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Abstract

Several post-translational modifications figure prominently in ventricular remodeling. The beta-O-
linkage of A-acetylglucosamine (O-GIcNAC) to proteins has emerged as an important signal in the
cardiovascular system. Although there are limited insights about the regulation of the biosynthetic
pathway that gives rise to the O-GIcNAc post-translational modification, much remains to be
elucidated regarding the enzymes, such as O-GIcNAc transferase (OGT) and O-GIcNAcase
(OGA), which regulate the presence/absence of O-GIcNAcylation. Recently, we showed that the
transcription factor, E2F1, could negatively regulate OGT and OGA expression in vitro. The
present study sought to determine whether £2f1 deletion would improve post-infarct ventricular
function by de-repressing expression of OGT and OGA. Male and female mice were subjected to
non-reperfused myocardial infarction (MI) and followed for 1 or 4 week. Ml significantly
increased E2F1 expression. Deletion of £2f1 alone was not sufficient to alter OGT or OGA
expression in a naive setting. Cardiac dysfunction was significantly attenuated at 1-week post-MI
in £2fI-ablated mice. During chronic heart failure, £2f1 deletion also attenuated cardiac
dysfunction. Despite the improvement in function, OGT and OGA expression was not normalized
and protein O-GIcNAcyltion was not changed at 1-week post-MI. OGA expression was
significantly upregulated at 4-week post-MI but overall protein O-GIcNAcylation was not
changed. As an alternative explanation, we also performed guided transcriptional profiling of
predicted targets of E2F1, which indicated potential differences in cardiac metabolism,
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angiogenesis, and apoptosis. £2f1 ablation increased heart size and preserved remote zone
capillary density at 1-week post-MI. During chronic heart failure, cardiomyocytes in the remote
zone of E£2f1-deleted hearts were larger than wildtype. These data indicate that, overall, £2f1
exerts a deleterious effect on ventricular remodeling. Thus, £2f1 deletion improves ventricular
remodeling with limited impact on enzymes regulating O-GIcNAcylation.
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Introduction

The failing heart undergoes numerous metabolic changes [7, 10]. Although many studies
have addressed how changes in substrate utilization may underlie the pathophysiology of
heart failure, few have addressed the role of ancillary biosynthetic pathways. Of the several
collateral pathways of glucose metabolism, the hexosamine biosynthetic pathway (HBP) has
emerged as an important player in a variety of diseases [4, 8, 9, 15, 16, 24, 28, 34]. The HBP
culminates in the formation of UDP-GIcNAc, some of which is used to generate the beta- O-
linkage of A-acetylglucosamine (i.e., O-GIcNAc) modification on serine and threonine
residues of proteins. This post-translational modification has been implicated as a protective
signal in acute cardiomyocyte injury in vitro and in vivo [3, 11-13, 20]. Furthermore, we
have shown that this modification has a role in the failing heart [28]. The role of O-GIcNAc
in other diseases has also received significant attention [17]. Yet, the details regarding the
regulation of O-GIcNAc are lacking.

Because of this gap in knowledge, we have been investigating the molecular regulation of
the enzymes controlling O-GIcNAcylation [18, 19]. Two genes give rise to the enzymes that
regulate protein O-GIcNAcylation. O-GIcNAc transferase (OGT) adds the GICNAc
modification to proteins, while O-GlcNAcase (OGA) removes the modification. Others have
viewed protein O-GIcNAcylation as essentially a passive readout of extracellular glucose
levels; however, this is not always true because we and others have shown that there is not a
simple linear relationship between nutrient availability and O-GlcNAcylation [18, 19, 35].
Thus, other factors may regulate the relative activities of OGT and OGA. Furthermore, the
expression of OGT and OGA changes during various pathologic conditions [21, 22, 28, 35].
Yet, the transcriptional regulation of OGT and OGA has received relatively limited attention.
At present, little is known about the regulation of OGT and OGA expression in the heart—
particularly in the failing heart. In addition, the findings from this line of inquiry could have
important implications in other conditions where these enzymes are dysregulated such as
diabetes, neurodegeneration, and cancer.

Recently, our group identified candidates (i.e., miRNA and transcription factor) that may
regulate OGT and OGA expression [18]. Of the candidate transcription factors, we identified
E2F1 as a potential negative regulator of OGT and OGA expression [19]. Although we
provided evidence that E2F1 binds to the presumptive promoter regions of Ogtand Mgea5
(i.e., gene for OGA) and could negatively impact expression at the protein level in a cell
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line, it was not clear whether such observations extend to the intact heart. More importantly,
it was also not known whether evidence of such regulation was present during heart failure.
Thus, the goal of the present study was to test the hypothesis that deletion of E2F1 improves
cardiac function by de-repressing expression of OGT and OGA. Our findings revealed that
deletion of E2f1 improved ventricular function after MI, possibly through increased
capillary density; however, with limited impact on OGT and OGA expression.

All animal procedures were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the University of
Louisville Institutional Animal Care and Use Committee.

Animal breeding

E2f17!~ mice (stock number: 002785, The Jackson Laboratory) were crossed with wildtype
C57BLK6J mice to generate £2f17'~ mice. £2f1*/~ mice were crossed to generate
homozygous deficient and homozygous wild-type (£2£1*/*) littermates, which were used for
this study.

Echocardiography

Transthoracic echocardiography of the left ventricle was performed as described previously
[23, 28, 33]. The sonographer was blinded to mouse genotype.

Myocardial Infarction

Pathology

E2f17I~ and E2f1!* littermates aged 10- to 16-week-old mice (both sexes) were subjected to
non-reperfused myocardial infarction (MI) as previously described [23, 28, 33]. Mice were
followed up to 4 weeks. Briefly, mice were anesthetized with intra-peritoneal injections of
ketamine hydrochloride (50 mg/kg) and sodium pentobarbital (50 mg/kg). Mice were orally
intubated and ventilated with oxygen. A 7-0 silk suture was passed under the left coronary
artery and tied. The chest and skin were closed. Mice were extubated upon recovery of
spontaneous breathing. Analgesia (ketoprofen, 5 mg/kg) was provided prior to recovery and
by 24 and 48 h post-surgery. The surgeon was blinded to mouse genotype. Seven days after
M, all mice were subjected to an echocardiogram to confirm sufficient depression of
cardiac function (LVEF < 60%). Any mouse with LVEF > 60% was excluded from the
study.

Following final echocardiography, hearts were excised and arrested in diastole with KCI.
Hearts were then sectioned into 1 mm short-axis sections. A mid-ventricular section was
fixed with formalin, deparaffinized, and rehydrated. The microscopist was blinded to group
assignment.

Cardiomyocyte hypertrophy—Cardiac sections were stained with wheat germ
agglutinin (WGA,; AlexaFluor 555 conjugate; Invitrogen) to identify cell borders, and DAPI
to detect nuclei. WGA-stained cells were visualized using a Nikon TE-2000E microscope
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interfaced with a Nikon A1 confocal system. Cell areas were measured using Nikon
Elements software [64-bit version 3.22.00 (Build 710)]. Cardiomyocytes were chosen based
on their circularity and whether they had centrally located nuclei. Circularity was calculated
using the Shape Factor feature in NIS-Elements AR 4.0. Cardiomyocytes were chosen based
on a Shape Factor between 1.0 and 0.895 (radius ratio of 1:1-1:1.4).

Cardiac apoptosis—A TUNEL assay kit (TB235, Promega Corporation) was used
according to the manufacturer’s instructions on LV sections. Sections were also stained with
DAPI to identify nuclei. Sections were imaged using a Nikon Eclipse Ti using a 20x
objective. TUNEL positivity was calculated by dividing the total number of TUNEL-positive
cells by the number of nuclei.

Capillary density—Cardiac sections were stained with isolectin B4 (Fluorescein labeled
Griffonia Simplicifolia Lectin I, Vector Labs) as we have previously described [33].
Capillary density was determined by dividing the total number of isolectin B4-positive
vessels by the area of the image (number of capillaries/mm?).

Cardiac fibrosis—Cardiac sections were stained with Fast Green (EMD) and Sirius Red
(Roboz) using previously published protocols [6, 28]. Fibrosis was expressed as a
percentage of scar tissue divided by the total area of tissue.

Reverse transcriptase PCR and real-time PCR

The total RNA from the LV was extracted and used to make cDNA as previously described
[2, 5, 28, 29]. The relative levels of MRNA transcripts were quantified by real-time PCR
using Power SYBR Green (Thermo Fisher Scientific) on a real-time PCR system (ABI 7900
HT, Applied Biosciences). Most primers were made using NCBI Primer Blast except HPRT
primers (PPM03559E-200, QIAGEN) and those referenced (Supplementary Table 1). To
verify ablation of E2f1, a primer was designed to target the deleted exon 4 in £2£17/~ mice.
The data were normalized to mouse HPRT mRNA threshold cycle (Gy) values using the
AACr comparative method. Primer sequences are listed in Table S1.

Protein isolation

Protein was harvested from LV tissue as described previously. Protein concentrations were
determined by Bradford assay with Bio-Rad protein assay dye reagent (Bio-Rad
Laboratories) using different concentrations of bovine serum albumin as standards. Protein
concentrations were measured with a Thermo Multiskan Spectrum spectrophotometer.

Immunoblotting

Protein samples were subjected to electrophoresis in SDS-PAGE gels (4-12%, Invitrogen)
and transferred to PVDF membrane (Immobilon-P, EMD Millipore) at 4 °C. For O-GIcNAc
immunoblotting, membranes were allowed to dry at room temperature for 1 h. The blot was
then probed with primary antibody against O-GIcNAc (clone: RL2; 1:1000, Affinity
Bioreagents) in PBS-casein (Bio-Rad Laboratories) overnight at 4 °C. Membranes were
washed three times with 1x PBS. Membranes were incubated at room temperature with
secondary antibody (goat anti-mouse 1gG-HRP; 1:4000, sc-2005; Santa Cruz
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Biotechnology) in PBS-casein. Membranes were again washed three times with 1x PBS and
then imaged. All other western blotting followed standard protocols. Briefly, membranes
were blocked at room temperature using Tris-buffered saline pH 7.5 (TBS) containing nonfat
milk (5%), washed with TBS containing Tween-20 (TBS-T, 0.1%), and probed with primary
antibody. Antibodies for OGT (D1D8Q—1:2000, Cell Signaling), OGA (NCOAT—1:1000,
Santa Cruz Biotechnology), E2F1 (SC-193—1:1000, Santa Cruz Biotechnology), and a-
tubulin (T6074—1:2000, Sigma-Aldrich) were made in TBS containing nonfat milk (1%).
After overnight incubation at 4 °C, blots were washed in TBS containing Tween-20 (TBS-T,
0.1%). The blots were blocked for 15 min in TBS-T containing 1% milk, washed, and then
incubated with goat anti-rabbit IgG-HRP (sc-2004; Santa Cruz Biotechnology or 7074; Cell
Signaling Technology) or goat anti-mouse IgG-HRP (Santa Cruz Biotechnology), in 1:2000
dilution (for OGT, OGA, and a-tubulin). After washing three times with TBS-T, the
membrane was saturated with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific) and imaged on a Fuji LAS-3000 bio-imaging analyzer. To confirm the
linear range of the signal, multiple exposures from every experiment were performed. Each
lane was normalized to a control protein (a-tubulin) or total protein content (via Ponceau
stain) and expressed as relative to control (set as 100%).

Statistical analysis

Results

Results are shown as mean + SD. Statistical analysis (GraphPad 5.0d) was conducted using a
two-tailed Student’s ¢test or by one-way ANOVA followed by Newman-Keuls multiple
comparison test, when appropriate. A log-rank test was used to determine significance from
Kaplan-Meier survival curves. To determine potential differences in cardiac function
between sex and genotype, a two-way ANOVA with interaction followed by a Bonferroni
post-test was used. Differences were considered statistically significant if p < 0.05.

Myocardial infarction upregulated E2F1 expression

Cardiac tissue from acute (1 week) and chronic (4 week) sham and heart failure mice was
harvested. E2F1 mRNA and protein were upregulated at 1-week post-MI (Fig. 1a, ¢) and at
4-week post-MI (Fig. 1c). To determine the spatial expression of E2F1 in heart failure, we
separated sham and infarcted hearts at 1 and 4 weeks into separate regions: LV-infarcted, LV-
remote, and RV. The greatest induction of E2F1 expression was found in the infarcted
regions of the heart (Fig. 1b, ). E2F1 expression is upregulated acutely and chronically
during heart failure. We next answered the question whether loss of E2F1 expression would
improve cardiac function following MI.

E2f17~ mice had normal cardiac function at baseline

Naive £2f17/~ and E2fI*'* littermates were subjected to echocardiography at 10-16 weeks
of age to establish whether £2f1 deletion per se improves cardiac function. These data
revealed slight reductions in fractional shortening (Table 1) and ejection fraction in £2f17/~
mice. As expected, E2F1 mRNA was markedly reduced in in £2f17/~ hearts (Fig. 2a). Loss
of £2f1 did not affect the gene expression of selected metabolic markers under naive
conditions (Fig. 2b). Heart weight was similar between £2£1*/* and £2f17~ groups (Fig. 2c,
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d). Protein expression of OGT and OGA was determined (Fig. 2e, f); total protein O-
GIcNAcylation was measured (Fig. 2g). There were no differences in expression of OGT,
OGA, or overall protein O-GIcNAcylation. Thus, ablation of E2F1 does not produce a
significant cardiac phenotype or alter O-GIcNAc signaling in surgically naive mice. Given
this observation, we next determined whether loss of £2f1 improves post-infarct ventricular
function.

Deletion of E2f1 in male mice attenuated early cardiac dysfunction following myocardial

infarction

To determine the role of £2f1 deficiency during HF, £2f17/~ and E2f1*'* littermates were
subjected to M1 and followed for 1 or 4 week. We used echocardiography to assess cardiac
function at each time point 1 week (Fig. 3 and Table 2) and 4-week post-MI (Fig. 6 and
Table 3). Representative M-mode echocardiograms (Fig. 3a) indicated LV dilation in
E2fI*"* hearts 1 week following MI. Interestingly, £2£17/~ mice had a significant
preservation of ventricular function at 1-week post-MI, though survival was unaffected
(Supplemental Figure 1A). Both LV diastolic (Fig. 3b) and systolic volumes (Fig. 3c) were
decreased compared to £2f1** ejection fraction (Fig. 3d) was significantly elevated in
E2f17"~ mice. E2f17"~ hearts had no differences in heart rate, stroke volume, or cardiac
output (Table 2). Diastolic and systolic inner ventricular diameters were significantly
increased in £2f1*'* hearts (Table 2). Fractional shortening was significantly greater in
E2f17~ hearts (Table 2). To determine whether sex was a significant variable in this study,
we examined potential sex differences within the £21** and £2f17/~ mice. Interestingly,
the significant improvement in cardiac function was limited to £2777/~ male mice
(Supplemental Table 1). Thus, £2f7~ in male mice, but not female mice, attenuates
ventricular dilation and dysfunction at 1 week following Ml.

Deletion of E2f1 improved capillary density in the remote zone, but not cardiomyocyte
hypertrophy, fibrosis, or apoptosis

To determine how E2F1 deficiency contributed to the preservation of post-MI cardiac
function at 1-week post-MI, we measured cardiomyocyte hypertrophy, capillary density,
apoptosis, and cardiac fibrosis. Despite significantly smaller heart weights in £2777/~ mice,
molecular markers of hypertrophy (Ajppaand Njppb) were similar between £2f1** and
E2f17~ hearts (Fig. 4a). To determine whether £2f1 deficiency acutely affects
cardiomyocyte size following MI, we measured cardiomyocyte cross-sectional area (Fig. 4b,
d-f). Cardiomyocyte cross-sectional area was not different in border (Fig. 4d), ischemic
(Fig. 4e), or remote zones (Fig. 4f). The pro-angiogenic factor, Pdgfb, was significantly
upregulated 1-week post-MI (Fig. 5a). Thus, we interrogated whether capillary density was
different in mid-ventricular sections of the heart (Fig. 5b—e). £2f17/~ hearts had higher
capillary densities only in the remote zone (Fig. 5¢). To further characterize how E£2f17/~
attenuates cardiac dysfunction, we examined whether cardiac apoptosis was altered in
E2fI*"* and E2f17~ hearts. Bcl2, a regulator of apoptosis, was significantly increased in
E2f17~ hearts (Fig. 5f), which led us to query whether the extent of apoptosis differed
between the two groups; however, TUNEL staining revealed no significant changes in
apoptosis (Fig. 5g, h). Moreover, cardiac fibrosis was not significantly different (Fig. 5i, j).
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Thus, deletion of £2f1 preserves capillary density, but has limited impact on cardiomyocyte
cross-sectional area, fibrosis, or apoptosis at early time points following MI.

E2f1 deficiency promotes durable improvement in ventricular function in male mice

Although the improvement in cardiac function at 1 week was significant, we wanted to know
whether such improvements were maintained by subjecting an additional cohort of mice to
extended observation (i.e., 4-week post-MI). £2f1 deletion attenuated cardiac dysfunction 4-
week post-MI without improving survival (Supplemental Figure 1B). End diastolic and
systolic volumes were preserved (Fig. 6b, c); ejection fraction was significantly higher in the
E2f17~ hearts (Fig. 6d). We examined potential sex differences within £2f1*/* and £2f17~
mice (Supplemental Table 2). Interestingly, the significant improvement in cardiac function
was again limited to £2f77/~ male mice. Pulmonary edema was significantly less in £2f17/
mice (Fig. 6). These data further indicate that heart failure was less severe in £2f1/~ mice.
Thus, the improvements in function we observed at 1-week post-MI were also apparent in a
separate cohort of mice followed for 4 weeks.

E2F1 deficiency promotes cardiomyocyte hypertrophy in the remote zone of the failing

heart

To address how deletion of £2f1 might attenuate cardiac dysfunction, we measured
cardiomyocyte hypertrophy, capillary density, apoptosis, and fibrosis at 4-week post-Ml.
Molecular markers of cardiac hypertrophy remained similar (Fig. 7a) and heart weights were
no longer different (Fig. 7c) in E2f1** and E2f17/~ mice. To determine whether £2f1
deficiency chronically affects cardiomyocyte size following MI, we measured
cardiomyocyte cross-sectional area (Fig. 7b—f). £2f17/~ cardiomyocyte cross-sectional area
was significantly larger in only in remote zones (Fig. 7d—f). Pdgfb mRNA was significantly
upregulated 4-week post-MI (Fig. 8a). Thus, we tested whether preservation of capillary
density was upheld at 4-week post-MI (Fig. 8b—e). Capillary density was not different in
border (Fig. 8c), ischemic (Fig. 8d), or remote zones (Fig. 8e). To further characterize how
E2f17!~ attenuates chronic cardiac dysfunction, we examined whether cardiac apoptosis was
altered in E2f1** and E2f17'~ hearts. Bc/2 mRNA expression was not changed and TUNEL
staining similarly revealed no changes in apoptosis (Fig. 8f—h). Cardiac fibrosis was not
significantly different during chronic heart failure (Fig. 8i, j). Thus, deletion of £2f1
attenuates cardiac dysfunction and appears to promote cardiomyocyte hypertrophy during
chronic heart failure without significantly impacting capillary density or fibrosis.

E2f17~ increases selected metabolic transcripts and without affecting protein O-
GIcNAcylation early after Ml

To determine whether loss of £2f1 mediated de-repression of Ogtand Mgea5 (mouse gene
for OGA), we queried whether Ogtand Mgea5 mRNA and protein expression was different
in E2f17~ and E2f1*"* hearts 1-week post-MI. We probed for OGT, OGA, and protein O-
GIcNAcylation via immunoblot (Fig. 9a—c). No overall change in OGT, OGA, or protein O-
GlcNAcylation was observed. £2f1 transcripts were significantly reduced (Fig. 9d); Ogtand
Mgea5 expression was not different. Furthermore, we found a significant induction of
markers of the hexosamine biosynthetic pathway (G7pt2) and glucose metabolism (Pfk7b1,
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Prkfb2, Ndufsl) 1 week post-MI (Fig. 9d). £2f1 ablation induces the expression glycolytic
transcripts.

OGA expression is upregulated in failing E2f17~ hearts

To determine whether loss of £2f1 mediated de-repression of Ogtand Mgea5, we queried
whether Ogrand Mgea5 mRNA and protein expression was different in £2f17/~ and E2f1**
hearts at 4-week post-MI. While £2f1 transcripts were significantly reduced (Fig. 10d), Ogt
and Mgea5 mRNA expression levels were not different. Although OGT protein expression
was also not different (Fig. 10a), OGA protein expression was increased in £2f17/~ hearts
(Fig. 10b). Protein O-GIcNAcylation was not changed in £2f1~/~ hearts (Fig. 10c).
Furthermore, £2f17/~ hearts exhibited an increased expression of NVaufsI mRNA at 4-week
post-MI (Fig. 10d). OGA protein levels were elevated in £2fI-ablated hearts during chronic
heart failure, suggesting that E2F1 negatively regulates OGA expression in the failing heart.

Discussion

Metabolism changes in the failing heart, and many studies have investigated the role of
changes in substrate utilization in ATP generation [7]. Others have also shown that accessory
metabolic pathways, particularly those directly branching off of the central glycolysis
pathway, are also perturbed in the failing heart. Thus, we contend that some of these changes
in ancillary pathways could underlie at least part of the pathology of the failing in heart. We
and others have shown that some of these pathways’ downstream metabolites and/or
applications thereof are dysregulated during heart failure [18, 28], and such changes may
figure prominently in heart failure. Specifically, we and others have investigated the
potential role of O-GIcNAcylation in the failing heart [20, 28]. Given the emerging role of
O-GIcNAcylation in the failing heart, it would be helpful to know how O-GIcNAcylation is
regulated in this specific context. Based on our recent in vitro studies, which indicated that
E2F1 was a negative regulator of OGT and OGA expression [19], we tested the hypothesis
that E2F1 deletion would improve cardiac function by de-repressing OGT and OGA
expression in the failing heart.

Our data indicate that heart failure upregulates E2F1 expression, which has also been shown
by others [1, 30, 32]. To test whether E2F1 regulates expression of OGT and OGA in the
failing heart, we subjected £2f17/~ mice to MI. Although deletion of £2f1 improved
ventricular function, it appeared to have limited impact on OGT and OGA mRNA
expression. Yet, OGA protein expression was significantly upregulated but did not result in
an overall reduction in protein O-GIcNAcylation in the 4-week study. In this regard, we
satisfied the central presumption of our hypothesis that deletion of £2f1 would improve
cardiac function; however, we rejected the prediction that such improvement in function
would occur through de-repression of both OGT and OGA, though de-repression of OGA
seems to have occurred. E2f1 is not the only transcriptional regulator of OGT or OGA. In
the failing heart, there may be other molecular regulators of OGT and OGA transcription.

On face value, it may confuse some readers that we would anticipate de-repression of both
OGT and OGA would be beneficial in the failing heart—or that de-repressing two
presumably antagonistic enzymes would have any demonstrable effect. After all, if these two
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enzymes have opposing function, why would doing anything to both of them actually affect
any biological process? It is now widely accepted that O-GIcNAcylation levels change
during acute and chronic pathologies. Early investigations into the role of O-GIcNAcylation
in various pathologic models provided strong evidence that changes in O-GIcNAcylation
underlie central elements of the pathology. In some models, investigators differed in their
observations, or at least differed in their interpretations. Such interpretations differed on the
topic of whether more or less O-GIcNAcylation was beneficial. It is possible, however, that
this is not the most appropriate question. It is possible, we contend, that changes in O-
GlcNAcylation do underlie pathology; however, these changes may relate more to
appropriate coupling of G-GIcNAc cycling to the cell’s needs, rather than simply higher O-
GIcNAC levels versus lower O-GIcNACc levels. Protein O-GlcNAcylation is a dynamic event.
The O-GIcNAc modification is readily added and removed from target proteins. To date,
existing pharmacologic tools have blocked either OGT or OGA, resulting in a decrease or
increase, respectively, in O-GIcNAc levels. Although OGT inhibitors and OGA inhibitors
have opposite effects on the snapshot levels of O-GIcNAcylation, both approaches block
cycling of O-GIcNAc—that is, the serial addition and removal of O-GIcNAcylation on target
proteins. Thus, we speculate that forcing O-GIcNAc levels to be only ‘high’ or only ‘low’
may not achieve the intended goal of truly reconciling defects in O-GIcNAcylation. The
reality is likely much more complicated than many in the field anticipated. Future
experiments may be designed to address this. We, however, do not presently have an
approach to test such speculation.

There were several other curious observations in the present study. In the 1-week cohort, the
E2f17~ hearts were smaller than the £2f1*/* hearts, but there was no difference in
cardiomyocyte cross-sectional area. On face value, this may seem like incompatible
observations; however, there are other factors that could have affected the discrepancy in
heart weights and cross-sectional areas. Although other measured parameters, such as
fibrosis, would not seem to account for the difference, it is possible that parameters not
assessed (e.g., edema) could at least partially explain the discrepancy—particularly at this
early time point. A more direct explanation could have been potential changes in
cardiomyocyte length, which could potentially explain the lower heart weights in the
E2f17I~ group. At the 4-week time point, heart weights were not different, which, however
speculative, would be consistent with the explanation of acute differences in edema.
Interestingly, cardiomyocyte cross-sectional areas were higher (at least in the remote zone)
of the E2f17~ hearts.

Previous studies showed that E2F1 negatively impacts post-MI remodeling [1, 26, 27, 30,
31], and our findings confirm these results. Others have shown that E2F1 promotes
apoptosis, though we did not observe a reduction in apoptosis. It is possible that £2f1
deletion may have stimulated a reduction in necrosis. Recent findings suggest that E2F1
promotes necrosis by repressing miR-30b [26]. However, our use of a non-reperfused Ml
model limits the likelihood of such a possibility. E2F1 may also negatively regulate
vascularization by downregulating angiogenic factors Vegfand Pigf[32]. Although we
observed no significant induction of Vegfa mRNA in response to £2f1 ablation, we observed
an increase in capillary density during acute HF in the remote zone. Although we do not
know why there was a difference in capillary density, this could be explained by an
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upregulation of the pro-angiogenic factor, Pdgfb, in the E2f1-ablated hearts. Others reported
that induction of protein O-GlcNAcylation depresses the expression of markers of PDGF
signaling [25]. Thus, it is possible that removing the repressive action of E2F1 on OGA
results in the preservation of PDGF signaling and increases capillary density; however, we
did not observe differences in O-GIcNAcylation, which leaves unexplained the reason for
differences in vascular density we report. There are several aspects of our study design to
weigh when interpreting these data. To bolster the potential reproducibility of our
observations, we conducted all surgeries, ultrasounds, and data analyses in a blinded fashion.
In addition, we used both male and female mice for our echocardiography studies. We used
a non-reperfused model of MI to create large infarcts and significant decrements in cardiac
function; this also aided in comparison to our previous publications in this area. The
rationale for using this model has been well articulated by us and others [14]. In terms of
limitations, our hypothesis and experimental design created no room for cell-specific
differences. It is plausible that different cell types respond differently to £271 deletion.
Future studies could use £2f1-floxed mice, which were unavailable to us when we started
this project. Such a tool would allow both inducibility and tissue-specific deletion. As with
many preclinical studies, ours also lacked the superimposition of a second condition (e.g.,
diabetes, hypertension), which would be predicted in an analogous patient population.

Thus, E2f1 exerts a deleterious effect on ventricular remodeling. We showed that deletion of
EZf1 attenuates post-MI ventricular dysfunction while having only limited impact on
enzymes regulating O-GIcNAcylation. Future studies may address the cell-specific effect of
EZf1 on ventricular remodeling. Because our data indicate that £2f1 may limit capillary
density, additional studies may focus on whether this is because of endothelial £271.
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E2F1 is upregulated during heart failure. Male mice aged 10-16 weeks were subjected to
sham or myocardial infarction surgery for 1 or 4 week. £2fI mRNA expression was assessed
in whole sham (7= 4) and MI (n= 4) hearts 1 week following Ml (a; p=0.0044 vs Sham).
A separate cohort of sham (n=6) and MI (7= 5) mice was used to spatially determine £2f1
MRNA expression in infarcted (1), non-infarcted (N), and right ventricle (RV) regions of
sham and infarcted mice at 1-week post-MI (b). Western blot of E2F1 protein expression
and densitometric analysis (c; p= 0.0389 vs Sham). £2f1 mRNA expression in whole Sham
and M1 hearts 4 weeks following M1 (d; p= 0.0133 vs sham). Region-specific expression of
E2f1 mRNA in sham (7= 6) and MI (n=5) hearts 4 week after MI (e). E2F1 immunoblot
and densitometric analysis of whole sham and M1 hearts 4 weeks following Ml (f). An
unpaired Student’s ¢test was used to determine significance between Sham and MI groups.
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Oneway ANOVA followed by a Newman—-Keuls multiple comparison test analysis was used
to determine significance between region-specific expression of £2f1
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E2F1 deficiency in naive mice does not affect O-GIcNAcylation or cardiac mass. Cardiac
tissue from naive, male £2f1**(n= 4) and E2f1~"~(n= 4) mice was harvested at 10-16
weeks of age. £2f1 mRNA expression in £2fI** and E2f17/~ hearts (a; p< 0.00001).
Expression of markers of HBP and metabolism (b). Gravimetric analysis of heart weight to
body weight (c) and heart weight to tibia length (d). Cardiac expression of OGT (e), OGA
(), total protein O-GIcNAcylation (g). An unpaired Student’s #test was used to determine
significance between £2f1*'* and E2f17~ groups
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E2f1 deficiency attenuates cardiac dysfunction in male mice 1-week post-MI. Male (blue)
and female (red) £2f1**(n= 25) and E2f1**(n = 26) were subjected to echocardiography
after 1-week post-MI. Representative m-mode images of £2f1*/* and £2f17~ hearts (a).
Ablation of £2f1 attenuated acute heart failure as indicated by reduction in ventricular end-
diastolic (b; p=0.0024) and end-systolic (c; p= 0.0020) volumes and a concomitant
improvement of ejection fraction (d; p=0.0109). Gravimetric analysis of wet versus dry
lung weight indicated no differences in pulmonary edema between £2f1*/* and E£2f17/~
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groups (e). An unpaired Student’s ¢test was used to determine significance between £2f1/*
and £2f17"~ groups
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Loss of E2F1 reduces cardiac size without affecting cardiomyocyte hypertrophy after
infarction. mMRNA expression of markers of cardiac hypertrophy (a). Representative images
of WGA-stained £2f1** and E2f17!~ heart sections (b). Gravimetric analysis of heart size
revealed reduced heart weight to tibia length (c) in £2f17/~ mice. Cardiomyocyte cross-
sectional area was measured in the border zone of the infarct (“BZ”; panel d), in the infarct
zone (“1Z”; panel e), and remote zone (“RZ”; panel f). An unpaired Student’s #test was used

to determine significance between £2f1** and E2f17/~ groups
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Fig. 5.

Capillary density is increased acutely after Ml in the remote zone of £2f1 deficient hearts.
mMRNA expression of Pdgfb (a). Representative images of isolectin-stained hearts (b).
Capillary density in border zone (“BZ”, panel ¢), infarct zone (“1Z”; panel d), and remote
zone (“RZ”; panel e). Bc/2 mRNA expression (f). Representative TUNEL-stained sections
(9). Quantification of TUNEL positive cells (h). Representative images for cardiac fibrosis
(i) and quantification (j). An unpaired Student’s #test was used to determine significance
between £2f1** and E2f17~ groups

Basic Res Cardiol. Author manuscript; available in PMC 2020 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Dassanayaka et al.

A

—

Volume

o

Percentage (%)

R p=0.0349
| 1
400 4 g
[ ]
300 .. 3
2004 —2o
5 = 00009
100 - A A 00,000
0 T T
E2f1++ E2f17"
EF
100 =
80 - p=0.0098
[ I
60 +
o
40 4 : 000°
o
e 0 0,00
20 - —_— eToe]
u.::oo 0°
0 T T
E2f1++ E2f17
Fig. 6.

o

Volume (uL)

mg

Page 21

5004 p=0.0195
r |
400 -
..
300 - o
. o
200 - .
— e
100 - ..... _OSO_QL)UOOO_
.o‘ 8300
0 . T
E2f1++ E2f1"
WLW-DLW
400 o =0.0116
I ]
300 o
®
e [ ]
200 A . b
e ® [ ]
00 __0O
100 | sede 805888
o
0 ' '
E2f1#* E2f1+

E2f1 deficiency promotes durable improvement in ventricular function in male mice. Male
(blue) and female (red) £2f1** (n=15) and E2f1*"* (n= 17) were subjected to
echocardiography after 4 weeks of non-reperfused myocardial infarction. Representative m-
mode images of £2f1** and £2f17/~ hearts (a). Ablation of £2f1 attenuated chronic heart
failure as evidenced by reduction in ventricular end-diastolic (b, p= 0.0349) and end-
systolic (c, p=0.0195) volumes and a concomitant attenuation of ejection fraction (d, p=
0.0098) compared to £2f1*/*. Gravimetric analysis of wet versus dry lung weight indicated
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increased water retention in the lungs between £2f1*/* and £2f17~ groups (e, p= 0.0116).
An unpaired Student’s ¢test was used to determine significance between £2f7*/* and
E2f17~ groups
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E2f1 deficiency promotes cardiomyocyte hypertrophy in the remote zone of the failing heart.
Gene expression of markers of cardiac hypertrophy (a). Representative images of WGA-
stained £2f1"* (n=13) and £2f17~ (n= 14) heart sections (b). Gravimetric analysis of
heart size; heart weight to tibia length (c). Cardiomyocyte cross-sectional area was measured
in the border zone (d), infarct zone (e), and remote zone (f; p= 0.0252). An unpaired
Student’s rtest was used to determine significance between £2f1*'* and £2f1~ groups
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Cardiac capillary density and fibrosis are not improved during chronic heart failure in £2f1
deficient hearts. mMRNA expression of Pagfb at 4-week post-MI (a). Representative images
of isolectin-stained of £2f1*/* and E2f17~ heart sections 4-week post-MI (b). Capillary
density in border zone (“BZ”; c), infarct zone (“1Z”; d), and remote zones (“RZ”; e). Bcl2
mRNA (f). Representative TUNEL-stained of £2f1*/* and £2f17~ heart sections 4-week
post-MI (g). Quantification of TUNEL-positive cells (h). Representative images for cardiac
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fibrosis (i) and quantification (j). An unpaired Student’s ftest was used to determine
significance between £2f1*'* and E2f17~ groups
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E2F1 ablation promotes expression of markers of metabolism but does not alter protein O-
GlcNAcylation. Cardiac tissue harvested from 1-week post-MI £2f1** and E2f17/~ hearts
were probed for G-GIcNAc enzymes and markers of metabolism. Immunoblot for OGT (a),
OGA (b), and protein O-GIlcNAcylation (c). Expression of metabolic transcripts via RT-PCR
(d). An unpaired Student’s ftest was used to determine significance between £2f1*/* and

E2f17~ groups
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Fig. 10.
E2F1 ablation induces OGA expression in the failing heart. Cardiac tissue harvested from 4-

week post-M1 E2fI*"* (n=13) and E2f17/~ (n= 14) mice were probed for O-GIcNAc
enzymes and markers of metabolism. Immunoblot for OGT (a), OGA (b), and protein O-
GlcNAcylation (c). Expression of metabolic transcripts via RT-PCR (d) An unpaired
Student’s ttest was used to determine significance between £2f1** and £2f17/~ groups
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Table 1

Loss of £2f1 does not promote cardiac dysfunction in naive

E2f1**  E2f17-
EDV (uL) 43+9 44+9
ESV (uL) 11+4 13+4
EF (%) 74+6  T1+6*
HR (bpm) 495+43  478+36
SV (L) 32+6 31£6
CO (mL/min)  16+3 1543
LVIDd (mm) 3703 38%03
LVIDs (mm)  2.0+03 22+0.3*
FS (%) 46+5  41+6*
LVPWd (mm) 08+01 08#0.1
LVPWs (mm) 15+02 1.3+0.2*
LVAWd (mm) 1.0+01 1.0+0.1
LVAWs (mm) 15+02 150.2

Page 28

Male and female £2f7~/~ (n=29) and their Eofrt* (n=31) littermates were subjected to echocardiography at 10-16 weeks of age. Indices of

cardiac function were assessed. Naive £2f7~/ mice demonstrated higher left ventricular systolic inner diameter (LVIDs, p= 0.0095) and slightly

lower fractional shortening (FS, p= 0.0032) and ejection fraction (EF, p = 0.0205) compared to E2f1F mice. Left ventricular diastolic posterior
wall diameter was slightly shorter (LVPWd, p = 0.0009). There were no changes in left ventricular diastolic inner diameter (LVIDd), end diastolic
volume (EDV), end systolic volume (ESV), stroke volume (SV), heart rate (HR), or cardiac output (CO), diastolic or systolic left ventricular

anterior wall diameter (LVAWd, LVAWS), and diastolic left ventricular posterior wall diameter (LVPWd). An unpaired Student’s Ztest was used to

determine significance between E2f1*/* and £2717/- groups
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Table 2

E2f1 deficiency attenuates acute ventricular dilation and dysfunction

E2f1++ E2f17/~
HR (bpm) 548 +45 523 +45
SV (UL) 17+5 20+7
CO (mL/min)  9+2 10+3
LVIDd (mm)  55+1 50%0.7*
LVIDs (mm) 51+12 43+10*
FS (%) 9+7 14 + 10%
LVPWd (mm) 0.7+03 0.7+03
LVPWs (mm) 0.8+04 09%05
LVAWd (mm) 0.6+0.3 0.8+0.4*
LVAWs (mm) 0.7+04 09+0.5*

Page 29

Male and female £2f7~/~ (n=25) and their Eofrt* (n=26) littermates were subjected to echocardiography 1 week after MI. Indices of cardiac

function were assessed. E2f1 ™/~ mice demonstrated shorter left ventricular diastolic and systolic inner diameter (LVIDd; p=0.0268 and LVIDs; p

=0.0202) and higher lower fractional shortening (FS, p = 0.0437) compared to E2f1M* mice. There were no changes in stroke volume (SV), heart
rate (HR), or cardiac output (CO), diastolic or systolic left ventricular anterior wall diameter (LVAWd, LVAWS), diastolic or systolic left ventricular

posterior wall diameter (LVPWd, LVPWSs) between groups. An unpaired Student’s #test was used to determine significance between E2frt and

o= groups
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Table 3

E2f1 deficiency attenuates ventricular dysfunction in the failing heart

E2f1++ E2f17/~
HR (bpm) 542 +54 497 + 41*
SV (uL) 28+7  36+10*
CO (mL/min) 153 18+5
LVIDd (mm) 6.3+12 56+07
LVIDs (mm) 58+15 5.0+09
FS (%) 8+6 12+7
LVPWd (mm) 0.8+04 08+03
LVPWs (mm) 09+05 1.0+04
LVAWd (mm) 04+04 04+04
LVAWS (mm) 05+05 05+05

Page 30

Male and female £2f7~/~ (n=15) and their Eofrt* (n=17) littermates were subjected to echocardiography 4 weeks after MI. Indices of cardiac

function were assessed. Heart rate (HR) was significantly reduced in E2171= mice (p = 0.0107). Stroke volume (SV, p=0.0097) was decreased in

E2fr* group. Cardiac output (CO, p=0.0707) remained unchanged. Diastolic and systolic left ventricular inner diameters were not significantly

different (LVIDd, p=0.0678; LVIDs, p= 0.0563). Fractional shortening (FS, p= 0.0862) was also not changed. Diastolic or systolic left

ventricular posterior wall diameter (LVPWd, LVPWs), and diastolic or systolic anterior wall diameter (LVAWd, LVAWS) also remained similar

between groups. An unpaired Student’s #test was used to determine significance between E21M* and £2f17/~ groups
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