is classically categorised by 29 

the proportion of blood ejected from the left ventricle (LV) with each beat, the ejection fraction (EF). 30 
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HF with reduced ejection fraction (HFrEF) has been heavily investigated for many years and there are 1 

several treatment options available that reduce mortality 2. More elusive, however, is HF with 2 

preserved ejection fraction (HFpEF) which is increasing in prevalence and is poorly understood 3. 3 

Despite multiple advances in the treatment of HFrEF, the classic HFrEF treatments are not 4 

convincingly effective for use in HFpEF, resulting in limited therapeutic options 4. HFpEF is a 5 

multimorbidity syndrome, often developing alongside hypertension, metabolic stress, and diabetes, 6 

and results in diastolic dysfunction, pulmonary oedema, hypertrophy, and exercise intolerance 4. 7 

HFpEF includes a wide range of clinical phenotypes and pathophysiological heterogeneity, and as 8 

such it is not clearly understood 5. Therefore, elucidating molecular or cellular factors contributing to 9 

the development of HFpEF is essential and an important step toward identifying therapeutic targets. 10 

Master-regulator transcription factor, RUNX1, is minimally expressed in the adult heart but 11 

can be reactivated in the context of cardiac pathology. Using animal model systems, it has been 12 

shown to be a mediator and therapeutic target against adverse cardiac remodelling following 13 

myocardial infarction (MI), which is a major cause of HFrEF 6–8, and in a transaortic constriction 14 

HFrEF model 9.  Targeting Runx1 in the post-MI heart results in improved systolic function, calcium 15 

handling, and preservation of genes involved in oxidative phosphorylation 6,7,10. Large scale analysis 16 

of RNAseq studies on human myocardium 11–17 demonstrates that Runx1 expression is increased in 17 

several cardiac pathologies including myocardial infarction, hypertrophic cardiomyopathy, and dilated 18 

cardiomyopathy (Supplemental Figure 1, Supplemental Table 1). Further, serum samples from people 19 

admitted to hospital with decompensated HFpEF and HFrEF show that RUNX1 expression is higher 20 

in HFpEF than HFrEF (personal communication [Lang/Mooney]). Therefore, we hypothesised a 21 

potential role for RUNX1 in the pathophysiology of HFpEF, which is characterised by cardiac 22 

hypertrophy and stiffening 18. The aim of this study was to use a preclinical model of HFpEF to 23 

interrogate the potential role of RUNX1 in the development of HFpEF and to identify its potential as a 24 

therapeutic target for the treatment of HFpEF.  25 

METHODS  26 

Detailed methods and statistical analysis are presented in the supplemental methods. We used a 27 

previously established 19, two-hit model (2HM) that combines administration of a high-fat diet (HFD) 28 

and inhibition of nitric oxide synthase with Nω-nitro-L-arginine methyl ester (L-NAME) in drinking water 29 

to induce a HFpEF phenotype and compared changes to age-matched controls (CTRL) fed a regular 30 
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chow diet and normal drinking water 19. We utilised cardiomyocyte-specific tamoxifen-inducible 1 

Runx1-deficient (Runx1Δ/Δ) mice and floxed genetic-control mice (Runx1fl/fl) generated as previously 2 

described 20. RUNX1 was also targeted by either adeno-associated virus (AAV)-mediated delivery of 3 

shRNA or a small molecule inhibitor of RUNX1, Ro5-3335, as detailed in the supplemental methods. 4 

Bulk RNA sequencing and subsequent pathway analysis was performed on LV tissue samples from 5 

Runx1fl/fl and Runx1Δ/Δ mice at baseline and after the 2HM protocol. Using prior biological knowledge 6 

from the Ingenuity knowledge base, the cardiotoxicity networks and functional analyses were 7 

generated using QIAGEN Ingenuity Pathway Analysis (IPA) 8 

(https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/). The focus on 9 

cardiotoxicity processes considers the likely activation and inhibition of biological processes between 10 

the two strain comparisons (2HM-Runx1fl/fl compared to CTRL-Runx1fl/fl and 2HM-Runx1Δ/Δ and 11 

CTRL-Runx1Δ/Δ) using a Z-score. Differences in Z-scores were identified.  12 

 13 

RESULTS 14 

Effect of cardiomyocyte-specific Runx1-deficiency on the development of HFpEF 15 

To evaluate the contribution of RUNX1 to the pathophysiology of HFpEF, we utilised male Runx1Δ/Δ 16 

mice and floxed control mice (Runx1fl/fl) on the 2HM and CTRL protocols compared to age-matched 17 

genetic controls (CTRL-Runx1fl/fl: n = 19, CTRL-Runx1Δ/Δ: n = 17, 2HM-Runx1fl/fl: n = 21, 2HM-18 

Runx1Δ/Δ: n = 22, Figure 1a). Each of the two-hits were observed in 2HM-Runx1fl/fl and 2HM- Runx1Δ/Δ 19 

male mice with an increase in body weight (8.0 ± 0.9g and 7.0 ± 0.9g, respectively both P<0.05; 20 

Figure 1b) and systolic blood pressure (SBP, 33 ± 21mmHg and 30 ± 20mmHg respectively, both 21 

P<0.05; Figure 1c) over the course of the protocol compared to respective CTRL groups. We 22 

confirmed that neither 2HM group had developed HFrEF by assessing whole heart contractile function 23 

as measured by fractional shortening via echocardiography (Supplemental Figure 2). 24 

We then evaluated other key features of the HFpEF phenotype. At the end of the protocol, 25 

2HM-Runx1fl/fl mice had developed exercise intolerance, demonstrated by a reduction in running 26 

distance compared to CTRL-Runx1fl/fl mice (128 ± 14m vs. 296 ± 18m respectively, P<0.05; Figure 27 

1d). 2HM-Runx1Δ/Δ mice also had a reduction in running distance compared to their genetic control 28 

(2HM-Runx1Δ/Δ : 192 ± 14m, CTRL-Runx1Δ/Δ: 327 ± 22m, P<0.05; Figure 1d) however, the exercise 29 

intolerance was attenuated because 2HM-Runx1Δ/Δ mice ran greater distances than 2HM-Runx1fl/fl 30 
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mice (128 ± 14m vs. 192 ± 14m, P<0.05; Figure 1d). Runx1 deficiency also protected mice from 1 

developing pulmonary oedema as measured by the wet to dry lung weight. The wet to dry lung weight 2 

ratio was increased in 2HM-Runx1fl/fl compared to in CTRL-Runx1fl/fl mice (3.90 ± 0.2 vs. 2.84 ± 0.2, 3 

P<0.05; Figure 1e). Conversely, there was no difference between 2HM-Runx1Δ/Δ and CTRL-Runx1Δ/Δ 4 

mice (3.14 ± 0.2 vs. 3.00 ± 0.1; Figure 1e), and 2HM-Runx1Δ/Δ mice had significantly lower wet to dry 5 

lung weight ratio than 2HM-Runx1fl/fl mice (3.14 ± 0.2 vs. 3.90 ± 0.2, P<0.05; Figure 1e). Runx1 6 

deficiency was also protective against development of hypertrophy as measured by LV weight 7 

normalised to tibial length (LV/TL). 2HM-Runx1fl/fl had increased LV/TL compared to CTRL-Runx1fl/fl 8 

mice (4.9 ± 2.3*10-3 vs. 3.5 ± 1.2*10-3, P<0.05; Figure 1f) and 2HM-Runx1Δ/Δ mice had smaller LV/TL 9 

than 2HM-Runx1fl/fl mice (4.2 ± 1.3*10-3, P<0.05; Figure 1f) but no difference compared to CTRL-10 

Runx1Δ/Δ mice (3.7 ± 1.0 *10-3; Figure 1f). An additional indicator, relevant to concentric hypertrophy, 11 

is cardiomyocyte cross-sectional area. In contrast to 2HM-Runx1fl/fl animals, 2HM-Runx1Δ/Δ mice 12 

showed no significant increase in the cross-sectional area of cardiomyocytes compared to their 13 

relative control group (CTRL-Runx1fl/fl: 352 ± 9.9 μm2, CTRL-Runx1Δ/Δ: 323 ± 32.4 μm2, 2HM-Runx1fl/fl: 14 

482 ± 18.0 μm2, 2HM-Runx1Δ/Δ: 289 ± 24.8 μm2; Figure 1g, Supplemental Figure 2). Further, posterior 15 

and anterior wall thickness measured during systole with M-mode echocardiography was increased in 16 

the 2HM-Runx1fl/fl mice but not in the 2HM-Runx1Δ/Δ mice, compared to relevant controls 17 

(Supplemental Figure 2). In addition to hypertrophy, there was a striking preservation of diastolic 18 

function in cardiomyocyte-specific Runx1 knockdown mice, quantified by E to A wave ratio from 19 

pulsed-wave Doppler echocardiography. Compared to CTRL-Runx1fl/fl and CTRL-Runx1Δ/Δ, 2HM-20 

Runx1fl/fl had a higher E/A ratio whereas the E/A ratio in 2HM-Runx1Δ/Δ mice was not different from 21 

either control group (CTRL-Runx1fl/fl: 1.63 ± 0.10, CTRL-Runx1Δ/Δ: 1.58 ± 0.09, 2HM-Runx1fl/fl: 3.75 ± 22 

0.29, 2HM-Runx1Δ/Δ: 1.67 ± 0.09; Figure 1h, Supplemental Figure 2). An independent measure of LV 23 

chamber stiffness was calculated by fitting the slope of the load-independent end-diastolic pressure-24 

volume relationship (EDPVR) measured using intracardiac pressure-volume catheters. 2HM-Runx1fl/fl 25 

mice had a steeper EDPVR slope than 2HM-Runx1Δ/Δ mice, indicating better diastolic function in the 26 

2HM-Runx1Δ/Δ mice (0.075 ± 0.008 vs. 0.018 ± 0.003, P<0.05; Figure 1i, 1j). Peripheral organs were 27 

also collected to investigate systemic effects of cardiomyocyte-specific Runx1-deficiency. Liver, right 28 

kidney, and left kidney weights (all normalised to tibial length) were increased in 2HM-Runx1fl/fl 29 
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compared to CTRL-Runx1fl/fl mice but were not different between Runx1Δ/Δ mouse groups 1 

(Supplemental Figure 2). 2 

Runx1 RNA interference using adeno-associated virus serotype 9 (AAV9) attenuates diastolic 3 

dysfunction in HFpEF 4 

Given the striking phenotypic differences observed in 2HM-Runx1Δ/Δ mice compared to 2HM-Runx1fl/fl, 5 

we then tested whether using translational approaches to target RUNX1 expression could prevent the 6 

development of HFpEF. To do this we utilised a viral vector-mediated gene delivery approach with 7 

AAV9-Runx1-shRNA to knockdown Runx1 in our 2HM of HFpEF. We injected 12-week-old C57BL/6N 8 

male mice via the tail vein with AAV9-scramble-shRNA (2HM-AAV9-scram, n = 10) or AAV9-Runx1-9 

shRNA (2HM-AAV9-Runx1, n = 11) after which mice were placed on the 2HM protocol for 8 weeks for 10 

comparison to age-matched C57BL/6N mice on the 2HM (2HM-C57N, n = 18) or control (CTRL-11 

C57N, n = 13) protocols (Figure 2a). Once again, we confirmed the efficacy of our 2HM by measuring 12 

changes in body weight (Figure 2b), SBP (Figure 2c), and preservation of fractional shortening from 13 

echocardiograpgy (Supplemental Figure 3) over the duration of the protocol. Targeting Runx1 with 14 

AAV9-Runx1-shRNA was effective in preventing a number (but not all) of the key features of the 15 

HFpEF phenotype. Exercise intolerance was observed in all three 2HM groups compared to CTRL-16 

C57N, but with no difference in running distance between 2HM groups (CTRL-C57N: 262 ± 12m, 17 

2HM-C57N: 108 ± 3m, 2HM-AAV9-scram: 108 ± 23m, 2HM-AAV9-Runx1: 163 ± 22m; Figure 2d). 18 

AAV9-Runx1 did, however, attenuate the development of pulmonary oedema compared to the other 19 

two 2HM groups, quantified by wet to dry lung weight ratio (CTRL-C57N: 3.18 ± 0.16, 2HM-C57N: 20 

4.58 ± 0.07, 2HM-AAV9-scram: 4.36 ± 0.12, 2HM-AAV9-Runx1: 3.68 ± 0.15; Figure 2e). As with 21 

exercise testing, LV/TL was increased in 2HM groups compared to CTRL but was not different 22 

between 2HM groups (CTRL-C57N: 4.1 ± 0.2 *10-3, 2HM-C57N: 5.0 ± 0.2 *10-3, 2HM-AAV9-scram: 23 

5.4 ± 0.2 *10-3, 2HM-AAV9-Runx1: 4.9 ± 0.2 *10-3; Figure 2f). However, cardiomyocyte cross-sectional 24 

area of 2HM-AAV9-Runx1 was less than the 2HM-AAV9-scram group (2HM-AAV9-scram: 449 ± 10 25 

μm2 vs. 2HM-AAV9-Runx1: 308 ± 23 μm2; Figure 2g, Supplemental Figure 3). Most striking was the 26 

preservation of diastolic function by targeting Runx1 with AAV9. E/A ratio was increased in both 2HM-27 

C57N and 2HM-AAV9-scram groups compared to CTRL-C57N but was not increased in 2HM-AAV9-28 

Runx1 compared to CTRL-C57N (CTRL-C57N: 1.32 ± 0.10, 2HM-C57N: 2.55 ± 0.26, 2HM-AAV9-29 

scram: 2.78 ± 0.33, 2HM-AAV9-Runx1: 1.29 ± 0.12; Figure 2h, 2i; the latter figure demonstrating 30 
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change over time, Supplemental Figure 3). This was also consistent with EDPVR, which was 1 

markedly lower in the 2HM-AAV9-Runx1 group compared to 2HM-AAV9-scram (0.077 ± 0.009 vs. 2 

0.019 ± 0.003, P<0.05; Figure 2j, 2i).  3 

Small molecule inhibition of RUNX1 remedies the HFpEF phenotype 4 

To take this one translational step further, we aimed to identify if inhibition of RUNX1 could ameliorate 5 

the HFpEF phenotype once it has already begun to develop using an established small molecule 6 

inhibitor of RUNX1 20. 10-12 week-old C57BL/6N strain male mice were placed on the 2HM protocol 7 

for 10-12 weeks. Prior to drug treatment, in vivo parameters were utilised to ensure the HFpEF 8 

phenotype had developed and any mice that did not have HFpEF symptoms were excluded so that 9 

we were only attempting to treat mice with a phenotype to attenuate. Next, while mice remained on 10 

2HM protocol, we injected small molecule inhibitors of RUNX1, either DMSO or Ro5-3335 every 11 

second day for two weeks prior to collecting end-point measurements and organometrics (Figure 3a). 12 

Although RUNX1 inhibition by Ro5-3335 injections did not change exercise tolerance (199.1 ± 50.2 13 

vs. 192.5 ± 40.21, P>0.05; Figure 3b), pulmonary oedema was reduced in 2HM-Ro5-3335 mice 14 

compared to 2HM-DMSO mice (4.26 ± 0.05 vs. 4.06 ± 0.07, P<0.05; Figure 3c). As with exercise 15 

intolerance, hypertrophy was not changed by Ro5-3335 administration (4.9x10-3 ± 1.1x10-4 vs. 16 

5.07x10-3 ± 1.476x10-4, P>0.05, Figure 3d). Diastolic dysfunction was attenuated in 2HM-Ro5-3335 17 

mice compared to 2HM-DMSO. There was no difference in E/A wave ratio post-injection compared to 18 

pre-injection in the 2HM-DMSO mice (2.66 ± 0.35 vs. 2.82 ± 0.15, P>0.05; Figure 3e, left, 19 

Supplemental Figure 4) whereas the post-injection E/A wave ratio was reduced in the 2HM-Ro5-3335 20 

mice compared to pre-injection, demonstrating diastolic dysfunction was attenuated (1.68 ± 0.14 vs. 21 

2.51 ± 0.16, P<0.05; Figure 3e, right, Supplemental Figure 4). This was confirmed using PV loop 22 

assessment of diastolic function by EDPVR in 2HM-DMSO mice compared to the 2HM-Ro5-3335 23 

group (0.048 ± 0.005 vs. 0.029 ± 0.005, P<0.05; Figure 3f).  24 

RNAseq predicts patterns of transcriptional changes consistent with a HFpEF phenotype 25 

To gain broader insight into the role of Runx1 in HFpEF, we performed bulk RNAseq on analysis on 26 

LV tissue samples from Runx1fl/fl and Runx1Δ/Δ mice both at baseline (day 0, D0) and at the end of the 27 

2HM study. There were not any significantly differentially expressed genes (DEG) between Runx1fl/fl 28 

and Runx1Δ/Δ at D0 and despite the large phenotypic differences, there were only 32 DEG between 29 

Runx1fl/fl and Runx1Δ/Δ mice at week 13 (Supplemental Table 2). However, there were many 30 
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differences when comparing each strain at week 13 compared to their respective baseline controls. 1 

Thus, because the transcriptomic snapshot at the end of the study does not depict the highly different 2 

phenotypes, we focussed on comparing the changes from D0 to the end time point within each strain. 3 

Using a false discovery rate (FDR) cut-off of ≤0.05 and log fold change (logFC) ±1, there were 1,866 4 

DEG in 2HM-Runx1fl/fl mice at week 13 compared to D0 Runx1fl/fl mice (Figure 4a and 4c) and 3,691 5 

DEG at week 13 in 2HM-Runx1Δ/Δ mice compared to the D0 (Figure 4b and 4c). The majority of DEG 6 

were shared between strains (1727 DEG: 92.6% of total DEG for Runx1fl/fl and 53.2% of total DEG for 7 

Runx1Δ/Δ; Figure 4c). Interestingly, the unique changes in the Runx1Δ/Δ mice across timepoints may 8 

account for the large functional differences observed because there were very few unique changes in 9 

the Runx1fl/fl mice (Figure 4c). Using all significantly DEG in Runx1fl/fl and Runx1Δ/Δ mice at week 13 10 

compared to baseline, we focused on cardiac toxicity functions defined by IPA software. We 11 

compared Z-scores (a statistical measure utilised to determine the significance and directionality of 12 

gene expression changes within a given pathway over that time course) from Runx1fl/fl (week 13 of 13 

2HM vs D0) and Runx1Δ/Δ (week 13 of 2HM vs D0). We visualised the impact of Runx1 deficiency by 14 

plotting the difference between Z-scores from Runx1fl/fl (2HM vs D0) minus Runx1Δ/Δ (2HM vs D0) 15 

mice (Z-diff; Figure 4d). Whilst some predictive changes in cardiac toxicity functions demonstrated 16 

limited difference in Z-diff (yellow; Figure 4d), the largest differences in Z-score were in congestive 17 

heart failure genes and cardiac damage genes. The genes included by IPA in these two cardiac 18 

toxicity functions were then plotted using a heat map (Figure 4e and f).  19 

Inhibition of Runx1 in female mice: reversal of HFpEF phenotype 20 

To further increase the relevance and impact of our findings, we expanded our study in two ways: we 21 

used female mice to increase clinical relevance; and we waited to intervene with Runx1 inhibition via 22 

RNA interference until HFpEF was already established in the mice, to test its utility as a therapy. It 23 

has been demonstrated that it is more difficult to induce a HFpEF phenotype via the 2HM in female 24 

mice compared to males in young mice 21. Thus, in a cohort of C57-N strain females we waited until 25 

they were aged 14 weeks (~40% older than previous data) before placing them on the 2HM protocol 26 

with a ramping dose of L-NAME (Figure 5a). Once again, we ensured efficacy of the two hits by 27 

measuring body weight and SBP in a female CTRL-C57N group (F-CTRL-C57N, n = 4) compared to 28 

a female 2HM-C57N group (F-2HM-C57N, n = 16; Figure 5b, 5c). We utilised our intermediary in vivo 29 

phenotypic measures exercise intolerance (Figure 5d) and diastolic dysfunction (Figure 5e) to confirm 30 
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that at the 8-week time point the F-2HM-C57N group had established a HFpEF phenotype. Following 1 

this, we split the F-2HM-C57N group into two groups for AAV-mediated gene delivery such that they 2 

had consistent starting parameters (Figure 5a). One group was injected with AAV9-scramble-shRNA 3 

(F-2HM-AAV9-scram, n = 8) and a second injected with AAV9-Runx1-shRNA to knockdown Runx1 4 

(F-2HM-AAV9-Runx1, n = 8). Consistent with the male AAV study, there were no differences in 5 

running distance between groups 4 weeks following AAV injection (F-2HM-AAV9-scram: 188 ± 8m, F-6 

2HM-AAV9-Runx1: 182 ± 17m, p = 0.7560; Figure 5f). We found pulmonary oedema was reduced in 7 

the F-2HM-AAV9-Runx1 compared to F-2HM-AAV9-scram (3.97 ± 0.05 vs 4.29 ± 0.07, respectively, p 8 

= 0.0024; Figure 5h) which was consistent with the male data (Figure 2e). Although hypertrophy 9 

(measure by LV weight normalised to TL) was not different between the 2HM-AAV-scram and 2HM-10 

AAV-Runx1 males (Figure 2f), it was reduced in F-2HM-AAV9-Runx1 compared to F-2HM-AAV-scram 11 

(3.1 ± 0.1 *10-3 vs 3.6 ± 0.2 *10-3, respectively, P<0.05; Figure 5i). Finally, diastolic dysfunction was 12 

attenuated as measured both by E/A wave ratio from pulse wave Doppler echocardiography (F-2HM-13 

AAV-scram: 1.99 ± 0.11 vs F-2HM-AAV9-Runx1: 1.49 ± 0.05, p = 0.0007 Figure 5j, Supplemental 14 

Figure 5), and by the slope of the EDPVR (F-2HM-AAV-scram: 0.082 ± 0.0002 vs F-2HM-AAV9-15 

Runx1: 0.041 ± 0.0057, p = 0.0027; Figure 5k).  16 

 17 

DISCUSSION 18 

This work identifies a critical role for RUNX1 in the development of HFpEF. Furthermore, we provide 19 

evidence that targeting Runx1 in the context of HFpEF has clinical translational potential. 20 

In recent years, significant work has been done to establish a model with preserved EF which 21 

not only demonstrates increased hypertrophy but also phenotypes such as pulmonary oedema, 22 

exercise intolerance, and diastolic dysfunction and therefore is more representative of the multi-23 

morbidity, multi-system disorder of HFpEF in humans 19,22. 24 

Runx1 has been robustly demonstrated to play an important role in the context of cardiac 25 

disease, with a particular emphasis on its importance in adverse cardiac remodelling following MI 26 

10,20,23,24. Previous work has demonstrated the beneficial effects of targeting Runx1 in the context of 27 

acute MI 20 and in the context of ischemic heart disease, however whether these benefits would be 28 

observed in a cardiac disease of a chronic progressive nature such as HFpEF was unknown. 29 

Therefore, we adapted a 2HM of HFpEF in our line of transgenic mice with cardiomyocyte Runx1 30 
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deficiency, and then again with the C57-N strain mice using translational approaches to target Runx1. 1 

Overall, this work has identified RUNX1 as a promising therapeutic target for treatment and 2 

prevention of HFpEF. 3 

Targeting Runx1 with a cardiomyocyte-specific Runx1-deficient mouse attenuates the 4 

development of a HFpEF phenotype. Runx1-deficiency is highly protective against the development of 5 

HFpEF because despite the efficacy of the two-hits (i.e., mice in both 2HM groups gained weight and 6 

had increased SBP), the Runx1-deficient mice did not develop all the signs of HFpEF whereas control 7 

mice had a classical HFpEF phenotype. Specifically, Runx1-deficiency reduced the development of 8 

hypertrophy and exercise intolerance and completely protected against development of pulmonary 9 

oedema and diastolic dysfunction. Although in this study we have simply targeted a single gene 10 

(Runx1) in a single cell type (cardiomyocytes), the phenotypic outcome was evident systemically 11 

including effects on exercise intolerance, pulmonary oedema, and the mass of peripheral organs, 12 

reflecting the beneficial effects of targeting Runx1 for both cardiac dysfunction and peripheral 13 

systems. 14 

We corroborated and translated these findings using RNAi therapy and small molecule 15 

inhibition of RUNX1. Interestingly, similar to the convincing protection of Runx1-deficient mice, 16 

targeting Runx1 with RNAi and small molecule inhibitors also attenuated diastolic dysfunction and 17 

pulmonary oedema.  Not only were we able to prevent these two phenotypes with pre-treatment of 18 

AAV9 targeting Runx1 but also by inhibiting Runx with the small molecule inhibitor Ro5-3335 after the 19 

establishment of HFpEF. We note that some parameters measured were less affected by these 20 

alternative approaches and may reflect the number of cardiomyocytes exposed to the therapy and/or, 21 

effects on non-cardiomyocytes or duration of exposure. Future work will aim to further understand the 22 

relative benefits of different approaches.  23 

To interrogate potential gene changes underlying the phenotypic differences observed when 24 

inhibiting Runx1, we used RNAseq. This resulted in predictions using IPA software for changes in the 25 

regulation of diseases and functions when comparing the final time point (after 13 weeks of 2HM) 26 

tissue in both groups compared to day 0 (D0) heart tissue. In any chronic disease it is difficult to 27 

determine at which timepoint transcriptional changes might best be identified in order to discern 28 

differences between Runx1fl/fl and Runx1Δ/Δ mice because relevant changes in the transcriptome may 29 

precede phenotype differences. As such, it is perhaps unsurprising that the most DEG were shared 30 
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between strains despite the stark phenotypic differences between the 2HM transgenic groups. 1 

However, IPA did predict an upregulation in congestive heart failure pathways in both Runx1fl/fl and 2 

Runx1Δ/Δ mice, with larger changes occurring in Runx1fl/fl compared to Runx1Δ/Δ mice despite more 3 

gene changes overall occurring in the Runx1Δ/Δ mice. Interestingly, it was predicted that the 4 

upregulation of cardiac damage pathways would result in larger changes in Runx1Δ/Δ mice compared 5 

to Runx1fl/fl mice. 6 

Finally, we expanded the translational relevance of our work by performing a study in female 7 

mice. This enabled us to not only determine the effect of gene transfer in both sexes but also 8 

interrogate the translational potential of targeting Runx1 with AAV9 after the HFpEF phenotype was 9 

fully established (in contrast to our male study where AAV was administered prior to mice being 10 

placed on the 2HM protocol). The AAV9 was injected following development of an evident HFpEF 11 

phenotype. Overall, inhibiting Runx1 via RNAi was effective in reducing hypertrophy, pulmonary 12 

oedema, and diastolic dysfunction in the female 2HM, thus indicating a potential role for Runx1 in the 13 

treatment of HFpEF in both females as well as males, and is capable of partially reversing the 14 

phenotype. 15 

Limitations to this study include the use of bulk RNAseq rather than a more targeted approach. 16 

It is possible that many of the DEG in our bulk tissue samples will be the result of transcriptional 17 

changes in non-cardiomyocyte cell types in the ventricle, potentially diluting cardiomyocyte-specific 18 

changes that are the result of the Runx1-deficiency. Single-cell transcriptomic analysis, potentially at 19 

multiple time points, is part of the programme of future work. 20 

The aetiology of HFpEF and the associated changes in heart structure and diastolic function 21 

are complex and relatively poorly understood. The relative contributions of the metabolic changes at a 22 

cellular level and the chronic low-grade inflammation that accompanies metabolic stress and 23 

hypertension are not clear. It is remarkable that the relatively simple model developed by Schiattarella 24 

et al in 2019 and used again here can recapitulate many of the phenotypic changes associated with 25 

HFpEF given the subtleties of these physiological insults and their complex interplay. We 26 

acknowledge that RUNX1 is likely to modulate several aspects that mediate the pathogenesis of this 27 

syndrome. Interestingly, this is not at the level of the inducing factors, because weight gain and 28 

increased SBP are observed in both the Runx1fl/fl and Runx1Δ/Δ groups. Rather, it appears that 29 

RUNX1 is involved in the pathways that connect these factors (metabolic stress and increased SBP) 30 
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to changes in the heart, leading to hypertrophy and diastolic dysfunction. It is intriguing that 1 

attenuation of Runx1 function alleviates the deleterious effects observed both following MI and 2 

prevents and reverses key aspects of HFpEF, hinting at a more fundamental role in the response of 3 

heart tissue to damage and pathophysiological insult. 4 

Overall, this study clearly demonstrates that RUNX1 drives pathological changes in 5 

cardiomyocytes in the context of HFpEF. Inhibition of Runx1 by gene transfer or the use of a small 6 

molecule inhibitor improves LV diastolic function and represents an exciting translational approach for 7 

the treatment of HFpEF. 8 
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10-week-old
Flox control mice (Runx1fl/fl)
Runx1-deficient mice (Runx1Δ/Δ)

End point measures:
Echocardiography
Exercise testing
Tissue collection
Pressure-volume loops

12-15 weeks

CTRL-Runx1fl/fl (n=19)

CTRL-Runx1Δ/Δ (n=17)

2HM-Runx1fl/fl (n=21)

2HM-Runx1Δ/Δ (n=22)
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g h i

Figure 1. Runx1-deficient mice are protected against HFpEF phenotype. a) Schematic of two-hit protocol and experimental groups. b) Body weight 
over the experimental protocol in each of the groups. * p < 0.05 for 2HM-Runx1fl/fl (n = 21) compared to CTRL-Runx1fl/fl (n = 19) , # p < 0.05 for 
2HM-Runx1Δ/Δ (n = 22) compared to CTRL-Runx1Δ/Δ (n = 17), and † p < 0.05 for 2HM-Runx1Δ/Δ compared to 2HM-Runx1fl/fl by mixed-effects analysis. c) 
Systolic blood pressure (BP) over the experimental protocol. * p < 0.05 for 2HM-Runx1fl/fl  compared to CTRL-Runx1fl/fl and # p < 0.05 for 2HM-Runx1Δ/Δ 
compared to CTRL-Runx1Δ/Δ by mixed-effects analysis. Characterisation of the HFpEF phenotype: d) Exercise intolerance was quantified by running 
distance. e) Pulmonary oedema quantified by wet to dry lung weight ratio. Hypertrophy was quantified by f) left ventricular (LV) weight normalised to tibial 
length (TL) and by g) cardiomyocyte cross sectional area assessed following Wheat Germ Agglutinin staining. Diastolic function quantified by h) E to A 
wave ratio from pulsed wave Doppler echocardiography and by the slope (β) of the end-diastolic pressure volume relationship derived from the exponen-
tial equation: (LVEDP= curve fitting constant × e[stiffness constant × LV end diastolic volume]) i) representative curves (error lines denote 95% confidence interval; and j) 
data set.
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Figure 2. AAV9-mediated knockdown of Runx1 protects against diastolic dysfunction. a) Schematic of two-hit protocol and experimental groups. b) 
Body weight over the experimental protocol i* p < 0.05 for 2HM-C57N (n = 18) compared to CTRL-C57N (n = 13), # p < 0.05 for 2HM-AAV9-scraM (n = 10) 
compared to CTRL-C57N, and † p < 0.05 for 2HM-AAV9-Runx1 (n = 11) compared to CTRL-C57N by mixed-effects analysis. c) Systolic blood pressure 
(BP) over the experimental protocol. * p < 0.05 for 2HM-C57N compared to CTRL-C57N, # p < 0.05 for 2HM-AAV9-scram compared to CTRL-C57N, and † 

p < 0.05 for 2HM-AAV9-Runx1 compared to CTRL-C57N by mixed-effects analysis. Characterisation of the HFpEF phenotype: d) Exercise intolerance was 
quantified by running distance. e) Pulmonary oedema quantified by wet to dry lung weight ratio. Hypertrophy was quantified by f) left ventricular (LV) weight 
normalised to tibial length (TL) and by g) cardiomyocyte cross sectional area assessed following Wheat Germ Agglutinin staining. Diastolic function quanti-
fied by E to A wave ratio from pulsed wave Doppler echocardiography on h) the final week and i) over the protocol; and by the slope (β) of the end-diastolic 
pressure volume relationship derived from the exponential equation: (LVEDP= curve fitting constant × e[stiffness constant × LV end diastolic volume]) j) representative curves 
(error lines denote 95% confidence interval; and k) data set.
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N-strain mice

End point measures:
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Exercise testing
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Pressure-volume loops
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2HM-DMSO (n=12)
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INJECTIONS
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Figure 3. Runx1 small molecule inhibitor Ro5-3335 remedies against diastolic dys-
function. a) Schematic of two-hit protocol and experimental groups, 2HM-DMSO (n = 12) 
and 2HM-Ro5-3335 (n = 14). Characterisation of the HFpEF phenotype: b) Exercise intol-
erance was quantified by running distance. c) Pulmonary oedema was quantified by wet to 
dry lung weight ratio. Hypertrophy was quantified by d) left ventricular (LV) weight normal-
ised to tibial length (TL). Diastolic function quantified by e) E to A wave ratio from pulsed 
wave Doppler echocardiography and by the slope (β) of the end-diastolic pressure volume 
relationship derived from the exponential equation: (LVEDP= curve fitting constant × e[stiff-

ness constant × LV end diastolic volume]) f) representative curves (error lines denote 95% confidence 
interval; and g) data set.
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Figure 4. Cardiac differential gene expression (DEG) analysis of Runx1fl/fl and Runx1Δ/Δ mice between day 0 (D0) and 13 weeks of 
two-hit model (2HM) protocol. Volcano plots of all genes (orange-significantly downregulated, green-significantly upregulated and grey not 
changing) with the eight most regulated genes indicated in a) Runx1fl/fl  and b) Runx1Δ/Δ mice. c) Venn diagram indicating unique changes and 
the large number of genes that are commonly differentially regulated between group comparison. d) Differences in functional predictions using 
Z-scores comparing Runx1fl/fl mice to Runx1Δ/Δ mice (red indicating an activation between Runx1fl/fl minus Runx1Δ/Δ, blue indicating an inhibition, 
and yellow indicating similar functional predictions in both groups). Heat map representing patterns of e) congestive heart failure and f) cardiac 
damage gene expression levels between Runx1fl/fl mice to Runx1Δ/Δ mice. 
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Figure 5. AAV9-mediated knockdown of Runx1 in female mice: partial reversal of HFpEF phenotype. a) Sche-
matic of two-hit protocol and experimental groups, F-CTRL-C57N (n = 4), F-2HM-C57N (n = 16: F-2HM-AAV-scram, n 
= 8; F-2HM-AAV-Runx1, n = 8). b) Body weight, c) systolic blood pressure (BP), d) exercise intolerance testing quanti-
fied by running distance, and diastolic function quantified by e) E to A wave ratio from pulsed wave Doppler echocardi-
ography at week 8 in female control C57N-strain mice (F-CTRL-C57N) compared to female C57N-strain mice on the 
two hit model protocol (F-2HM-C57N). f) Exercise intolerance was quantified by running distance and g) pulmonary 
oedema was quantified by h) wet to dry lung weight ratio following removal of outlier identified by ROUT outlier test. 
Diastolic function quantified by i) E to A wave ratio from pulsed wave Doppler echocardiography; and by the slope (β) 
of the end-diastolic pressure volume relationship derived from the exponential equation: (LVEDP= curve fitting con-

End point measures:
Echocardiography
Exercise testing
Tissue collection
Pressure-volume loops
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SUPPLEMENTAL FIGURE 3
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SUPPLEMENTAL FIGURE 4
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ComparisonID GeneName ComparisonContrast Pvalue Adjusted Pvalue Fold Change [Log2] Fold change (UP) Case.DiseaseState
Myocardial Infarction
GSE120852.GPL16791.DESeq2R.test3 RUNX1 ExperimentGroup => right ventricular tissue from ICM, biventricular heart failure vs right ventricular tissue from disease control0.0005 0.0097 2.24 4.74 heart failure;myocardial ischemia
GSE116250.GPL16791.DESeq2R.test7 RUNX1 Gender:DiseaseState => male -> myocardial ischemia vs disease control 0.0019 0.011 1.52 2.88 myocardial ischemia
GSE116250.GPL16791.DESeq2R.test2 RUNX1 DiseaseState => myocardial ischemia vs disease control 0.0014 0.0072 1.36 2.57 myocardial ischemia
GSE1145.GPL570.test4 RUNX1 DiseaseState => myocardial ischemia vs normal control 0.0009 0.0063 0.23 1.18 myocardial ischemia
Hypertrophic Cardiomyopathy
GSE89714.GPL11154.DESeq2R.test1 RUNX1 DiseaseState => hypertrophic cardiomyopathy vs normal control 1.41E-08 8.01E-07 1.99 3.98 hypertrophic cardiomyopathy
GSE141910.GPL16791.DESeq2R.test2 RUNX1 DiseaseGroup => hypertrophic cardiomyopathy vs non-failing donor 0.0006 0.0033 0.71 1.64 hypertrophic cardiomyopathy
GSE1145.GPL570.test2 RUNX1 DiseaseState => hypertrophic cardiomyopathy vs normal control 0.0016 0.0152 0.34 1.27 hypertrophic cardiomyopathy
Dilated Cardiomyopathy
GSE35108.GPL6244.test4 RUNX1 Transfection:DiseaseState => GFP -> dilated cardiomyopathy vs normal control 0.0002 0.0021 0.92 1.89 dilated cardiomyopathy
GSE35108.GPL6244.test3 RUNX1 Transfection:DiseaseState => ATP2A2 -> dilated cardiomyopathy vs normal control 0.0022 0.0095 0.49 1.41 dilated cardiomyopathy
GSE141910.GPL16791.DESeq2R.test1 RUNX1 DiseaseGroup => dilated cardiomyopathy;heart failure vs non-failing donor 0.0004 0.0015 0.40 1.32 dilated cardiomyopathy;heart failure
GSE155495.GPL21697.DESeq2R.test1 RUNX1 DiseaseState => dilated cardiomyopathy;heart failure vs disease control 0.0121 0.0436 0.32 1.25 dilated cardiomyopathy;heart failure

SUPPLEMENTAL TABLE 1
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