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Abstract

Background: We previously showed that cardiomyocyte Krvppel-like factor (KLF)-5 regulates
cardiac fatty acid oxidation. As heart failure has been associated with altered fatty acid oxidation,
we investigated the role of cardiomyocyte KLF5 in lipid metabolism and pathophysiology of
ischemic heart failure.
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Methods: Using rtPCR and Western Blot, we investigated the KLF5 expression changes in a
myocardial infarction (MI) mouse model and heart tissue from patients with ischemic heart failure.
Using 2D-echocardiography, we evaluated the effect of KLF5 inhibition after M1 using
pharmacological KLF5 inhibitor ML264 and mice with cardiomyocyte specific KLF5 deletion
(aMHC-KLF57). We identified the involvement of KLF5 in regulating lipid metabolism and
ceramide accumulation after M1 using liquid-chromatography-tandem-mass-spectrometry, and
Western Blot and rtPCR analysis of ceramide-metabolism-related genes. We lastly evaluated the
effect of cardiomyocyte-specific KLF5 overexpression (aMHC-rtTA-KLF5) on cardiac function
and ceramide metabolism, and rescued the phenotype using myriocin to inhibit ceramide
biosynthesis.

Results: KLF5 mRNA and protein levels were higher in human ischemic heart failure samples
and in rodent models 24h, 2- and 4-weeks post-permanent left coronary artery ligation. aMHC-
KLF5~/~ mice and mice treated with ML264 had higher ejection fraction and lower ventricular
volume and heart weight after MI. Lipidomic analysis showed that a MHC-KLF5~~ mice with Ml
had lower myocardial ceramide levels compared with littermate control mice with Ml although
basal ceramide content of aMHC-KLF5~/~ mice was not different from control mice. KLF5
ablation suppressed the expression of serine-palmitoyl-transferase-long-chain-base-subunit
(SPTLC)1 and SPTLC2, which regulate de novo ceramide biosynthesis. We confirmed our
previous findings that myocardial SPTLC1 and SPTLC2 levels are increased in heart failure
patients. Consistently, a MHC-rtTA-KLF5 mice showed increased SPTLC1 and SPTLC2
expression, higher myocardial ceramide levels, and systolic dysfunction beginning 2-weeks after
KLF5 induction. Treatment of aMHC-rtTA-KLF5 mice with myriocin that inhibits SPT,
suppressed myocardial ceramide levels and alleviated systolic dysfunction.

Conclusions: KLF5 is induced during the development of ischemic heart failure in humans and
mice and stimulates ceramide biosynthesis. Genetic or pharmacological inhibition of KLF5 in
mice with MI prevents ceramide accumulation, alleviates eccentric remodeling, and increases
ejection fraction. Thus, KLF5 emerges as a novel therapeutic target for the treatment of ischemic
heart failure.
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INTRODUCTION

The heart relies on oxidative phosphorylation and uses predominantly lipids and to lesser
extent glucose to meet its energetic demands®. Heart failure is accompanied by metabolic
perturbations consisting of reduced fatty acid oxidation rates and altered substrate
preference, which is associated with disease progression?: 3. Cardiac lipotoxicity is one
manifestation of the metabolic imbalance that occurs in heart failure*. Among the toxic
lipids that contribute to lipotoxicity, cardiac ceramides have been shown to activate
pathological signaling pathways and contribute to heart failure in mice® and humans®. The
toxic effect of ceramides has been attributed to insulin resistance, adrenergic desensitization,
reactive oxygen species (ROS) accumulation, endoplasmic reticulum stress, and apoptosis®.
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Ceramides are synthesized through three pathways known as the de novo pathway, the
salvage pathway, and the sphingomyelinase pathway’. The rate-limiting step of the de novo
pathway is catalyzed by the serine palmitoyl transferase (SPT) complex, which forms
ceramide using palmitoyl-CoA and serine. SPT is a heterodimer of the SPT long chain base
subunit 1 (SPTLC1) and 2 (SPTLC?2). Cardiac ceramide levels are increased in heart failure
patients and mice with ischemic heart failure® and acute ischemic injury®. Increases in
ceramide levels in both acute and chronic ischemic injury are accounted for by activation of
the de novo synthesis pathway, but not the sphingomyelinase or salvage pathways®.

Krippel-like factor (KLF)5 is a zinc finger transcription factor and member of an 18-
members family®. Our lab previously showed that cardiomyocyte KLF5 regulates cardiac
fatty acid metabolism via direct activation of peroxisome-proliferator-activated-receptor
(PPAR)a10. Mice with cardiomyocyte-specific deletion of the KLF5 gene (aMHC-
KLF5~/7) have lower cardiac fatty acid oxidation rate and progress slowly to dilated
cardiomyopathy when they are older than 6 months0. Conversely, previous studies showed
that cardiac KLF5 was increased in heart failure, and that global heterozygous deletion of
the KIf5 gene is protective against hypertrophy and fibrosis!1~14. However, not much the
role of cardiomyocyte KLF5 activation in heart failure pathology and accompanying
metabolic remodeling remains unknown. Our study identified novel mechanisms through
which KLF5 regulates ceramide biosynthesis following myocardial ischemia and showed
that KLF5 inhibition alleviates ischemic heart failure and eccentric hypertrophy.

METHODS

An expanded methods section is available in the data supplement.

Data is available within the data supplement or from the corresponding author upon
reasonable request.

Study Population —

We prospectively enrolled patients (age = 18-years) at the University of Utah Health. The
study was approved by the institutional review board of the University of Utah, and
informed consent was provided by all patients.

Animal Experiments:

Animal protocols were approved by the Temple University Institutional Animal Care and
Use Committee and were carried out in accordance with NIH guidelines. a MHC-rtTA-
KLF5 mice were generated by crossing aMHC-Cre with R26-Isl-tTA-TRE-KLF5 mice,
provided by Dr. Jeffrey Whitsett'> and Dr. Inderpreet Surl®. MI was induced through
permanent ligation of the left coronary artery (LCA ligation) as previously described!’.
Cardiac function was assessed via transthoracic echocardiography using the VisualSonics
Vevo 2100 system (VisualSonics, Toronto, ON) as previously described?8.
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Cell Culture:

A human ventricular cardiomyocyte-derived cell line, designated AC161°, and a mouse atrial
cardiomyocyte-derived cell line, designated HL-120 were used for /n vitro experimentation.
AC16 cells were maintained in Dulbecco’s modified Eagle’s medium-nutrient mixture F-12
(DMEM-F-12; Invitrogen, Carlsbad, CA). HL1 cells were maintained in Claycomb media
(Millipore).

RNA Purification and Gene Expression Analysis:

Quantitative real-time PCR was performed with the SYBR Select Master Mix (Applied
Biosystems 4472903) and primers that are listed in Table | in the Supplement.

Protein Extraction and Western Blotting Analysis:

Isolated heart tissue or 6-well cell culture dishes were homogenized in RIPA buffer with
protease and phosphatase inhibitors. Antibodies used for Western Blotting are displayed in
Table 1l in the Supplement.

Promoter Activity Assay:

Promoter fragments of the Sptlc1 and Sptlc2 were cloned into Kpnl and Hindlll restriction
sites of the luciferase reporter-containing pGL3-BV plasmid (Table I11 in the Supplement).
Luciferase activity was quantified in lysates of AC16 cells transfected with pGL3-SPTLC1
and pGL3-SPTLC2 containing various fragments of Spt/cI and Spt/c2 promoters and
infected with Ad-GFP or Ad-KLF5 (Dual-Luciferase Reporter Assay System, Promega
E1910).

Chromatin Immunoprecipitation (ChIP):

We performed ChIP experiments in HL1 cells infected with Ad-GFP or Ad-KLF5 as
described previously? and in whole hearts 4 weeks following sham or Ml surgery. ChIP-
grade anti-KLF5 antibody (Active Motif 61099; 10ug/sample) was used to precipitate
KLF5-DNA complexes. Quantitative PCR was performed using primers detailed in Table IV
in the Supplement.

Measurement of Infarct Size and Cardiomyocyte Cross-Sectional Area:

Heart tissue was sectioned to 7-um thick sections and stained using Masson’s trichrome
stain. Myocardial infarct size was measured as % infarct area with respect to total ventricular
area. Cardiomyocyte cross-sectional area was assessed in the remote myocardium by tracing
cardiomyocytes using ImageJ software.

Lipidomic analysis:
Lipidomic analysis was performed as described previously®. Abbreviations and the mean
and standard deviation for all lipids measured are shown in Table V in the Supplement and
Supplemental Excel File 1, respectively. Hierarchical clustering analysis was performed
using ClustVis software?!.
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Statistical Analysis:

Statistical comparisons were generated using Graphpad Prism6 software, and graphs are
shown with mean +/- standard error. Specific statistical tests used are stated within the
figure legends. Statistical significance was defined as a p-value less than 0.05 unless
otherwise specified in the figure legend. For lipidomic data comparing multiple lipid family
members, Sidak multiple comparison correction was applied using the formula

@ (per comparison) = 1 — (1 — 0.05)YK, where k is the number of lipids for comparison, to
calculate the a level for which the overall type 1 error rate is 0.05.

RESULTS

Cardiac KLF5 Expression is Increased in Heart Failure Patients and Mice with Ischemic
Cardiomyopathy

Cardiac mRNA and protein analysis in heart tissue obtained from patients with end-stage
ischemic heart failure and healthy control patients (Table 1) showed 2-fold upregulation in
KLF5 transcripts (Figure 1A) and 2.5-fold increase in KLF5 protein (Figure 1B, 1C). We
next investigated if KLF5 is also increased in a mouse model of ischemic heart failure.
Permanent LCA ligation caused significant reduction in fractional shortening (Figure IA,B
in the Supplement) at 1-day, 2-weeks, and 4-weeks post-MI, and expansion of the end-
diastolic dimension at 2- and 4-weeks (Figure IC in the Supplement) and end-systolic
dimensions at all 3 time points (Figure 1D in the Supplement; Table VI in the Supplement).
Because ischemic heart failure results in regional differences in cardiac function, we also
analyzed cardiac function using whole left ventricle tracing (Figure 1D; Figure 1A in the
Supplement). Ml reduced ejection fraction all 3 time points (EF; Figure 1E; Figure 1IB in
the Supplement). On the other hand, it increased end-diastolic volume (EDV; Figure 1F;
Figure I1C in the Supplement) and end-systolic volume at all time points (ESV; Figure 1G;
Figure 11D in the Supplement). Heart weight normalized to body weight (HW/BW) was
increased at all three time points but more robustly 2- and 4-weeks post-MI (Figure 1H;
Figure IIE in the Supplement). Cardiac KLF5 mRNA levels were upregulated 24h (2-fold,;
Figure IIF in the Supplement), 2-weeks (4-fold; Figure 11) and 4-weeks (4-fold; Figure 1J)
post-MI. Assessment of KLF5 protein levels (Figure 1K; Figure I1G in the Supplement)
showed sustained increase at 24h (Figure 1IH in the Supplement), 2-weeks, and 4-weeks
(Figure 1L,M) post-Ml.

We next aimed to determine if the increased KLF5 protein content of ischemic hearts is
accounted for by higher KLF5 expression specifically in cardiomyocytes. Therefore, we
isolated cardiomyocytes from mice that we confirmed by light microscopy (Figure I11A in
the Supplement), increased expression of cardiomyocyte marker a-myosin-heavy-chain
(MHC) (Figure 1B in the Supplement) and lack of expression of endothelial markers
cadherin (CDH)5 and platelet-and-endothelial-cell-adhesion-molecule (PECAM)1, and
fibroblast marker platelet-derived-growth-factor-receptor (PDGFR)1a (Figure I1IB in the
Supplement). Cardiomyocytes isolated from mice that had undergone MI showed increased
KLF5 mRNA (Figure 1N,O) and protein levels at 2-weeks (Figure 1P, Q) and 4-weeks post-
MI (Figure 1P,R).
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Pharmacological Inhibition of KLF5 Protects Against Ischemic Cardiomyopathy

To explore whether KLF5 inhibition holds therapeutic potential for ischemic heart failure,
we randomized mice to undergo M1 or sham surgery and treated them with pharmacological
KLF5 inhibitor ML264 twice per day beginning 12h after surgery. ML264 reduced cardiac
KLF5 protein levels as in previous studies 22(Figure 2A,B). Furthermore, ML264 resulted in
significantly reduced early mortality (Figure 2C). We performed echocardiography analysis
at baseline and 5 days, 2 weeks, and 4 weeks post-MI (Figure 2D; Table VII in the
Supplement). Although ML264 did not have any effect in sham mice, it increased EF in
mice with MI (Figure 2E) and reduced EDV (Figure 2F), ESV (Figure 2G) at all timepoints;
and heart weight normalized to tibia length (HW/TL; Figure 2H) and HW/BW (Figure 21)
after MI. Consistently, we found that lung wet/dry weight was reduced in ML264-treated
mice with MI compared to vehicle-treated mice (Figure 2J). We performed Masson
Trichrome staining (Figure 1\VVA in the Supplement) to visualize the scar area and measure
cardiomyocyte cross-sectional area (CSA). ML264 had no effect on infarct size (Figure IVB
in the Supplement) but partially reduced CSA compared to hears from mice with Ml (Figure
IVC in the Supplement).

Cardiomyocyte-Specific KLF5 Deletion Protects Against Ischemic Heart Failure

Following our observations about the beneficial effect of KLF5 inhibition in cardiac function
of mice with MI, we investigated the extent of the contribution of cardiomyocyte KLF5
inhibition to the improvement in ischemic heart failure. We therefore subjected mice with
cardiomyocyte-specific KLF5 knockout (aMHC-KLF577)10 to MI. Opposite to control
mice with M1, aMHC-KLF5~/~ mice with MI had lower cardiac KLF5 protein levels
compared with control mice with sham (Figure 3A,B) and improved survival (Figure 3C).
Cardiac 2D-echocardiography analysis at baseline, 5 days, 2 weeks, and 4 weeks post-Ml
(Figure 3D; Table VIII in the Supplement) showed no differences at baseline, and higher EF
in aMHC-KLF5~/~ mice with MI beginning 5-days after MI compared with control mice
with MI (Figure 3E). Control MI mice had significant expansion of EDV (Figure 3F) and
ESV (Figure 3G), which was suppressed in aMHC-KLF5~~ mice with MI. Consistently the
increase in HW/TL (Figure 3H), HW/BW (Figure V in the Supplement), and wet/dry lung
weight (Figure 3I) that occurred in control mice with MI, was not observed in aMHC-
KLF5~~ mice with MI.

As in wild type mice with Ml that were treated with ML264, Masson trichrome staining
(Figure 3J) did not detect any difference in the size of the infarct between control and
aMHC-KLF5~/~ mice with MI (Figure 3K). Despite the lack of differences in infarct size,
aMHC-KLF5~/~ mice with MI had reduced cardiomyocyte CSA compared with control
mice with MI (Figure 3L). Accordingly, cardiomyocyte-specific ablation of KLF5 prevented
the increase in expression of genes associated with hypertrophic signaling, such as B-type
natriuretic peptide (BNP) and atrial natriuretic peptide (ANP), which were significantly
increased in control M1 mice (Figure 3M). Furthermore, aMHC-KLF5~~ mice with MI had
less profound reduction of cardiac aMHC expression and increase of BMHC compared to
control mice with Ml in (Figure 3M).
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Cardiomyocyte KLF5 Regulates De Novo Ceramide Biosynthesis in Ischemic Heart Failure

As we previously observed that KLF5 is a major regulator of cardiac lipid metabolism, we
performed lipidomic analysis by LC-MS/MS to characterize if cardiomyocyte KLF5
deletion altered the profile of cardiac lipids. This analysis followed by hierarchical clustering
based upon the total lipidome revealed that control MI mice clustered separately from
control sham mice (Figure 4A). Importantly, 3 out of 4 a MHC-KLF5~/~ mice that were
subjected to MI, clustered in between the sham and MI mice (Figure 4A). We next
performed additional analysis for lipids that have been associated with cardiac dysfunction
in mouse models of lipotoxicity, such as ceramides, diacylglycerols, and acyl-carnitines.
Hierarchical clustering based on ceramides revealed that control M1 mice clustered
separately from sham mice, and that 3 out of 4 aMHC-KLF5~~ mice clustered with the
sham mice (Figure 4B). Compared with control sham mice, we found increased content of
total myocardial ceramide levels in control M1 mice but not in aMHC-KLF5~/~ mice with
MI (Figure 4C). Certain ceramide species, such as Cer d18:1/16:0, Cer d18:1/18:1, and Cer
d18:1/24:1 were significantly increased in control MI mice (Figure 4C). Most of these
ceramide species had normal levels in a MHC-KLF5~/~ mice with MI, which had improved
cardiac function (Figure 4C). Likewise, control MI mice clustered separately based upon
myocardial dihydroceramides (dhCer), an intermediate in ceramide metabolism (Figure VIA
in the Supplement). Compared with control sham mice, the levels of dhCer were increased
in control MI mice but not in aMHC-KLF5™~ mice with M1 (Figure VIB in the
Supplement). Significant increases were observed for dhCer d18:0/16:0, dhCer 18:0/24:0,
and dhCer d18:0/24:1 (Figure VIB in the Supplement). On the other hand, hierarchical
clustering based upon diacylglycerol species did not separate control mice with Ml from
aMHC-KLF5~~ with MI mice (Figure VIC in the Supplement). Total diacylglycerols were
significantly increased in control MI compared to control sham mice. Looking into certain
diacylglycerol species, we found statistically significant increases in control MI compared to
control sham mice only for DG 38:4/18:0 and trends toward increased for other
diacylglycerols (Figure VID in the Supplement). Hierarchical clustering analysis based upon
acyl-carnitines revealed that mice with Ml did not cluster separately from sham mice (Figure
VIE in the Supplement). As observed for diacylglycerols, acylcarnitines showed an
increasing trend in mice with M1 and were suppressed in aMHC-KLF5~~ MI mice, but
significant increases were not found for any acylcarnitine family members (Figure VIF in
the Supplement).

As cardiac ceramide content seemed to change in coordination with cardiomyocyte KLF5,
while diacylglycerols or acylcarnitines did not, we assessed further potential involvement of
KLF5 in ceramide biosynthesis. First, we measured expression of ceramide metabolism-
related enzymes. The expression of cardiac ceramide synthase (CerS)1, CerS5, and acid
sphingomyelinase (ASM), which regulate the salvage and sphingomyelinase pathways
respectively, were not altered following Ml surgery (Figure 4D). In contrast, SPTLCL1, and
SPTLC2 mRNA (Figure 4D) and protein (Figure 4E,F) levels were increased in control Ml
mice but not in aMHC-KLF5~~ mice with MI compared with control sham mice.
Consistently, we found that CerS5, SPTLCL, and SPTLC2 mRNA levels were increased and
CerS1 decreased 24h after MI (Figure VIIA in the Supplement) and so was KLF5. On
Western Blot, SPTLC2 but not SPTLC1 protein levels were increased (Figure VIIB,C in the
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Supplement). Because previous studies have shown that heart failure is associated with
activation of de novo ceramide biosynthesis®, we next assessed SPTLC1 and SPTLC2
expression in human ICM heart tissue samples, which had increased KLF5. In accordance
with previous findings®, SPTLC1 and SPTLC2 mRNA levels were increased by 2 to 3-fold
(Figure 4G) and protein levels by 2-3 fold in human ischemic heart failure patients (Figure
4H-J) thereby confirming activation of de novo ceramide biosynthesis in heart failure
patients. Oxidative stress and apoptosis markers followed the same pattern of change as
cardiac ceramide levels. Specifically, myocardial reactive oxygen species (ROS) content was
increased as shown with dihydroethidium (DHE) staining (Figure 4K) in control M1 mice
and was partially suppressed in aMHC-KLF5~/~ mice with MI (Figure 4L). Likewise,
cleaved PARP levels were increased in control M1 mice and reduced in aMHC-KLF5~~ MI
mice (Figure 4M,N).

To assess if cardiomyocyte K/f5ablation lowers basal cardiac ceramide content we
measured the expression of ceramide biosynthesis genes in hearts obtained from 8-12 week
old control and aMHC-KLF5~~ mice without MI (Figure VIIIA in the Supplement). RNA
levels of ceramide biosynthesis genes were not changed dramatically, except for Spt/c1,
which was reduced 20% and Spt/c2that trended toward reduction (Figure VIIIB in the
Supplement). The expression of cardiomyocyte hypertrophy markers was not altered in
aMHC-KLF5~~ mice (Figure VIIIC in the Supplement). Western Blotting analysis revealed
lower KLF5, SPTLC1, and SPTLC2 protein levels (Figure VIIID,E in the Supplement).
Hierarchical clustering analysis based upon the total lipidome did not distinguish between
control and aMHC-KLF5~~ mice without MI (Figure IXA in the Supplement).
Accordingly, aMHC-KLF5~/~ mice did not separate from littermate control mice based on
ceramide levels (Figure 1XB,C in the Supplement), dhCer levels (Figure XA,B in the
Supplement), or DAG (Figure XC,D in the Supplement). Oppositely, a MHC-KLF5~~ mice
did separate from control based upon acyl-carnitines (Figure XE in the Supplement) as they
had reduced AC C18:0 and AC C18:1 (Figure XF in the Supplement).

Cardiomyocyte KLF5 Constitutive Expression Promotes Systolic Dysfunction and
Activates Expression of De Novo Ceramide Biosynthesis Genes

To investigate further the effect of cardiac KLF5 on ceramide metabolism, we generated a
new mouse model for cardiomyocyte-specific doxycycline-inducible KLF5 expression.
Cardiomyocyte-specific constitutive expression of KLF5 is apparent within 10 days of
doxycycline treatment (Figure 5A,B). 2D echocardiography analysis with whole left
ventricle tracing (Figure 5C; Table 1X in the Supplement) showed that KLF5 transgenic
mice had lower EF (Figure 5D) and expanded EDV (Figure 5E) and ESV (Figure 5F)
compared with control mice that were also treated with doxycycline at 2-weeks and 4-weeks
post-induction of KLF5 expression. Similar to control mice with MI, cardiomyocyte KLF5
constitutive expression did not increase expression of CerS1, CerS5, or ASM (Figure 5G)
but resulted in a significant increase in SPTLC1 and SPTLC2 mRNA (Figure 5G) and
protein levels (Figure 5H,1).
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Cardiomyocyte KLF5 Activates the Sptlcl and Sptlc2 Promoters Directly

To explore whether KLF5 activates expression of SPTLC1 and SPTLC2 directly, we
infected HL1 mouse cardiomyocyte cell line with adenovirus carrying KLF5 cDNA to
overexpress KLF5 (Ad-KLF5), or carrying a short hairpin RNA directed against KLF5 (Ad-
shKLFS5; Figure XIA,B in the Supplement)23. As observed in KLF5 transgenic mice, Ad-
KLF5 did not have any effect on CerS1, CerS5, or ASM mRNA levels (Figure XIC in the
Supplement) but increased SPTLC1 and SPTLC2 mRNA levels (Figure XIC in the
Supplement). Ad-shKLF5 did not have alter the expression of any of these genes (Figure
XIC in the Supplement). Western Blotting analysis in cell lysates from HL-1 cells infected
with Ad-KLF5 and Ad-shKLF5 (Figure XID in the Supplement) showed that KLF5
increased both SPTLC1 (Figure XIE in the Supplement) and SPTLC2 (Figure XIF in the
Supplement) protein levels.

Alignment of the protein sequences for the mouse SPTLC1 and SPTLC2 revealed 38%
identity between these two proteins with a significant region of overlap between amino acids
90-353 of SPTLC1 and amino acids 161-421 of SPTLC2 (Figure XIIA,B in the
Supplement). As KLF5 activated the expression of both Spt/cI and Spt/c2 genes, we
explored whether the Spt/cI and Sptlc2 genes resulted from a duplication event that might
result in the presence of shared regulatory elements onto which KLF5 can bind. We
therefore performed an analysis of the evolutionary history of SPTLC1 and SPTLC2 to
determine if conserved regulatory elements could account for the co-regulation of these
genes by KLF5. Through this analysis (Figure 6A), we found that Spt/c1 and Spt/c2 are
present in all eukaryotes and that the duplication of these genes occurred very early in
eukaryotic evolution. Further, we found that in vertebrates, a secondary duplication event of
the Sptlc2 gene resulted in the introduction of the Sptlc3 gene, which has low expression in
cardiomyocytes (Figure XII1 in the Supplement). To determine if there are conserved
regulatory elements within the mouse Sptf/cI and Sptlc2 promoters, we aligned the promoter
regions of these genes using Clustal Omega software and identified predicted KLF binding
sites using Genomatix software. This analysis revealed 3 predicted KLF5 sites that aligned
between the mouse Spt/c1 and Sptlc2 promoters, two of which were located within 100
basepairs of the transcription start sites (TSS) (Figure 6B).

To identify Spt/c and Sptlc2 promoter regions that mediate the activating effect of KLF5 on
SPTLCL1 and SPTLC2 expression, we generated plasmids containing the luciferase reporter
driven by the full length and deletion mutants (=2000/+100 bp, —1000/+100 bp and
—200/+100 bp) of the Sptlc1 or Sptlc2 promoters. We then transfected AC16 cells with these
plasmids and infected the cells with adenovirus expressing KLF5 (Figure XIA in the
Supplement). KLF5 increased luciferase signal in all promoter fragments (Figure 6C),
suggesting that the —200/+100 bp fragment of both Spt/c1 and Spt/c2 promoters includes
strong regulatory elements that mediate the activating effect of KLFb5.

To explore the involvement of the —200/+100 bp region of Spt/c1 and Spt/c2 promoters in
regulation of the expression by KLF5, we performed ChIP-gPCR in HL-1 cardiomyocytes
that were infected with Ad-KLF5 or control Ad-GFP. This analysis showed significant
KLF5 enrichment of the KLF binding sites that are located in the —21/-80 region of the
Sptilc1 promoter (Figure 6D) and the —8/-67 region of the Spt/c2 promoter (Figure 6E). To
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confirm that heart failure induces binding of KLF5 to the Spt/cZ and Spt/cZ promoters, we
performed ChIP for KLF5 on heart tissue from control and a MHC-KLF5~~ mice following
sham or MI. ChIP with anti-histone H3 antibody was used as a positive control. Compared
with control sham mice, control mice with MI had a significant enrichment of Spt/c1
-21/-80 site (Figure 6F) and Sptlc2 —8/-67 site (Figure 6G) with KLF5. Binding of KLF5
to the Sptlc1 and Sptlc2 did not occur in hearts of mice with cardiomyocyte specific KLF5
deletion (Figure 6F,G).

Ceramide Biosynthesis Mediates KLF5-induced Systolic Dysfunction

We next aimed to determine if increased ceramide biosynthesis was causative of systolic
dysfunction in KLF5 transgenic mice. Therefore, we treated a MHC-rtTA-KLF5 mice with
doxycycline diet that was supplemented with myriocin, a pharmacological inhibitor of SPT.
Lipidomic analysis in doxycycline treated control mice, KLF5 transgenic mice, and KLF5
transgenic mice treated with myriocin followed by hierarchical clustering for ceramides
revealed that KLF5 transgenic mice clustered separately from doxycycline treated control
mice and transgenic mice treated with myriocin, which clustered together (Figure 7A).
Compared with cardiac ceramide content in control mice fed on doxycycline, KLF5
transgenic mice trended to have increased total ceramide levels, which were suppressed in
transgenic mice treated with myriocin (Figure 7B). Analysis of different ceramide species
revealed that Cer d18:1/18:1 was significantly elevated and other ceramide family members
trended toward increased in transgenic mice but not in transgenic mice with myriocin
(Figure 7B). Hierarchical clustering based upon dhCer demonstrated that KLF5 transgenic
mice clustered separately from doxycycline treated control mice but not from transgenic
mice treated with myriocin (Figure XIVA in the Supplement). We found only trends for
increased dhCer levels in KLF5 transgenic mice (Figure XIVB in the Supplement).

Hierarchical clustering based upon cardiac diacylglycerol levels did not distinguish a MHC-
rtTA-KLF5 mice from control or aMHC-rtTA-KLF5 mice treated with myriocin (Figure
XIVC in the Supplement). Cardiac diacylglycerides showed increasing trend in aMHC-
rtTA-KLF5 mice and suppression when these mice were treated with myriocin, but none of
the diacylglycerol family members were significantly increased in a MHC-rtTA-KLF5 mice
(Figure XIVD in the Supplement). Hierarchical clustering based upon acylcarnitine levels
did not separate a MHC-rtTA-KLF5 mice from control mice or myriocin-treated a MHC-
rtTA-KLF5 mice (Figure XIVE in the Supplement). Opposite from ceramides and
diacylglycerols, we found that acylcarnitines showed decreasing trend in KLF5 transgenic
mice, however no statistically significant differences were observed in any of the
acylcarnitine species (Figure XIVF in the Supplement).

Echocardiography analysis at baseline, 2 weeks, and 4 weeks following KLF5 induction
(Figure 7C; Table X in the Supplement) showed a MHC-rtTA-KLF5 mice had reduced EF
within 2 weeks of doxycycline treatment, which was prevented by co-treatment with
myriocin (Figure 7D). Similarly, aMHC-rtTA-KLF5 mice had significant expansion of the
EDV (Figure 7E) and ESV (Figure 7F), which was prevented by co-treatment with myriocin.
The a MHC-rtTA-KLF5 mice had a subtle but statistically significant increase in HW/TL
(Figure 7G) or HW/BW (Figure XV in the Supplement), which did not occur in transgenic
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mice treated with myriocin. DHE staining (Figure 7H) showed that aMHC-rtTA-KLF5 mice
had increased cardiac superoxide content, which was prevented by myriocin treatment
(Figure 71).

DISCUSSION

Myocardial ischemia (M) is a major cause of heart failure (HF) accompanied by lower FS,
diastolic dysfunction, left ventricular hypertrophy, increased left ventricular end-diastolic
pressure, fibrosis, cardiomyocyte hypertrophy, and increased apoptosis. Cardiac metabolic
perturbations have been reported in MI24-29, Qur previous studies linked CM KLF5 with
cardiac lipid metabolism in diabetes0, as well as with systemic lipid homeostasis3C. Thus,
we investigated potential involvement of KLF5 in ischemic HF that is accompanied by
altered metabolism. KLF5 is a member of the 18-members KLF protein family that regulate
proliferation, development, and cell death3!. KLF isoforms regulate metabolic pathways in
several organs, including the heart® 32. 33,

Previous studies have linked KLF5 with cardiac pathology. One showed that cardiac KLF5
was increased in hypertrophic human myocardial tissue and in spontaneously hypertensive
rats4. Another showed neonatal rat ventricular myocytes stimulated with H,0, had
increased KLF5 protein levels, silencing of which suppressed apoptosis'3. While these
studies suggested that KLF5 exerts a pathological effect in the heart, none of them
characterized the underlying mechanisms and neither did they associate KLF5 with ischemic
cardiomyopathy, the most common cause of heart failure. The present study identifies
cardiomyocyte KLF5 as a pro-hypertrophic factor that is increased in cardiomyocytes of
patients with heart failure and mice with experimental ischemic cardiomyopathy.
Furthermore, our findings attribute causality of increased KLF5 to heart failure pathology
(Figure 7J). Our study demonstrates the feasibility of targeting KLF5 using the
pharmacological KLF5 inhibitor ML264 for the prevention of ventricular dilation and for
increasing systolic function after M.

One group investigated the involvement of cardiac fibroblast KLF5 in driving pressure-
overload hypertrophyl: 12, These studies did not investigate the regulatory changes in
cardiac KLF5 after TAC, but showed mice with global heterozygous K/f5 deletion were
protected against pressure-overload hypertrophy!: 12, Fibroblast-specific, but not
cardiomyocyte-specific KLF5 inhibition protected against TAC-induced hypertrophy, which
the authors attributed to suppression of paracrine secretion of IGF-1 by cardiac
fibroblasts!: 12, Conversely, we found that cardiomyocyte-specific and systemic inhibition
of KLF5 exerted protective effects in ischemic heart failure. Thus, cardiomyocyte KLF5
seems to be critical for ischemic injury, while fibroblast KLF5 drives pressure-overload
hypertrophy. Nevertheless, ischemic cardiomyopathy is characterized by eccentric
hypertrophy while pressure-overload hypertrophy results primarily in concentric
hypertrophy with a late eccentric phase. Future studies may clarify the relative contributions
of cardiomyocyte and fibroblast KLF5 in heart failure.

We identified KLF5 as a novel positive regulator of both the Spt/c1 and Sptlc2 genes that
acts via direct binding on proximal elements of the promoters of both genes. Spt/cI and
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Sptlc2 genes seem to have emerged from a distant gene duplication event early in eukaryotic
evolutionary history. We observed that constitutive expression of cardiomyocyte KLF5 alone
suffices to increase cardiac ceramide levels, and systolic dysfunction in KLF5 transgenic
mice is prevented by myriocin treatment. This suggests a key role for the de novo ceramide
synthesis pathway in mediating KLF5-driven cardiomyopathy. Our results are consistent
with previous studies demonstrating the role of the de novo ceramide biosynthesis pathway
in cardiac ceramide accumulation in human heart failure and the therapeutic potential of
SPT inhibition for eccentric remodeling in ischemic heart failure®: 34, and elucidates the role
of KLF5 in these pathological processes. Thus, the cardiomyocyte KLF5 transgenic mouse
constitutes a novel mouse model of cardiac lipotoxicity.

Other studies have identified a crucial role for cardiac ceramides in mediating the
detrimental effects of lipid overload and cardiac lipotoxicity in multiple mouse models of
cardiac injury® 35-37_ Qur study identifies KLF5 as a central transcriptional regulator of this
pathway. Interestingly, another study has demonstrated that de novo ceramide biosynthesis
promotes injury as early as 24h after myocardial infarction, and that therapies to reduce
cardiac ceramide levels provide a protective effect8. Likewise, we observed increases in
SPTLC1 and SPTLC2 mRNA and protein levels. KLF5 mRNA and protein were increased
within 24h of ischemic injury, suggesting that the sooner the therapeutic intervention of
KLF5 inhibition is applied the better it will be for alleviating ceramide accumulation and
cardiac dysfunction. Accumulation of ceramides impairs mitochondrial function via multiple
direct and indirect mechanisms, thereby impairing the heart’s ability to oxidize fatty acids
and activating apoptotic cascades38. In addition, KLF5 activation may have broader
implications for regulating lipotoxicity in other cardiac diseases that involve ceramide
accumulation and energetic deficiency, such as diabetes-associated cardiac dysfunction,
cardiac aging, acute ischemic injury, and reperfusion injury

We previously identified KLF5 as an activator of cardiac PPARa expression, which is
attenuated when cJun is activated1?, The present findings implicate KLF5 as a regulator of
ceramide metabolism, which also affects cardiac metabolism. Besides our previous study®
associating ceramide accumulation with cardiac remodeling, ceramides impair
mitochondrial function via mechanisms that include JNK activation, impaired cardiac fatty
acid oxidation, and apoptosis* 3941, Nevertheless, ceramide-driven JNK activation may
account for inhibition of KLF5-mediated activation of PPARa and cardiac fatty acid
oxidation in pathological states. Future studies that will focus on the interplay between
KLF5, ceramide biosynthesis and JNK pathway in cardiac remodeling and fatty acid
oxidation are warranted.

In our study, we found that KLF5 did not have a strong effect on other cardiotoxic lipids
including diacylglycerols and acylcarnitines, which have been shown to contribute to cardiac
lipotoxicity#2=46. In various cases, it has been proposed that diacylglycerols and ceramides
are co-regulated, and increases in ceramide levels can increase diacylglycerols and vice
versa. Sphingomyelin synthase results in the production of both diacylglycerol and
sphingomyelin as end products*’. Tandem changes of diacylglycerol and ceramide levels
have been observed in diglyceride acyltransferasel transgenic mice*3. DAG-dependent
proteins such as PKCs regulate ceramide synthesis from sphingomyelin“8. Cardiomyocyte
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KLF5 activation increases cardiac ceramide content with a lesser effect on diacylglycerols,
and diacylglycerols are reduced in aMHC-KLF5~~ mice and aMHC-rtTA-KLF5 mice
treated with myriocin that can be secondary to the decrease in de novo ceramide
biosynthesis. Therefore, cardiac KLF5 activation seems to preferentially increase ceramides
among various lipid species that have been associated with cardiac lipotoxicity.

In conclusion, our study associates higher cardiac KLF5 expression with increased
expression of SPTLC1 and SPTLC2, higher ceramide content and cardiac dysfunction in
both mouse hearts after M1 and myocardial samples from patients with advanced heart
failure. /n silico and biochemical analyses suggest that KLF5 is a direct transcriptional
regulator of both SPTLC isoforms. Our observations suggest that KLF5 aggravates ischemic
heart failure and KLF5 inhibition holds therapeutic potential for ischemic cardiomyopathy
and cardiac remodeling.

Our study was limited to male mice aged between 7-12 weeks, and does not evaluate sex- or
age- related differences in ceramide metabolism or KLF5 expression. Because we focused
our study on young mice, our results should be cautiously extrapolated to older patient
populations with heart failure, for which disease modifying comorbidities are common, and
disease modifying treatments are applied. Interestingly, another study found that male FVB
mice experienced a greater accumulation of ceramides in response to stimulation with tumor
necrosis factor (TNF)a*?. Future studies may clarify the role of KLF5 in modulating sex-
related differences in ceramide production.

Our lab previously found that a MHC-KLF5~~ mice develop cardiac dysfunction and dilated
cardiomyopathy that is first apparent beginning 6-months of age0. We did not observe
adverse effects resulting from cardiomyocyte KLF5 ablation likely because our study
focused on young aMHC-KLF5~/~ mice, a timepoint when these mice have normal cardiac
function. Our previous study combined with our present results suggest that both activation
and inhibition of KLF5 have adverse consequences for cardiac function, and therapeutic
applications should aim for partial and not complete KLF5.

Compared with floxed and cre-expressing mice used as controls for atMHC-KLF5~/~ mice,
mice treated with vehicle (10% Tween-80, 10% DMSO, 80% saline) every 12h exhibited
substantially higher mortality, which occurred reliably across multiple cohorts of mice. This
increase in mortality may be attributable to components of the vehicle treatment.
Nevertheless, the effect of KLF5 inhibition using ML264 on suppressing mortality is still
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NON-STANDARD ABBREVIATIONS AND ACRONYMS
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HW/TL
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ANP
BMHC
Cer
dhCer
CerS1
CerS5
ASM

DHE

Reactive oxygen species

Krippel-like factor 5

Serine palmitoyl transferase

Serine palmitoyl transferase long chain base subunit 1
Serine palmitoyl transferase long chain base subunit 2
Peroxisome proliferator activated receptor a
Ejection fraction

End-diastolic volume

End-systolic volume

Heart weight normalized to body weight

Heart weight normalized to tibia length

a myosin heavy chain

Cadherin 5

Platelet and endothelial cell adhesion molecule 1
Platelet derived growth factor receptor la
Cross-sectional area

B-type natriuretic peptide

Atrial natriuretic peptide

B myosin heavy chain

Ceramide

Dihydroceramide

Ceramide synthase 1

Ceramide synthase 5

Acid sphingomyelinase

Dihydroethidium
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CLINICAL PERSPECTIVES
What is new?
. KLFS5 is increased in patients with ICM and in mouse models of ischemic
injury.
. Activation of KLF5 promotes systolic dysfunction in a ceramide-dependent
mechanism.
. Cardiomyocyte KLF5 inhibition improves cardiac function in mouse models
of ischemic injury.
What are the clinical implications?
. KLF5 emerges as a novel therapeutic target to improve systolic function and

protect against eccentric remodeling in ischemic heart failure.
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Figure 1: Cardiomyocyte KLF5 is Increased in Ischemic Heart Failure —
KLF5 mRNA (A), Western blotting (B) and quantification (C) in heart tissue obtained from

healthy control and end-stage ischemic heart failure patients. n=11 control, n=20 ICM
patients for mMRNA analysis; n=5 control and n=9 ICM patients for Western Blotting
analysis. *p<0.01 by Welch’s t-test. Representative parasternal long-axis images of the
ventricle with wall motion shown in the traced area (D), and measurements (VevoStrain
software) of ejection fraction (E), end-diastolic volume (F), and end-systolic volume (G) in
sham and M1 C57BI/6 mice 2-weeks and 4-weeks post-surgery. Heart weight normalized to

Circulation. Author manuscript; available in PMC 2022 March 16.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

Page 20

body weight (H). n=5 sham 2-weeks and 4-weeks, n=6 M| 2-weeks and 4-weeks. *p<0.05,
**p<0.01, ****p<0.0001; panel E and H analyzed using t-test, panel F and G analyzed using
Welch’s t-test. Expression of KLF5 mRNA in heart tissue at 2-weeks (1) and 4-weeks (J)
after MI. n=5 sham 2-weeks and 4-weeks, n=6 M| 2-weeks and 4-weeks *p<0.05 by
Welch’s t-test. Western blotting (K) with densitometric quantification of KLF5 protein levels
in whole heart tissue from C57BL/6 mice 2-weeks (L) and 4-weeks (M) post MI. n=5 sham
2-weeks and 4-weeks, n=5-6 MI 2-weeks and 4-weeks. *p<0.05 by t-test. KLF5 mRNA in
isolated adult cardiomyocytes (ACM) 2-weeks (N), and 4-weeks (O) after MI. n=4-6 sham
ACM 2-weeks and 4-weeks, n=4-5 MI 2-weeks and 4-weeks. *p<0.05, **p<0.01 by
Welch’s t-test. Western blotting (P) with densitometric quantification of KLF5 protein levels
in isolated adult cardiomyocytes from C57BL/6 mice 2-weeks (Q) and 4-weeks (R) post-Ml.
n=5-6 sham ACM 2-weeks and 4-weeks, n=4-5 M1 2-weeks and 4-weeks. *p<0.05,
***n<0.001 by t-test.
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Figure 2: Pharmacological Inhibition of KLF5 Prevents Eccentric Hypertrophy and Improves
Cardiac Function after MI —

Western blotting (A) and densitometric quantification of KLF5 protein levels (B) in
C57BL/6 mice subjected to MI or sham surgery and treated with ML264 or vehicle. n=4
Sham + Vehicle, n=4 Sham + ML264, n=5 MI + Vehicle, n=5 MI + ML264. *p<0.05,
**p<0.01 vs Sham + Vehicle; #p<0.05, ####p<0.0001 vs Sham + ML264, $$$p<0.001 vs
MI + Vehicle by two-way ANOVA with Tukey HSD. Kaplan-Meier survival curve for
C57BI/6 mice subjected to MI or sham surgery and treated with vehicle or ML264 (C).
*p<0.05 vs Sham + Vehicle; #p<0.05 vs Sham + ML264; $p<0.05 vs MI + Vehicle by
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pairwise log-rank test. Representative parasternal long-axis images of the ventricle with wall
motion shown in the traced area (D), and measurements (\VevoStrain software) of ejection
fraction (E), end-diastolic volume (F), and end-systolic volume (G) at baseline, 5 days, 2
weeks, and 4 weeks post-sham or Ml surgery in C57BL/6 mice treated with ML264 or
vehicle. n=5 Sham + \ehicle, n=5 Sham + ML264, n=14 MI + \ehicle, n=19 M| + ML264.
****<0.0001 vs Sham + Vehicle; ####p<0.0001 vs Sham + ML264; $$$$p<0.0001 vs Ml
+ Vehicle by two-way ANOVA with Tukey HSD. Heart weight normalized to tibia length
(H) and body weight (1), and lung wet/dry weight ratio (J) in C57BL/6 mice subjected to Ml
or sham surgery and treated with vehicle or ML264. n=5 Sham + \ehicle, n=5 sham +
ML264, n=9 MI + Vehicle, n=18 MI + ML264. **p<0.01, ****p<0.0001 vs Sham +
Vehicle; ###p<0.001, ####p<0.0001vs Sham + ML264; $$p<0.01, $$$p<0.001, $$3
$p<0.0001 vs MI + Vehicle by two-way ANOVA with Tukey HSD.
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Figure 3: Cardiomyocyte-Specific Deletion of KLF5 Protects Against Ischemic Cardiomyopathy

Cardiac KLF5 Western blotting (A) and densitometric quantification (B) in hearts of control
mice subjected to MI or sham surgery and a MHC-KLF5~/~ mice after MI 4 weeks post-
surgery. n=6 control sham, n=7 control MI, n=6 a MHC-KLF5~/~ MI mice. ***p<0.001 vs
Control sham, ####p<0.0001 vs Control Ml by one-way ANOVA with Tukey HSD. Kaplan-
Meier survival curve (C) assessing Ml-associated mortality in control mice subjected to Ml
or sham surgery and aMHC-KLF5™/~ mice after MI. *p<0.05 by pairwise log-rank test.
Representative parasternal long-axis images of the left ventricle (D), and measurements of
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ejection fraction (E), end-diastolic volume (F) and end-systolic volume (G) at baseline, 5
days, 2 weeks, and 4 weeks post-MI in control mice subjected to MI or sham surgery and
aMHC-KLF5~/~ mice after MI. n=8 control sham, n=14 control MI, n=6 a MHC-KLF5~/~
MI mice. ****p<0.0001 vs control sham; #p<0.05, ##p<0.01, ###p<0.001, ##H#p<0.0001
vs control MI by two-Way ANOVA with Tukey HSD. Heart weight normalized to tibia
length (H) and lung wet/dry weight ratio (1) in control mice subjected to MI or sham surgery
and aMHC-KLF5~~ mice after MI. n=8 control sham, n=11 control MI, n=6 < MHC-
KLF5~~ MI. Representative sections from hearts stained with trichrome at 0.8x and 20x
magnification (J) in control mice subjected to MI or sham surgery and a MHC-KLF5~/~
mice after MI. Quantification of infarct size as % total cardiac area (K) in control and
aMHC-KLF5~/~ mice after MI. Cardiomyocyte cross sectional area (L) and quantification
of mRNA levels for BNP, ANP, aMHC and BMHC (M) in heart tissue from control mice
subjected to MI or sham surgery and aMHC-KLF5~/~ mice after MI. n=5 control sham, n=5
control MI, n=5 aMHC-KLF5~~ Ml for cardiomyocyte CSA measurement. n=6 control
sham, n=7 control MI, n=6 aMHC-KLF5~/~ MI for rtPCR analysis. *p<0.05, **p<0.01
***n<0.001, ****p<0.0001 vs control sham. #p<0.05, ##p<0.01 ##p<0.001 vs control Ml
by one-way ANOVA with Tukey HSD.
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Figure 4: Cardiomyocyte KLF5 Regulates Ceramide Biosynthesis in Ischemic Cardiomyopathy —
Hierarchical clustering based upon the total lipidome (A) or ceramides (B), and

quantification (C) of total myocardial ceramide levels measured by LC-MS/MS (**p<0.01
by ANOVA with Tukey HSD) and of different ceramide family members (*p<0.0042 by
ANOVA with Tukey HSD and a corrected to 0.0042 due to multiple tests for each lipid
family member). n=5 control sham, n=4 control MI, n=4 aMHC-KLF5~/~ MI. Lipidomic
data is available in the Supplemental excel file 1. Cardiac CerS1, CerS5, ASM, SPTLC1,
and SPTLC2 mRNA levels (D); Western blotting (E) and quantification for SPTLC1 and
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SPTLC2 (F) in hearts of control mice subjected to MI or sham surgery and a MHC-KLF57/~
mice after M1 4 weeks post-surgery. n=6 control sham, n=7 control MI, n=6 a« MHC-
KLF5~~ MI for Western blotting and rtPCR analysis. *p<0.05, ***p<0.01 vs control sham;
#p<0.05, ##p<0.01, ##p<0.001 vs control MI by one-way ANOVA with Tukey HSD.
Cardiac expression of SPTLC1 and SPTLC2 mRNA in heart tissue from healthy control
patients and patients with end-stage ischemic heart failure (G). Western blotting (H) and
densitometric quantification of SPTLC1 and SPTLC2 protein levels in control and end-stage
ischemic heart failure patient heart tissue (1,J). n=11 control patients, n=20 ICM patients for
mMRNA quantification; n=10 control patients, n=11 ICM patients for Western Blot. *p<0.05,
**p<0.01 vs control by Welch’s t-test for SPTLC1 mRNA, and t-test for SPTLC1 protein
and SPTLC2 mRNA and protein. Representative DHE fluorescence images of live
myocardium (K) and quantification of fluorescence intensity (L), and Western blotting (M)
and quantification (N) of cleaved PARP in hearts of control mice subjected to Ml or sham
surgery and aMHC-KLF5~/~ mice after M1 4 weeks post-surgery. n=7 control sham, n=9
control M1, n=4 a MHC-KLF5~/~ MI for DHE staining intensity; n=6 control sham, n=7
control MI, n=6 aMHC-KLF5~~ Ml for cleaved PARP. ***n<0.001, ****p<0.0001 vs
control sham, ###p<0.001 vs control MI by one-way ANOVA with Tukey HSD.

Circulation. Author manuscript; available in PMC 2022 March 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hoffman et al.

A

Control

aMHC-MTA-KLF5

KLFs [

e - ---ﬂswna

B-actin (s e w=—" w—" W - e w— |42 kDa

C

2 Weeks

D

Control Dox

~1000 1 Control Dox

Ejection Fraction (%

60

40

80 = aMHC-HTA-KLF5 Dox

11 [

2 Weeks 4 Weeks
F =100+ G 8
= 1 Control Dox 5 —
g 804 3 aMHC-rtTA-KLF5 Dox ‘ga_i:I
= @
© 60 *k < 5
2 . 11
E 404 ¥ £ g
w =24
6?20- : [qz] ' %
2o 1, | | \ B
2 Weeks 4 Weeks
H I
Control AMHC-rtTA-KLFS
SPTLC1 |ee L JE B s |51 kDa
SPTLC2| ¥ ! h e wow ww @ |51 kDa
B-actin [ - - - o v e wa |42 kDa

w

KLF5 Protein
Relative Expression

m

End-Diastolic
Volume (pl)

804

Page 27

%k

w b
& ©

L]
o

I
-

=y
[=]

[=

Ctrl gMHC-tTA-KLF5

=

aMHC-rTA-KLF5 Dox

Jc= Control Dox

3 aMHC-rtTA-KLF5 Dox

ofl ol

2 Weeks 4 Weeks

Control Dox

aMHC-rtTA-KLF5 Dox

dek ek

*kk ok

8+

Protein
Relative Expression
Y
L

o

CerS1 CerS5 ASM SPTLC1 SPTLC2

J Control -
J aMHC-rtTA-KLF5

SPTLCA SPTLCZ

Figure 5: Cardiomyocyte KLF5 Overexpression Causes Systolic Dysfunction and Increases
Expression of Ceramide Synthesis Genes —

Western blotting (A) and quantification (B) of control and KLF5 transgenic mice following
10 days of doxycycline diet. n=5 control, n=4 a MHC-rtTA-KLF5. **p<0.01 by t-test.
Representative echocardiography images (C) and quantification of ejection fraction (D),
end-diastolic volume (E), and end-systolic volume (F) in control and a MHC-rtTA-KLF5
mice 2-weeks and 4-weeks post KLF5 induction. n=5 control dox, n=5 aMHC-rtTA-KLF5
dox mice. **p<0.01 by two-way ANOVA with Sidak’s multiple comparisons. Measurement
of cardiac MRNA levels of CerS1, CerS5, ASM, SPTLC1, and SPTLC2 (G), Western
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blotting (H) and quantification of SPTLC1 and SPTLC2 (1) in control and KLF5 transgenic
mice 10-days post KLF5 induction. n=5 control, n=4 a« MHC-rtTA-KLF5 mice. **p<0.01,
****p<0.0001 by t-test.
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Figure 6: KLF5 Directly Activates the SPTLC1 and SPTLC2 on Conserved Promoter Elements.
Phylogenetic tree showing the evolutionary relationships of the Spt/c and Sptic2 genes (A).

Alignment of promoter regions of the mouse Spt/c1 and Spt/c2 containing predicted KLF5
binding sites highlighted in yellow with the anchor sequences in capital letters (B). Firefly
luminescence of luciferase reporter gene driven by Spt/cI and Sptlc2 promoter fragments
normalized to renilla control luminescence in AC16 cells transfected with luciferse promoter
plasmids containing truncations of the mouse Spt/cI and Sptlc2 promoters and infected with
Ad-GFP and Ad-KLF5 (C). n=8 wells/condition. **p<0.01, ***p<0.001 versus respective
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Ad-GFP infected well by t-test. KLF5 enrichment normalized to input for the —21/-80 KLF
site of the Spt/c1 promoter and —8/-67 KLF site of the Spt/c2 promoter of HL1 cells
infected with Ad-GFP or Ad-KLF5 evaluated by ChlIP gPCR (D, E). n=5 wells/group
*p<0.05, **p<0.01 versus Ad-GFP by t-test. KLF5 enrichment normalized to input for the
—-21/-80 KLF site of the Spt/c1 promoter and —8/-67 KLF site of the Spt/c2 promoter
evaluated by ChIP gPCR in heart tissue from control mice following sham or Ml surgery,
and from aMHC-KLF5~/~ mice following M1 surgery (F, G). n=5 Ctrl sham, n=4 Ctrl MI,
n=5 aMHC-KLF5~/~ Ml hearts. *p<0.05 vs Ctrl sham by Two-way ANOVA with Tukey
HSD.
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KLF5 Suppression
as a HF Treatment

)—> 1SPT —> fCeramide

Myriocin

Figure 7: De Novo Ceramide Biosynthesis Mediates Systolic Dysfunction in KLF5 Transgenic

Mice -

Hierarchical clustering based upon myocardial ceramides (A), and quantification of total
myocardial ceramide levels and individual ceramide family members in control mice,
aMHC-rtTA-KLF5 mice, and a MHC-rtTA-KLF5 mice treated with myriocin by LC-
MS/MS relative to control mice (B). *p<0.0042 vs control, #p<0.0042 vs aMHC-rtTA-
KLF5 by ANOVA with Tukey HSD and a corrected to 0.0042 for multiple tests for each
lipid family member. n=5 control, n=4 aMHC-rtTA-KLF5, n=4 aMHC-rtTA-KLF5 +
myriocin. Lipidomic data is available in the Supplemental excel file 1. Representative
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echocardiography images (C) and quantification of ejection fraction (D), end-diastolic
volume (E), and end-systolic volume (F) in control mice, aMHC-rtTA-KLF5 mice, and
aMHC-rtTA-KLF5 mice treated with myriocin at baseline, 2-weeks, and 4-weeks post-
induction. n=10 control, n=4 a MHC-rtTA-KLF5, n=56 a MHC-rtTA-KLF5 + myriocin for
echocardiography analysis. *p<0.05, ****p<0.0001 vs control; #p<0.05, ####p<0.0001 vs
aMHC-rtTA-KLF5 by two-way ANOVA with Tukey HSD. Heart weight normalized to tibia
length (G), DHE staining of live myocardium (H), and quantification of DHE fluorescence
(1) in control mice, aMHC-rtTA-KLF5 mice, and aMHC-rtTA-KLF5 mice treated with
myriocin. n=10 control, n=4 a MHC-rtTA-KLF5, n=5 aMHC-rtTA-KLF5 + myriocin.
*p<0.05, ***p<0.001, ****p<0.0001 vs control, ###p<0.001, #H##p<0.0001 vs aMHC-
rtTA-KLF5 by one-way ANOVA with Tukey HSD. Proposed model depicting the
mechanism through which KLF5 regulates ceramide biosynthesis in ischemic heart failure

Q).
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Patient Characteristics

Table 1:

Variables Control (n=11) | ICM (n=20) | p-value
Race/Ethnicity
White/Not Hispanic or Latino, n (%) 9(82) 16 (80) 0.99
Other, n (%) 2(18) 4 (20)
Male sex, n (%) 6 (55) 12 (60) 0.77
Age at Tissue Acquisition, years 44+4 52+3 0.15
Height, cm 169+3 170x2 0.86
Weight, kg 7845 81:+4 0.59
BMI, kg/m? 27.2+2.0 28.0%1.2 0.71
BSA, m? 1.9+0.1 1.9+0.0 0.59
Pre-Tissue Acquisition Echocardiographic Measurements
LVEF, % 65+3 2243 <0.0001
LVEDD, cm 4.1+0.2 6.5+0.3 <0.0001
LVEDD index, cm/m? 2.2+0.1 3.4+0.2 <0.0001
LVESD, cm 2.8+0.2 5.8+0.4 <0.0001
LVESD index, cm/m? 1.5+0.1 3.1+0.2 <0.0001
Pre-Tissue Acquisition Hemodynamic Measurements
Systolic Blood Pressure, mmHg 11946 109+4 0.14
Diastolic Blood Pressure, mmHg 68+3 70+2 0.73
Mean Right Atrial Pressure, mmHg 1142 9+1 0.36
Cardiac Index, L/min/m? 3.9+0.4 2.0+0.1 <0.001
Pre-Tissue Acquisition Laboratory Values
Sodium, mmol/L 150+3 138+1 0.006
Creatinine, mg/dL 1.3+0.2 1.1+0.1 0.45
Hemoglobin, g/dL 9.4+0.5 12.8+0.5 <0.001
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Characteristics of healthy heart donors and end-stage ischemic cardiomyopathy heart donors included in the study. Data are shown as mean +

standard error. Control vs ICM were compared using t-test for quantitative data and Fisher’s exact test for categorical data.
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