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Abstract

Background: Microvasculature dysfunction is a common finding in pathological remodeling 

of the heart and is thought to play an important role in the pathogenesis of hypertrophic 

cardiomyopathy (HCM), a disease caused by sarcomere gene mutations. We hypothesized that 

microvascular dysfunction in HCM was secondary to abnormal microvascular growth and could 

occur independent of ventricular hypertrophy.

Methods: We utilized multimodality imaging methods to track the temporality of microvascular 

dysfunction in HCM mouse models harboring mutations in the sarcomere genes Mybpc3 or Myh6. 

We performed complementary molecular methods to assess protein quantity, interactions, and 

post-translational modifications to identify mechanisms regulating this response. We manipulated 

select molecular pathways in vivo using both genetic and pharmacological methods to validate 

these mechanisms.

Results: We found that microvascular dysfunction in our HCM models occurred secondary to 

reduced myocardial capillary growth during the early postnatal time period and could occur before 

the onset of myocardial hypertrophy. We discovered that the E3 ubiquitin protein ligase murine 

double minute 2 (MDM2) dynamically regulates the protein stability of both HIF1α and HIF2α/

EPAS1 through canonical and non-canonical mechanisms. The resulting HIF imbalance leads 

to reduced pro-angiogenic gene expression during a key period of myocardial capillary growth. 
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Reducing MDM2 protein levels by genetic or pharmacological methods normalized HIF protein 

levels and prevented the development of microvascular dysfunction in both HCM models.

Conclusions: Our results show that sarcomere mutations induce cardiomyocyte MDM2 

signaling during the earliest stages of disease, and this leads to long term changes in the 

myocardial microenvironment.
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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a disease characterized by pathological thickening 

of the left ventricular myocardium which can lead to heart failure and sudden death in 

humans.1 The prevalence of HCM in humans is ~1:500 and mutations in sarcomere protein 

genes have been shown to cause this disease.2 The most commonly mutated genes in HCM 

are cardiac myosin-binding protein C (MYBPC3) and beta myosin heavy chain (MYH7) 

and mutations in these two genes account for approximately 80% of mutation-positive HCM 

cases.3, 4 The cause of myocardial hypertrophy in HCM is increased cardiomyocyte growth 

that occurs during childhood or in adult life in humans. However, pathologic ventricular 

remodeling in HCM is also associated with changes in the non-cardiomyocyte myocardial 

cell populations.5 It remains incompletely understood how sarcomere protein mutations that 

are expressed primarily in the cardiomyocyte cell population lead to changes in the other cell 

types of the myocardium.

Microvascular dysfunction or disease (MVD), occurs secondary to abnormalities of 

the capillary beds of multiple different organs such as the brain, kidney, retina, skin, 

lung, and heart.6–8 MVD has been consistently identified in many different forms of 

human cardiomyopathy secondary to both ischemic and non-ischemic etiologies.9–14 

Mechanistically, MVD often involves an imbalance of pro-angiogenic and anti-angiogenic 

factors which are critical for capillary formation and maintenance.15 For example, reduced 

expression of the pro-angiogenic factors such as vascular endothelial growth factor A 

(VegfA) and angiopoietin 1 and 2 and increased production of the anti-angiogenic factors, 

angiopoietin 4 and thrombospondin 1, induce capillary rarefaction secondary to pressure 

overload.16–19 However, the molecular mechanisms regulating the development of MVD in 

HCM remain poorly defined.

The pre-hypertrophic disease interval is a critical period in the development of HCM.20–24 

We hypothesized that MVD develops during this period secondary to alterations in 

cardiomyocyte signaling that can develop before the onset of hypertrophy. To explore 

these questions, we utilized multiple sarcomere gene mutant animal models of HCM to 

assess microvascular growth and dysfunction while exploring the key molecular mechanisms 

regulating these phenotypes. We then investigated if targeting these pathways was sufficient 

to prevent the development of MVD in pre-clinical models of HCM.
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MATERIALS AND METHODS

All data needed to evaluate the conclusions in the paper are present in the paper and/or 

the supplemental materials. Additional data related to this paper may be requested from the 

authors.

Detailed description of the materials and methods can be found in the online-only Data 

Supplement.

Ethical Considerations

All mice used in the study were housed at American Association for the Accreditation of 

Laboratory Animal Care (AAALAC) accredited animal facility. The animal experiments 

were conducted in accordance with the practices defined in the Guide for the Care and Use 

of Laboratory Animals which were approved and overseen by University of Pittsburgh’s 

Institutional Animal Care and Use Committee (IACUC).

Statistical Analysis

Experimental data was obtained in a blinded fashion to genotype or treatment group. 

Estimated sample sizes were calculated using preliminary experimental results. Statistical 

significance between two groups was calculated using two-tailed unpaired Student’s t-test. 

If unequal variances were detected using a F test, then a Welch’s t-test was utilized. In 

the case of more than two groups, a one-way or two-way ANOVA with Tukey’s multiple 

comparisons test was used for determining statistical significance. If unequal variances were 

detected using a Brown-Forsythe test, then a Brown-Forsythe and Welch ANOVA with 

Dunnett’s T3 multiple comparisons test was utilized for one-way ANOVA. All statistical 

analyses were performed by Prism software version 9 (GraphPad). A p value less than 0.05 

was considered statistically significant.

RESULTS

Reduced postnatal capillary formation in Mybpc3−/− myocardium is associated with 
microvascular dysfunction and tissue hypoxia.

We previously found that deletion of the sarcomere protein Mybpc3 leads to early 

postnatal left ventricular (LV) hypertrophy.20 Therefore, we wanted to determine if there 

was evidence of microvascular dysfunction in this model. First, we measured capillary to 

cardiomyocyte ratios in wild-type (WT) and Mybpc3-null (Mybpc3−/−) LV tissue by staining 

for the endothelial cell marker CD31. We discovered that capillary density was reduced in 

Mybpc3−/− LV tissue beginning at postnatal day 7 (P7) (Figure 1A–B, Figure S1A–B). Both 

male and female Mybpc3−/− mice had similar reductions in LV capillary density (Figure 

S1C). We then performed immunohistochemistry for an alternative endothelial cell marker, 

angiopoietin-1 receptor TIE2 (aka TEK), and again found that capillary density was reduced 

at P7 (Figure 1A–B, Figure S1D). We confirmed that CD31 and TIE2 detect the same cell 

population in the myocardium (Figure S1E–F). In addition to endothelial cells, pericytes 

are a critical cell population for proper capillary development.25 Therefore, we performed 
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immunohistochemistry for the pericyte marker neural/glial antigen 2 (NG2) and found that 

Mybpc3−/− mice also had reduced LV pericytes (Figure 1C–D, Figure S2A).

To complement the immunohistochemistry based methods, we then injected fluorescently 

labeled tomato lectin (T-lectin) which binds to vascular endothelial cells.26 This allowed 

better visualization of the capillary lumens and confirmed that Mybpc3−/− mice had a 

significant reduction in LV capillaries (Figure 1E–F, Figure S2B–C, Video S1–2). We 

confirmed that T-lectin, CD31 and NG2 could detect the same myocardial capillaries (Figure 

S2D–E). In addition to reduced LV capillaries, we discovered that P7 Mybpc3−/− mice had 

increased left coronary artery dilation compared to wild type control mice. However, left 

coronary artery size was similar in both groups of mice after birth at P2 arguing against a 

difference in embryonic coronary development between the groups (Figure S2F–I). Overall, 

these results show that LV capillary formation is reduced in the early postnatal period in 

Mybpc3−/− mice.

Next, we wanted to determine if the reduction of LV capillaries in Mybpc3−/− mice led to 

microvasculature dysfunction. We measured blood flow in the left coronary artery (LCA) 

before and after the administration of the vasodilator adenosine to calculate the coronary 

flow reserve which is dependent on myocardial capillary blood flow (Figure 1G, Figure 

S2J–L).27 Baseline myocardial blood flow was increased in Mybpc3−/− animals which 

was partly driven by the increased left coronary artery size in these mice (Figure 1G–H). 

However, myocardial blood flow minimally increased after adenosine administration (Figure 

1H). Therefore, the coronary flow reserve was reduced in Mybpc3−/− animals (Figure 1I). 
Next, we wanted to determine if the microvascular dysfunction in Mybpc3−/− myocardium 

was associated with tissue hypoxia. We utilized the tissue hypoxia marker pimonidazole 

and detected a large increase in LV tissue hypoxia in Mybpc3−/− heart tissue (Figure 1J–

K). Overall, these results show that the reduction of myocardial capillary formation in 

Mybpc3−/− mice leads to microvascular dysfunction and LV tissue hypoxia.

Dynamic changes in HIF1α and HIF2α occur during the early postnatal period in the 
Mybpc3−/− myocardium.

Since we detected tissue hypoxia in the Mybpc3−/− myocardium, we measured the protein 

levels of the hypoxia-regulated transcriptions factors, HIF1α and HIF2α/EPAS1.28 We 

detected no differences in the protein levels at P2 (Figure 2A+B). In contrast, there was a 

reduction of HIF1α protein and an increase of HIF2α in the Mybpc3−/− LV tissue at P7 

(Figure 2A+B). However, by P25, the HIF1α and HIF2α LV protein levels were similar 

between WT and Mybpc3−/− mice (Figure 2A+B). We compared protein levels across the 

different ages and discovered that myocardial HIF1α protein levels do not increase at P7 in 

the Mybpc3−/− LV tissue when compared to WT LV tissue (Figure 2C). In contrast, HIF2α 
protein levels increase at P7 in Mybpc3−/− LV tissue and then return to control levels by 

P25 (Figure 2D). We then performed immunohistochemistry to confirm that the changes in 

HIF1α and HIF2α protein levels were cardiomyocyte-specific (Figure 2E–G). Overall, these 

results show that during the early postnatal time period when myocardial capillary formation 

is reduced in the Mybpc3−/− mice, there are dynamic changes in cardiomyocyte HIF1α and 

HIF2α protein levels.
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The non-canonical degradation of HIF1⍺ in the Mybpc3−/− myocardium is regulated by 
cardiomyocyte MDM2.

We identified a reduction in Hif1α protein in the Mybpc3−/− myocardium at P7. However, 

it was unclear if the reduction of HIF1α protein was secondary to a reduction in gene 

expression or increased protein degradation. We found that despite the reduction of 

HIF1α protein at P7, there was increased Hif1α mRNA in Mybpc3−/− LV tissue (Figure 

3A). Therefore, we hypothesized that there was increased degradation of HIF1α in the 

Mybpc3−/− myocardium. We administered the proteasomal inhibitor bortezomib (BTZ) and 

this normalized HIF1α protein (Figure 3B–C). We then performed an in situ proximity 

ligation assay (PLA) to measure the amount of ubiquitinated HIF1α in the groups of mice 

that had been administered BTZ. We discovered a robust increase in ubiquitinated HIF1α 
in the Mybpc3−/− LV tissue (Figure 3D–E, Figure S3A). These data show that the reduction 

of HIF1α in Mybpc3−/− LV tissue is secondary to increased ubiquitination and proteasomal 

degradation of HIF1α.

The canonical HIF1α ubiquitination and proteasomal degradation pathway require oxygen-

dependent prolyl hydroxyl domain (PHD) enzymes to hydroxylate HIF1α which then 

allows the E3 ligase, Von Hippel-Lindau (VHL), to ubiquitinate HIF1α.29, 30 To determine 

if the canonical HIF1α degradation pathway was regulating HIF1α degradation we first 

measured VHL protein levels. Surprisingly, VHL protein levels were reduced in Mybpc3−/− 

(Figure 3F–G). We then measured in situ HIF1α-VHL protein complexes and found that 

HIF1α-VHL complexes were significantly reduced in Mybpc3−/− LV tissue (Figure 3H–I, 

Figure S3B). In addition, Phd gene expression was unchanged and the Pan-PHD inhibitor, 

molidustat, did not increase HIF1α protein levels in Mybpc3−/− mice (Figure S3C–F). This 

data shows that the canonical oxygen-dependent PHD-VHL degradation pathway is not 

regulating the increased proteasomal degradation of HIF1α in the Mybpc3−/− LV tissue.

In addition to the oxygen-dependent canonical HIF degradation pathway, oxygen-

independent non-canonical HIF degradation pathways have been identified.31, 32 The 

E3 ligase murine double minute 2 (MDM2) has been shown to ubiquitinate HIF1α.33 

Therefore, we wanted to determine if MDM2 was regulating the ubiquitination of 

HIF1α in Mybpc3−/− cardiomyocytes. First, we measured MDM2 protein levels and 

discovered that MDM2 protein levels were increased in Mybpc3−/− LV tissue during 

the same time point (P7) when HIF1α protein was decreased (Figure 3J–K). Next, 

we selectively reduced cardiomyocyte MDM2 levels in vivo using a transgenic strategy 

that utilized a cardiomyocyte selective Cre line (Myh6:Cre) (Figure 3L). This strategy 

successfully reduced MDM2 protein levels (Figure 3M, Figure S3M). Selective reduction 

of cardiomyocyte MDM2 led to the normalization of HIF1α and HIF2α protein levels in 

Mybpc3−/− LV tissue (Figure 3M, Figure S3M).

We previously discovered that Mybpc3−/− cardiomyocytes develop increased DNA damage 

and increased gene expression of MDM2 at P25.21 Therefore, we measured MDM2 mRNA 

levels at P7 to determine if increased MDM2 gene expression was the reason for the 

elevated MDM2 protein levels at P7 in Mybpc3−/− mice. Interestingly, we found that MDM2 

mRNA was reduced in the Mybpc3−/− mice at P7 but was increased at P25 (Figure S3G). 
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It was previously shown that MDM2 can serve as a negative regulator of its own gene 

expression through inhibiting p53.34 Indeed, we detected a rebound in MDM2 mRNA levels 

when cardiomyocyte MDM2 protein levels were reduced in Mybpc3−/− mice at P7 (Figure 

S3H). Likewise, MDM2 mRNA increased at P25 when levels of MDM2 protein declined 

(Figure S3G+I). These results suggested that cardiomyocyte MDM2 gene expression was 

not the primary cause of increased MDM2 protein levels at P7 and suggested that MDM2 

protein stability was altered in the Mybpc3−/− mice. Indeed, we found that MDM2 protein 

ubiquitination was reduced in P7 Mybpc3−/− LV tissue (Figure S3J+K). In addition, we 

found that MDM2 and MDM4 (aka MDMX) protein complexes were reduced in Mybpc3 

LV tissue (Figure S3L). It was previously shown that MDM4 can stimulate MDM2 

autoubiquitination and degradation.35 Importantly, when MDM2 protein levels decrease at 

P25 in the Mybpc3−/− mice (Fig S3I), this is associated with a normalization of myocardial 

levels of HIF1α and HIF2α (Fig 2A+B). Overall, these results suggest that MDM2 protein 

is increased at P7 in the Mybpc3−/− myocardium secondary changes in its protein stability.

Next, we performed measured in-situ HIF1α-MDM2 protein complexes and discovered 

that they were robustly increased in Mybpc3−/− LV tissue and greatly reduced by selective 

cardiomyocyte reduction of MDM2 (Figure 3N–O, Figure S3N). We then measured in situ 

HIF1α ubiquitination in LV tissue and found that a reduction of cardiomyocyte MDM2 

led to a corresponding reduction in HIF1α ubiquitination (Figure 3P–Q). We confirmed 

our in-situ PLA results by performing immunoprecipitation of LV tissue lysates using a 

HIF1α antibody and then immunoblotting with a K48 ubiquitin selective antibody (Figure 

3R). Finally, the E3 ligase function of MDM2 is a well-described inducer of p53 protein 

degradation.36 Therefore, we wanted to determine if reducing cardiomyocyte MDM2 led 

to a surge of p53 protein levels. However, this did not occur, and LV p53 protein levels 

decreased in parallel with a reduction of cardiomyocyte MDM2 protein (Figure S3O). 
Overall, these results show that cardiomyocyte MDM2 is facilitating the non-canonical 

ubiquitination and degradation of HIF1α in Mybpc3−/− LV tissue.

Increased HIF2α in the Mybpc3−/− myocardium occurs secondary to MDM2 facilitated 
degradation of VHL.

Although we identified the molecular mechanisms regulating the increased degradation of 

HIF1α in Mybpc3−/− cardiomyocytes, it remained unclear why HIF2α protein levels were 

increased. We hypothesized that the reduced VHL protein levels may be contributing to the 

increased levels of HIF2α (Figure 3F). We first measured Vhl gene expression and detected 

no difference between the groups (Figure 4A). This result suggested the reduction of 

VHL protein in Mybpc3−/− LV tissue was secondary to increased proteasomal degradation. 

Indeed, we found that VHL protein levels rebounded to normal levels when a proteasome 

inhibitor was administered to the Mybpc3−/− mice (Figure 4B–C). Next, we performed a 

coimmunoprecipitation assay to determine if MDM2 bound to VHL and discovered that 

there was increased VHL binding to MDM2 in Mybpc3−/− LV tissue lysates (Figure 4D). In 

situ MDM2-VHL protein complexes were also increased in Mybpc3−/− LV tissue and were 

reduced with the selective reduction of cardiomyocyte MDM2 (Figure 4E–F, Figure S4A). 
Next, we discovered that in situ VHL ubiquitination was increased in Mybpc3−/− LV tissue 

and this increase was eliminated with reduction of cardiomyocyte MDM2. (Figure 4G–H, 
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Figure S4B). We confirmed our in-situ PLA results by performing immunoprecipitation of 

LV tissue lysates using a VHL antibody and then immunoblotting with a K48 ubiquitin 

selective antibody (Figure 4I). In contrast to VHL ubiquitination, the neddylation of VHL 

was unchanged (Figure S4C–D). Taken together, these results show that MDM2 regulates 

the ubiquitination and degradation of VHL in Mybpc3−/− cardiomyocytes.

We identified a novel role for cardiomyocyte MDM2 in the regulation of VHL ubiquitination 

and VHL protein stability. Therefore, we hypothesized that the increase in HIF2α protein 

levels in Mybpc3−/− LV tissue was related to the changes we identified in VHL. First, we 

confirmed that Hif2α expression was unchanged in the groups (Figure 4J). However, in 

situ VHL-HIF2α protein complexes were greatly reduced in the Mybpc3−/− LV tissue but 

were normalized with the reduction of MDM2 (Figure 4K–L, Figure S4E). Importantly, 

we confirmed that there were minimal MDM2 and HIF2α protein complexes in LV 

tissue (Figure S4F–G). We then measured in situ HIF2α ubiquitination and found that 

HIF2α ubiquitination was reduced in Mybpc3−/− LV tissue and was normalized by 

the cardiomyocyte selective reduction of MDM2 (Figure 4M–N, Figure S4H). Again, 

we confirmed our in-situ PLA results by performing immunoprecipitation of LV tissue 

lysates using a HIF2α antibody and then immunoblotting with a K48 ubiquitin selective 

antibody (Figure 4O). Overall, these results show that cardiomyocyte MDM2 facilitates the 

degradation of VHL which leads to dynamic increases in HIF2α protein levels.

Reduction of cardiomyocyte MDM2 in Mybpc3−/− mice increases myocardial capillary 
formation and pro-angiogenic gene expression

We identified a role for cardiomyocyte MDM2 in regulating the protein stability of 

both HIF1α and HIF2α. Therefore, we wanted to determine if selective reduction of 

cardiomyocyte MDM2 would impact capillary formation in Mybpc3−/− mice. Indeed, we 

found that the reduction of cardiomyocyte MDM2 led to increased LV capillaries in 

Mybpc3−/− mice (Figure 5A–B). Likewise, pericytes were also increased with selective 

reduction of cardiomyocyte MDM2 in Mybpc3−/− mice (Figure S5A–B). We wanted 

to determine if the reduction of LV capillary density in the Mybpc3−/− myocardium 

was associated with reduced expression of angiogenic genes. Indeed, we found that 

Mybpc3−/− LV tissue had reduced expression of multiple pro-angiogenic genes (Figure 

5C). Importantly, the selective cardiomyocyte reduction of MDM2 could reverse these gene 

expression changes (Figure 5C).

We next investigated whether reduction of capillary density in the Mybpc3−/− myocardium 

was secondary to the reduction of HIF1α or the increase of HIF2α protein at P7. Selective 

reduction of cardiomyocyte HIF1α during the P2 to P7 postnatal time period in WT mice 

led to a reduction in LV capillary formation (Figure 5D–E, Figure S5C). In contrast, the 

reduction of cardiomyocyte HIF2α in Mybpc3−/− mice resulted in a partial increase of 

capillary density in Mybpc3−/− mice but had no impact on WT LV capillary density (Figure 

5G–H, Figure S5D). These results show that the transient imbalance of both HIF1α and 

HIF2α are contributing to the capillary formation abnormality in Mybpc3−/− mice.

Mybpc3−/− mice rapidly develop LV hypertrophy and dysfunction in the early postnatal 

time period.20 Therefore, we measured cardiac structure and function in Mybpc3−/− 
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mice with reduction of cardiomyocyte MDM2. We discovered that selective reduction 

of cardiomyocyte MDM2 did reduce LV hypertrophy and improve systolic function in 

Mybpc3−/− mice during the early postnatal time period (Figure S5E–G). In contrast, targeted 

elimination of cardiomyocyte HIF1α and HIF2α did not cause significant changes in cardiac 

structure or function in the early postnatal time period (Figure S5H–M). These results show 

that the MDM2-induced HIF imbalance selectively alters LV capillary formation during the 

early postnatal time period in Mybpc3−/− mice.

MDM2 regulates capillary formation before the development of ventricular hypertrophy in 
Myh6R404Q/WT mice.

We discovered that Mybpc3−/− mice have reduced LV capillary formation during the early 

postnatal time period and that MDM2 plays a critical role in this process. However, it 

remained unclear if LV capillary formation defects could occur independently of LVH and if 

other sarcomere gene mutations had shared pathophysiological responses to the Mybpc3−/− 

mice. To address these questions, we utilized genetic editing to create a murine model 

with a point mutation in the Myh6 gene (Myh6R404Q/WT) (Figure S6A+B) to model the 

human MYH7 R403Q mutation, which is a well described cause of HCM in humans.37 

The murine MYH6 protein is targeted because it is the dominant myosin heavy chain 

protein in the adult mouse LV versus MYH7 in the adult human LV and this strategy was 

successfully utilized in the past with homologous recombination methods.38 In contrast to 

Mybpc3−/− mice that rapidly develop LVH by postnatal day 7, heterozygote Myh6R404Q/WT 

mice had normal LV wall thickness through postnatal day 25 but developed LVH by 

postnatal day 60 without systolic dysfunction (Figure 6A–C, Figure S6C). Male and female 

Myh6R404Q/WT mice developed similar levels of LVH by P60 but male mice had slightly 

more LVH by 6 months of age (Figure S6D–G). Similar to the development of myocardial 

hypertrophy, the heterozygote Myh6R404Q/WT mice developed cardiomyocyte hypertrophy 

by P60 (Figure 6D–E). Therefore, this HCM model of adult onset LVH allowed us to 

determine if sarcomere protein dysfunction impacted myocardial capillary formation before 

the development of left ventricular hypertrophy.

We analyzed LV capillary density in the Myh6R404Q/WT mice and discovered that capillary 

formation was reduced (Figure 6F–I, and Video 3–4). Similar to Mybpc3−/− mice, both 

male and female Myh6R404Q/WT mice had similar reductions in capillary density (Figure 

S6H). However, in contrast to Mybpc3−/− mice, left coronary artery size of Myh6R404Q/WT 

mice was similar to WT mice at P7 (Figure S6I–J). We then wanted to determine if 

the changes in LV capillary formation in Myh6R404Q/WT mice were related to changes 

in MDM2-HIF signaling. We found that Myh6R404Q/WT myocardium had an increase 

in MDM2 protein (Figure 6J–K). Similar to Mybpc3−/− mice,21 the increase in MDM2 

in the Myh6R404Q/WT mice was associated with increased cardiomyocyte DNA damage 

(Figure S6K–L). Importantly, we found no evidence of increased endothelial cell DNA 

damage (Figure S6M–N). We then measured HIF1α and HIF2α protein levels and 

discovered that P7 Myh6R404Q/WT myocardium had reduced HIF1α and increased HIF2α 
protein levels (Figure 6J, 6L–M). In addition, VHL protein levels were also reduced 

in P7 Myh6R404Q/WT myocardium (Figure S6O–P). Next, we wanted to determine if 

selective reduction of cardiomyocyte MDM2 would increase capillary density and prevent 
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microvascular dysfunction in Myh6R404Q/WT mice in the pre-LVH period. Indeed, we found 

that genetic reduction of cardiomyocyte MDM2 in Myh6R404Q/WT mice led to increased 

LV capillary formation and normalization of coronary flow reserve (Figure 6N–O, Figure 

S7A–C). In contrast to the Mybpc3−/− model that had LVH at P7, we did not detect 

evidence of myocardial tissue hypoxia in the Myh6R404Q/WT model at P7 (Figure S7D). 

Therefore, despite the absence of myocardial tissue hypoxia in the Myh6R404Q/WT model, 

the abnormalities in the microvasculature and molecular alterations in MDM2, HIF1/2 

and VHL were conserved with the Mybpc3−/− model. Overall, these results show that 

myocardial capillary formation precedes the development of ventricular hypertrophy in 

Myh6R404Q/WT mice and microvascular dysfunction can be prevented by genetic reduction 

of cardiomyocyte MDM2.

Chemical inhibition of MDM2 prevents microvascular dysfunction in two distinct HCM 
models

We discovered that cardiomyocyte MDM2 regulates the development of microvascular 

dysfunction in both the Mybpc3−/− and Myh6R404Q/WT mouse lines. Therefore, we wanted 

to determine if chemically targeting MDM2 could prevent the development of microvascular 

dysfunction in these models. We utilized MD-224, a chemical proteolysis targeting chimeric 

(PROTAC) compound, to selectively degrade MDM2 in the early postnatal time period 

(Figure 7A). Chemical targeting of MDM2 led to the normalization of HIF1α and HIF2α 
levels in both Mybpc3−/− (Figure 7B) and Myh6R404Q/WT mice (Figure 7C). Likewise, 

chemical MDM2 degradation led to an increase in LV capillary density in both Mybpc3−/− 

and Myh6R404Q/WT mice (Figure 7D–E).

Similar to genetic reduction of MDM2, chemical targeting of MDM2 using MD-224 

reduced myocardial hypertrophy and improved LV systolic function in Mybpc3−/− mice 

(Figure S8A–F). Next, we wanted to determine if transient targeting of MDM2 during the 

pre-hypertrophic period of Myh6R404Q/WT mice would lead to persistent improvement in 

LV capillary density and coronary flow reserve in the adult animal (Figure 7F). We found 

that transient chemical targeting of MDM2 during the early postnatal time period led to a 

persistent increase in LV capillary density and normalized coronary flow reserve in adult 

Myh6R404Q/WT mice (Figure 7G–I, Figure S8G). In addition, transient chemical targeting 

of MDM2 prevented the development of LVH in the Myh6 Myh6R404Q/WT model at P60 

(Figure S8H–M). In summary, these findings show that transient chemical targeting of 

MDM2 prevents the HIF imbalance and myocardial capillary dysfunction in two unrelated 

models of HCM.

DISCUSSION

Myocardial microvascular dysfunction (MVD) has been identified in multiple different 

forms of human cardiomyopathy and is often thought to occur as a consequence of the 

pathological myocardial remodeling process.39 Myocardial MVD has been demonstrated 

in humans with hypertrophic cardiomyopathy (HCM) and is thought to be a significant 

contributor to disease pathogenesis.40–42 However, it remains unclear when MVD develops 

in HCM and the molecular mechanisms regulating this pathological process. Utilizing 
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two distinct animal models of HCM, we discovered that early postnatal myocardial 

capillary formation is impaired, and this leads to MVD in adult animals. The reduction 

in myocardial capillary formation in HCM is caused by the E3 ligase MDM2 inducing an 

imbalance of cardiomyocyte HIF1α and HIF2α protein levels during the early postnatal 

time period. Importantly, myocardial MVD can precede the development of myocardial 

hypertrophy in HCM and selective targeting of MDM2 prevents myocardial MVD from 

developing. This study identified a key regulatory mechanism controlling the development 

of myocardial MVD and provides unique insights into molecular pathways contributing to 

the pathophysiology of HCM (Figure S9).

We have identified a unique role for MDM2 as a critical regulator of MVD in HCM 

by reducing myocardial angiogenesis in the early postnatal heart. MDM2 has not been 

previously shown to regulate MVD in the heart or other organ systems. In contrast, 

increased expression of MDM2 has been shown to play a pro-angiogenic role in malignant 

tissues.43–45 The divergent pro and anti-angiogenic properties of MDM2 appear to be 

partially explained by the acute versus chronic overexpression of the protein. For example, 

the chronic overexpression of MDM2 in malignant tissues can lead to increased p53 

degradation which facilitates pro-angiogenic gene expression.43 In contrast, the acute 

increase in cardiomyocyte MDM2 in our HCM models led to an anti-angiogenic role for 

this protein through its role in simultaneously regulating the protein stability of HIF1α and 

HIF2α.

We found that MDM2 concurrently regulated the non-canonical degradation of HIF1α and 

the canonical degradation of HIF2α leading to an imbalance in these proteins. Previously 

it was shown that MDM2 can regulate HIF1α ubiquitination in cancer cell lines31, but our 

data indicates this non-canonical mechanism of HIF1α degradation is important in vivo 

in a non-malignant context. In addition, we discovered that in vivo cardiomyocyte MDM2 

can bind and regulate the ubiquitination of VHL leading to a reduction in the canonical 

degradation of HIF2α. Our results identified MDM2 as a specific regulator of HIF and 

VHL protein stability in the early stages of HCM and reinforces the increasing evidence 

that the ubiquitin-proteosome system is an important regulator in HCM.46–49 Interestingly, 

it was previously shown that MDM2 can also regulate VHL neddylation in cancer cell 

lines.50 However, in contrast to the effect that MDM2 has on VHL ubiquitination, we 

found no evidence that MDM2 dynamically regulated VHL neddylation in vivo in our 

disease model. Interestingly, we discovered that HIF1α and HIF2α have opposing roles in 

regulating myocardial capillary formation in the postnatal mammalian heart, with HIF1α 
serving a pro-angiogenic role and HIF2α serving an anti-angiogenic role. This is in contrast 

to tumor angiogenesis, where HIF1α and HIF2α are more often reported to have synergistic 

roles in promoting angiogenesis.51 Our data shows that the regulation of organ angiogenesis 

by HIF1α and HIF2α is highly dependent on cell type and tissue environment. This study 

adds to the growing data that cardiomyocyte HIF signaling has distinct roles in regulating 

myocardial growth and maturation depending on the developmental time point when they 

are expressed.52, 53

Another important result from this study is that MVD can develop before cardiomyocyte 

hypertrophy. Using our Myh6R404Q HCM model that develops LVH in the adolescent 

Shridhar et al. Page 10

Circulation. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



period of mouse development, we identified early postnatal capillary defects before 

the development of LVH. These results suggest that myocardial MVD and myocardial 

hypertrophy in HCM can occur through distinct molecular mechanisms. Supporting this 

conclusion are the results from our targeted cardiomyocyte deletion of the MDM2 target 

proteins HIF1α and HIF2α. Selective reduction of cardiomyocyte HIF1α and HIF2α 
had opposing effects on myocardial capillary growth but had no measurable impact on 

myocardial hypertrophic growth in the early postnatal time period. Likewise, we found 

that targeting MDM2 activity in the early postnatal time period in the Myh6R404Q model 

prevented myocardial MVD well before the onset of left ventricular hypertrophy. Our results 

are further supported by clinical studies in human carriers of pathogenic sarcomere gene 

mutations which identified evidence of MVD even before the development of myocardial 

hypertrophy.54–56 Although we have defined a unique role of MDM2 in regulating 

myocardial HIF signaling and capillary growth in two distinct HCM models, it remains 

unknown how alterations in MDM2 signaling lead to changes in cardiomyocyte hypertrophy 

in HCM.

In contrast to this study which is focused on how a lifelong genetic hypertrophic stimulus 

leads to MVD, acquired forms of LVH secondary to hypertension or aortic stenosis typically 

occur during adulthood. MVD in acquired forms of LVH is thought to be from capillary 

regression leading to microvascular rarefaction. Therefore, it would be assumed that MVD 

in genetic and acquired forms of hypertrophy may have divergent mechanisms. However, 

capillary rarefaction in pressure overload was also shown to occur before the development of 

LVH.18 Likewise, alterations in p53 activity were previously identified to regulate capillary 

regression in a pressure overload LVH model.16 Therefore, it will be important to determine 

how dynamic changes in MDM2 signaling impacts capillary rarefaction in acquired forms of 

LVH.

Our results show that MVD can be prevented by partial genetic or chemical reduction of 

MDM2 in two different mouse models of HCM. Importantly, we found that partial chemical 

or genetic reduction of MDM2 in our models did not lead to an increase in myocardial 

p53 protein levels. In contrast, previous studies have shown that complete ablation of 

cardiomyocyte MDM2 during the embryonic or adult period leads to cardiomyopathy and 

lethality secondary to elevated myocardial p53 levels.57, 58 Likewise, the overexpression 

of a negative regulator of Mdm2 mRNA stability, ZFP36L2, was found to facilitate the 

development of peripartum cardiomyopathy secondary to increased cardiomyocyte p53 

activity leading to a reduction of mTorc1.59 The divergent phenotypic responses in models 

with partial versus complete ablation of MDM2 is at least somewhat explained by these 

divergent p53 responses. However, the type and timing of the pathogenic stimulus may also 

be an important contributor.

Our data demonstrating that MDM2 regulates a critical stage of HCM disease development 

further reinforces that the pre or early LVH period of HCM is important in establishing 

the long term disease. We show that targeting MDM2 during this key period can modify 

long-term HCM pathological remodeling. Therefore, it may be possible to target MDM2 

or related pathways during the earliest stages of HCM disease development and positively 

impact long-term remodeling while avoiding the potential negative consequences of chronic 
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MDM2 inhibition. The pre-LVH period in mouse HCM models is measured in days to 

months post-birth but in humans this period is typically years in duration. Therefore, the 

window for targeting disease modifying pathways in human HCM may be much larger. 

Supporting the strategy of early disease modification in HCM was a recent clinical trial 

administering an angiotensin receptor blocker during the earliest stages of hypertrophic 

growth which successfully modified pathological structural remodeling in HCM patients.60

In conclusion, our results show that sarcomere mutations cause abnormal cardiomyocyte 

MDM2 signaling which can occur even before the development of cardiomyocyte 

hypertrophy. Importantly, the early postnatal pathological changes in cardiomyocyte MDM2 

signaling led to persistent changes in the myocardial microenvironment of the adult animals. 

This study reinforces the importance of targeting HCM during the earliest periods of disease 

development in order to successfully prevent the long-term pathological remodeling of the 

myocardium in this disease.
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Non-standard Abbreviations and Acronyms

CD31 Cluster of differentiation 31

CFR Coronary flow reserve

HIF2α/EPAS1 Endothelial PAS domain-containing protein 1

HCM Hypertrophic cardiomyopathy

HIF1α Hypoxia-inducible factor 1 alpha

IVSd Interventricular septal thickness at end diastole

LCA Left coronary artery

LVH Left ventricular hypertrophy

LVPWd Left ventricular posterior wall thickness at end diastole

LVIDd Left ventricular internal diameter at end diastole

MBF Myocardial blood flow
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MDM2 Murine double minute 2

MVD Microvascular dysfunction

MYBPC3 Cardiac myosin binding protein 3

MYH6 Myosin heavy chain 6

TIE2/TEK Tyrosine kinase with immunoglobulin-like loops and 

epidermal growth factor homology domains-2

Ub Ubiquitin

VHL Von Hippel-Lindau
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CLINICAL PERSPECTIVE

What is New?

• We utilized two distinct murine models of hypertrophic cardiomyopathy 

(HCM) and discovered that microvascular dysfunction in these models is 

secondary to reduced myocardial capillary formation.

• We discovered that the protein murine double minute 2 (MDM2) regulated 

this process through modulation of cardiomyocyte HIF signaling.

• Targeting MDM2 either genetically or pharmacologically increased 

myocardial capillary formation in both HCM models and prevented 

microvascular dysfunction.

What are the Clinical Implications?

• Microvascular dysfunction can develop early in the pathogenesis of HCM and 

results from abnormalities in myocardial capillary formation, not regression.

• Targeting the MDM2 signaling pathway during the earliest stages of HCM 

may be able to reduce the long term sequela of MVD such as chronic angina 

and adverse ventricular remodeling.

• Sarcomere mutations can impact different stages of myocardial development 

and therapeutic strategies designed to exploit these developmental responses 

may successfully modify disease progression.
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Figure 1. Reduced postnatal capillary formation in the Mybpc3−/− myocardium is associated 
with microvascular dysfunction and tissue hypoxia.
(A) Representative immunohistochemistry images for the endothelial cell markers CD31 

[left] or TIE2 [right] (green) co-stained with wheat germ agglutinin (WGA) (red) in 

left ventricular (LV) tissue cross-sections from postnatal day 7 (P7) wild-type (WT) and 

Mybpc3−/− mice. Nuclei are blue (DAPI). Scale bars=25 μm. (B) Capillary to cardiomyocyte 

ratios from WT and Mybpc3−/− (n=6-8/group) LV tissue at P2, P7, P25 or P180. Capillaries 

were identified with CD31 [top] or TIE2 [bottom]. Minimum 120 cardiomyocytes/sample. 
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(C) Representative immunohistochemistry images for the pericyte marker NG2 (red) co-

stained with WGA (green) in LV tissue from P7 WT and Mybpc3−/− mice. Nuclei are 

blue (DAPI). Scale bars=25 μm. (D) Pericyte to cardiomyocyte ratios from WT (n=6) and 

Mybpc3−/− (n=6) LV tissue at P7. Minimum 200 cardiomyocytes/sample. (E) Representative 

fluorescence images for the intravascularly injected endothelial cell stain tomato lectin 

(T-Lectin) (green) in LV tissue from P7 WT and Mybpc3−/− mice. Scale bars=80 μm. 

(F) Capillaries per mm2 in WT (n=6) and Mybpc3−/− (n=6) LV tissue at P7. Three cross-

sectional images per sample were analyzed. (G) Representative myocardial blood flow 

velocity tracings using pulsed wave Doppler echocardiography in P60 WT and Mybpc3−/− 

mice. Myocardial blood flow at baseline and after retro-orbital injection with adenosine 

(post-adenosine) to induce maximal hyperemia. (H) Myocardial blood flow in P60 WT 

(n=6) and Mybpc3−/− (n=5) mice. Myocardial blood flow at baseline (white bars) and post-

adenosine (light grey bars) were normalized to heart weight. (I) Coronary flow reserve in 

P60 WT (n=6) and Mybpc3−/− (n=5) mice. Coronary flow reserve is the ratio of myocardial 

blood flow post-adenosine to myocardial blood flow at baseline. (J) [top] Representative 

H&E–stained heart cross-sections from P2 or P7 WT and Mybpc3−/− mice. [bottom] 
Representative immunohistochemistry images of heart cross sections from P2 or P7 WT and 

Mybpc3−/− mice injected with pimonidazole (hypoxyprobe, green). Scale bars=0.5 mm. (K) 
Comparison of LV tissue hypoxia in WT and Mybpc3−/− mice at P2 or P7 (n=6-8/group). 

Green fluorescent intensity for each sample was obtained and then normalized to P2 WT 

samples. All results are shown as mean±SEM. Student’s or Welch’s t-test were utilized for 

D, F, H, I and K. Two-way ANOVA with Tukey’s multiple comparison test was for B.
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Figure 2. Dynamic changes in HIF1⍺ and HIF2⍺ occur during the early postnatal period in the 
Mybpc3−/− myocardium.
Immunoblots for hypoxia inducible factor 1α (HIF1α) (A) and hypoxia inducible factor 2α 
(HIF2α) (B) in LV tissue lysates from wild-type (WT) and Mybpc3−/− mice at postnatal day 

2 (P2), P7 or P25. (C) HIF1α protein quantification from WT (n=6) and Mybpc3−/− (n=6) 

LV tissue lysates from P2, P7 or P25 mice normalized to β-actin protein expression and 

relative to P2 WT mice. (D) HIF2α protein quantification from WT (n=7-9) and Mybpc3−/− 

(n=7-8) LV tissue from P2, P7 or P25 mice normalized to β-actin and relative to P2 WT 
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mice. (E) Representative immunohistochemistry images for HIF1α (top, green) and HIF2α 
(bottom, green) co-stained with sarcomeric α-actinin (red), in LV tissue from P7 WT and 

Mybpc3−/− mice. Nuclei are blue (DAPI). Scale bars=5um HIF1, 10 μm HIF2. (F) HIF1α 
positive CM nuclei (% of total nuclei) in LV tissue from P7 WT (n=6) and Mybpc3−/− (n=6) 

mice. Minimum 100 nuclei/sample. (G) HIF2α positive CM nuclei (% of total nuclei) in 

LV tissue from P7 WT (n=6) and Mybpc3−/− (n=6) mice. Minimum 100 nuclei/sample. All 

results are shown as mean±SEM. Student’s or Welch’s t-test were utilized for C, D, F and G.
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Figure 3. The non-canonical degradation of HIF1⍺ in the Mybpc3−/− myocardium is regulated 
by cardiomyocyte MDM2.
(A) Hif1α gene expression in LV tissue RNA from P7 WT (n=6) and Mybpc3−/− (n=6) 

mice. Hif1α gene expression was normalized to Rpl32 and fold change relative to WT. 

(B+C) Immunoblots and protein quantification for HIF1α in LV tissue lysates from 

P7 WT (n=6), Mybpc3−/− (n=6) and bortezomib (BTZ) injected Mybpc3−/− (n=6) mice 

normalized to β-actin and relative to WT. (D+E) Representative in situ proximity ligation 

assay (PLA) images and quantification for Ubiquitin (Ub) modified HIF1α in LV tissue 
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from BTZ injected P7 WT (n=4) and Mybpc3−/− (n=4) mice. HIF1α-Ub complexes are 

red and nuclei are blue (DAPI). Three non-overlapping LV images/sample. Scale bars=25 

μm. (F+G) Immunoblot and quantification for Von Hippel-Lindau (VHL) in LV tissue 

lysate from P7 WT (n=7) and Mybpc3−/− (n=7) mice normalized to β-actin and relative 

to WT. (H+I) Representative in situ PLA images and quantification for HIF1α and VHL 

protein complexes in LV tissue from P7 WT (n=4) and Mybpc3−/− (n=4) mice. HIF1α-

VHL complexes are shown in red and nuclei are blue (DAPI). Three non-overlapping 

LV images/sample. Scale bars=25 μm. (J+K) Immunoblot and quantification for murine 

double minute 2 (MDM2) in LV tissue from P7 WT (n=9) and Mybpc3−/− (n=8) mice 

normalized to β-actin and relative to WT. (L) Schematic of cardiomyocyte selective 

reduction of MDM2 in Mybpc3−/− mice generated by crossing MDM2fl/fl , Mybpc3−/−, 

and Myh6:Cre mouse lines to create Mybpc3−/−MDM2fl/+/Myh6:Cre. (M) Immunoblot for 

MDM2, HIF1α, HIF2α, MYPBC3 and β-actin in LV tissue from P7 WT, Mybpc3−/−, 

Mybpc3−/−/Myh6:Cre and Mybpc3−/−MDM2fl/+/Myh6:Cre mice. (N+O) Representative in 

situ PLA images and quantification for MDM2 and HIF1α protein complexes in LV 

tissue from P7 WT (n=4), Mybpc3−/− (n=4) and Mybpc3−/−MDM2fl/+/Myh6:Cre (n=4) 

mice. MDM2-HIF1α complexes are shown in red and nuclei are blue (DAPI). Three 

non-overlapping LV images/sample. Scale bars=25 μm. (P+Q) Representative in situ PLA 

images and quantification for Ub modified HIF1α in LV tissue from BTZ injected P7 

WT (n=4), Mybpc3−/− (n=4) and Mybpc3−/−MDM2fl/+/Myh6:Cre (n=4) mice. HIF1α-Ub 

complexes are red and nuclei are blue (DAPI). Three non-overlapping LV images/sample. 

Scale bars=25 μm. (R) Immunoprecipitation (IP) for HIF1α was performed on LV tissue 

lysates from BTZ injected P7 WT, Mybpc3−/− and Mybpc3−/−MDM2fl/+/Myh6:Cre mice 

and then immunoblots were performed for K48-linked ubiquitin (Poly-Ub) and HIF1α. The 

input LV tissue lysates also underwent immunoblotting for HIF1α and β-actin. All results 

are shown as mean±SEM. Student’s t-test was utilized for A, E, G, I and K. One-way 

ANOVA with Tukey’s or Dunnett’s T3 multiple comparison test were utilized for C, O and 

Q.
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Figure 4. Increased HIF2⍺ in the Mybpc3−/− myocardium occurs secondary to MDM2 facilitated 
degradation of VHL.
(A) Von Hippel-Lindau (Vhl) gene expression in LV tissue RNA from P7 WT (n=14) 

and Mybpc3−/− (n=14) mice. Vhl gene expression was normalized to Rpl32 expression 

and fold change is relative to WT. (B+C) Immunoblots and protein quantification for 

VHL in LV tissue from P7 WT (n=6), Mybpc3−/− (n=6) and BTZ injected Mybpc3−/− 

(n=6) mice normalized to β-actin and relative to WT. (D) Coimmunoprecipitation (Co-IP) 

for MDM2 was performed in LV tissue lysates from P7 WT and Mybpc3−/− mice and 
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then immunoblots were performed for VHL and MDM2. The third WT and Mybpc3−/− 

sample also underwent bead only precipitation without the MDM2 antibody as a negative 

control experiment (WT (−) Ab and Mybpc3−/− (−) Ab). The input LV tissue lysates also 

underwent immunoblotting for MDM2, VHL, and β-actin. (E+F) Representative in situ 

proximity ligation assay (PLA) images and quantification for MDM2 and VHL protein 

complexes in LV tissue from P7 WT (n=4), Mybpc3−/− (n=4) and Mybpc3−/−MDM2fl/+/

Myh6:Cre (n=4) mice. MDM2-VHL complexes are red and nuclei are blue (DAPI). Three 

non-overlapping LV images/sample. Scale bars=25 μm. (G+H) Representative in situ PLA 

images and quantification for ubiquitin (Ub) modified VHL in LV tissue from BTZ-treated 

P7 WT (n=4), Mybpc3−/− (n=4) and Mybpc3−/−MDM2fl/+/Myh6:Cre (n=4) mice. VHL-Ub 

complexes are red and nuclei are blue (DAPI). Three non-overlapping LV images/sample. 

Scale bars=25 μm. (I) Immunoprecipitation (IP) for VHL was performed on LV tissue 

lysates from BTZ injected P7 WT, Mybpc3−/− and Mybpc3−/−MDM2fl/+/Myh6:Cre mice 

and then immunoblots were performed K48-linked ubiquitin (Poly-Ub) and VHL. The 

input LV tissue lysates also underwent immunoblotting for VHL and β-actin. (J) Hypoxia 

inducible factor (Hif) 2α gene expression in LV tissue RNA from P7 WT (n=6) and 

Mybpc3−/− (n=6) mice. Hif2α gene expression was normalized to Rpl32 and fold change 

is relative to WT. (K+L) Representative in situ PLA images for VHL and HIF2α protein 

complexes in LV tissue from P7 WT (n=4), Mybpc3−/− (n=4) and Mybpc3−/−MDM2fl/+/

Myh6:Cre (n=4) mice. VHL-HIF2α complexes are red and nuclei are blue (DAPI). Three 

non-overlapping LV images/sample. Scale bars=25 μm. (M+N) Representative in situ PLA 

images and quantification for Ub modified HIF2α in LV tissue from BTZ injected P7 

WT (n=4), Mybpc3−/− (n=4) and Mybpc3−/−MDM2fl/+/Myh6:Cre (n=4) mice. HIF2α-Ub 

complexes are red and nuclei are blue (DAPI). Three non-overlapping LV images/sample. 

Scale bars=25 μm. (O) Immunoprecipitation (IP) for HIF2α was performed on LV tissue 

lysates from BTZ injected P7 WT, Mybpc3−/− and Mybpc3−/−MDM2fl/+/Myh6:Cre mice 

and then immunoblots for K48-linked ubiquitin (Poly-Ub) and HIF2α. The input LV tissue 

lysates also underwent immunoblotting for HIF2α and β-actin. All results are shown as 

mean±SEM. Student’s t-test was utilized for A and J. One-way ANOVA with Tukey’s or 

Dunnett’s T3 multiple comparison test were utilized for C, F, H, L and N.
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Figure 5. Reduction of cardiomyocyte MDM2 in Mybpc3−/− mice increases myocardial capillary 
formation and pro-angiogenic gene expression.
(A) Representative immunohistochemistry images for CD31 (green) co-stained with WGA 

(red) in LV tissue from P7 WT, Mdm2fl/+/Myh6:Cre, Mybpc3−/− and Mybpc3−/−MDM2fl/+/

Myh6:Cre mice. Nuclei are blue (DAPI). Scale bars=30 μm. (B) Capillary to cardiomyocyte 

ratios in LV tissue from P7 WT (n=6), Mdm2fl/+/Myh6:Cre (n=5), Mybpc3−/− (n=6) 

and Mybpc3−/− MDM2fl/+/Myh6:Cre (n=4) mice. Minimum 100 cardiomyocytes/sample. 

(C) Pro-angiogenic gene expression (Vascular endothelial growth factor a [Vegfa], 
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Vegfb, Vegfc, Angiopoietin 1 [Angpt1], Angpt2, Placental growth factor [Pgf], Platelet 

derived growth factor subunit b [Pdgfb]) in LV tissue RNA from P7 WT (n=6), 

Mybpc3−/− (n=6) and Mybpc3−/− MDM2fl/+/Myh6:Cre (n=5) mice. The genes of interest 

were normalized to Rpl32 and fold changes are relative to WT. (D) Representative 

immunohistochemistry images for CD31 (green) co-stained with WGA (red) in LV tissue 

from P7 Myh6:MerCreMer (MCM) and HIF1αfl/flMCM mice injected with tamoxifen at P1 

and P4. Nuclei are blue (DAPI). Scale bars=50 μm. (E) Capillary to cardiomyocyte ratios 

in LV tissue from P7 MCM(n=9) and HIF1αfl/flMCM (n=10) injected with tamoxifen at 

P1 and P4. Minimum 200 cardiomyocytes/sample. (F) Heart weight (mg) to body weight 

(g) ratios (HW/BW) from P7 MCM (n=9) and HIF1αfl/fl MCM (n=10) mice injected with 

tamoxifen at P1 and P4. (G) Representative immunohistochemistry images for CD31 (green) 

co-stained with WGA (red) in LV tissue from P7 Mybpc3−/− and Mybpc3−/−HIF2αfl/fl/

Myh6:Cre mice. Nuclei are blue (DAPI). Scale bars=50 μm. (H) Capillary to cardiomyocyte 

ratios in LV tissue from P7 WT (n=6), HIF2αfl/fl/Myh6:Cre (n=6), Mybpc3−/− (n=6) 

and Mybpc3−/−HIF2αfl/fl/Myh6:Cre (n=5) mice. Minimum 200 cardiomyocytes/sample. (I) 
Heart weight (mg) to body weight (g) ratios (HW/BW) from P7 WT (n=6), HIF2αfl/fl/

Myh6:Cre (n=6), Mybpc3−/− (n=6) and Mybpc3−/−HIF2αfl/fl/Myh6:Cre (n=6) mice. All 

results are shown as mean±SEM. Student’s t-test was utilized for E and F. One-way ANOVA 

with Tukey or Dunnett’s T3 multiple comparison test were utilized for C. Two-way ANOVA 

with Tukey’s multiple comparison test was utilized for B, H and I.
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Figure 6. MDM2 regulates capillary formation in Myh6R404Q/WT mice before the development 
of ventricular hypertrophy.
(A) Representative H&E–stained heart cross-sections of P25 and P60 WT and 

Myh6R404Q/WT mice. Scale bars=1 mm. Echocardiography assessment of (B) 
interventricular septal thickness at end diastole (IVSd) and (C) LV posterior wall thickness 

at end diastole (LVPWd) in WT (n=10-11), and Myh6R404Q/WT (n=19-24) mice at P25, 

P60 or P180. (D) Representative images of WGA (red) stained LV tissue from WT 

and Myh6R404Q/WT mice at P25 or P60. Scale bar=75 μm. (E) Cardiomyocyte cross-
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sectional areas from WGA stained LV tissue from WT (n=5-6) and Myh6R404Q/WT 

(n=5-6) mice at P7, P25 or P60. Minimum 50 cardiomyocytes/sample. (F) Representative 

immunohistochemistry images for CD31 (green) co-stained with WGA (red) in LV tissue 

from P7 WT and Myh6R404Q/WT mice. Nuclei are blue (DAPI). Scale bars=50 μm. (G) 
Capillary to cardiomyocyte ratios in LV tissue from WT (n=5-6) and Myh6R404Q/WT 

(n=5-6) mice at P2, P7 or P25. Minimum 200 cardiomyocytes/sample. (H) Representative 

fluorescence images for the intravascularly injected endothelial cell stain tomato lectin 

(T-lectin) (green) in LV tissue from P7 WT and Myh6R404Q/WT mice. Scale bars=80 μm. (I) 
Capillaries per mm2 in LV tissue from P7 WT (n=6) and Myh6R404Q/WT (n=6) mice. Three 

cross-sectional images per sample were analyzed. (J-M) Immunoblots and quantification for 

MDM2, HIF1α, and HIF2α in LV tissue lysates from P7 WT (n=6-9) and Myh6R404Q/WT 

(n=6-9) mice normalized to β-actin and relative to WT. (N) Capillary to cardiomyocyte 

ratios were calculated from LV tissue in P7 WT (n=6), MDM2fl/+/Myh6:Cre (n=6), 

Myh6R404Q/WT (n=6) and Myh6R404Q/WTMDM2fl/+/Myh6:Cre (n=6) mice. Minimum 200 

cardiomyocytes/sample. (O) Coronary flow reserve in P25 WT (n=5), Mdm2fl/+/Myh6:Cre 

(n=5), Myh6R404Q/WT (n=6) and Myh6R404Q/WTMdm2fl/+/Myh6:Cre (n=5) mice. All results 

are shown as mean±SEM. Student’s t-test or Welch’s t-test were utilized for I, K, L and M. 

Two-way ANOVA with Tukey multiple comparison test was utilized for B, C, E, G, N and 

O.
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Figure 7. Chemical inhibition of MDM2 prevents microvascular dysfunction in two distinct 
HCM models.
(A) Schematic of injections of vehicle or MDM2 PROTAC (MD-224) from P1 to P6. (B) 
Immunoblots for MDM2, HIF1α and HIF2α in LV tissue from P7 WT or Mybpc3−/− 

injected with vehicle or MD-224. (C) Immunoblots for MDM2, HIF1α and HIF2α in LV 

tissue from P7 WT and Myh6R404Q/WT injected with vehicle or MD-224. (D) Representative 

immunohistochemistry images for CD31 (green) co-stained with WGA (red) in LV tissue 

from P7 Mybpc3−/− and Myh6R404Q/WT injected with vehicle or MD-224 from P1-P6. 
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Nuclei are blue (DAPI). Scale bars=50 μm. (E) Capillary to cardiomyocyte ratios in 

LV tissue from P7 WT vehicle (n=6), WT MD-224 (n=6), Mybpc3−/− vehicle (n=6), 

Mybpc3−/− MD-224 (n=5), Myh6R404Q/WT vehicle (n=7) and Myh6R404Q/WT MD-224 

(n=6) mice. All groups injected from P1-P6 with either vehicle or MD-224. Minimum 

200 cardiomyocytes/sample. (F) Schematic of WT or Myh6R404Q/WT mice injected with 

vehicle or MDM2 PROTAC (MD-224) from P1 to P24 and then analyzed at P60. (G) 
Representative immunohistochemistry images for CD31 (green) co-stained with WGA (red) 

in LV tissue from P60 Myh6R404Q/WT mice injected with vehicle or MD-224 from P1 to 

P24. Nuclei are blue (DAPI). Scale bars=15 μm. (H) Capillary to cardiomyocyte ratios 

in LV tissue from P60 WT vehicle (n=6), WT MD-224 (n=6), Myh6R404Q/WT vehicle 

(n=6) and Myh6R404Q/WT MD-224 (n=6) mice. All groups injected from P1 to P24 with 

vehicle or MD-224. Minimum 140 cardiomyocytes/sample. (I) Coronary flow reserve was 

calculated in P60 WT vehicle (n=6), WT MD-224 (n=6), Myh6R404Q/WT vehicle (n=5), and 

Myh6R404Q/WT MD-224 (n=6) mice. All results are shown as mean±SEM. Student’s t-test 

or Welch’s t-test were utilized for E, H, and I.
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