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Inhibition of Jumonji demethylases reprograms severe
dilated cardiomyopathy and prolongs survival
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Hypertrophic/dilated cardiomyopathy, often a prequel to
heart failure, is accompanied by maladaptive transcriptional
changes that contribute to arrythmias and contractile
misfunction. Transgenic mice constitutively expressing high
levels of calcineurin are known to develop extreme heart hy-
pertrophy, which progresses to dilated cardiomyopathy, and to
die several weeks after birth. Here, we characterized aberrant
transcriptional and epigenetic pathways in this mouse model
and established a pharmacological approach to treat estab-
lished cardiomyopathy. We found that H3K4me3 (trimethyl
histone 3 lysine 4) and H3K9me3 (trimethyl histone 3 lysine 9)
Jumonji histone demethylases are markedly increased at the
protein level and show enhanced enzymatic activity in diseased
hearts. These epigenetic regulators continued to increase with
time, further affecting cardiac gene expression. Our findings
parallel the lower H3K4me3 and H3K9me3 levels seen in hu-
man patients. Inhibition of Jumonji demethylase activities
in vivo results in lower histone demethylase enzymatic function
in the heart and higher histone methylation levels and leads to
partial reduction of heart size, reversal of maladaptive tran-
scriptional programs, improved heart function, and prolonged
survival. At the molecular level, target genes of transcription
factor myocyte enhancer factor 2 are specifically regulated in
response to pharmacological or genetic inhibition of Jumonji
demethylases. Similar transcriptional reversal of disease-
associated genes is seen in a second disease model based on
cardiac mechanical overload. Our findings validate pharma-
cological inhibitors of Jumonji demethylases as potential
therapeutics for the treatment of cardiomyopathies across
disease models and provide evidence of the reversal of mal-
adaptive transcriptional reprogramming leading to partial
restoration of cardiac function. In addition, this study defines
pathways of therapeutic resistance upregulated with disease
progression.

Transcriptionally driven heart remodeling occurs in
response to multiple physiological and pathological conditions
such as mechanical overload or hypertension, resulting in left

* These authors contributed equally to this work.
*For correspondence: Elisabeth D. Martinez, elisabeth.martinez@
utsouthwestern.edu; Zhi-Ping Liu, zhi-ping.liu@utsouthwestern.edu.

SASBMB

ventricular hypertrophy, cardiomyopathy, and other cardiac
abnormalities. Although physiological remodeling is reversible,
such as occurs during pregnancy, pathological remodeling
becomes established and leads to heart enlargement, fibrosis,
electrical conductance abnormalities, and heart failure (1-3).
Treatment with inhibitors that block angiotensin or calcium
signaling, or with diuretics, can improve symptoms, prevent
worsening of the condition, and partly normalize heart func-
tion; yet pathological cardiac remodeling itself neither is
reversed by these measures nor are they preventive (1, 2).

Over the last several years, we and others have uncovered a
role for epigenetic mechanisms in the transcriptional remod-
eling of the heart that occurs under pathological conditions
and establishes heart hypertrophy and stiffening. Multiple
transcriptional programs, including hypertrophic and profi-
brotic gene expression patterns, are now known to be
controlled by histone-modifying enzymes including histone
deacetylases (HDACs) and histone demethylases (4—15).
Indeed, in human patients, it has been noted that heart disease
tissue has abnormal levels of certain histone marks. In com-
parison to normal healthy tissue, for example, heart tissue
from cardiomyopathies shows lower levels of methylation on
histone 3 lysines 4 and 9 (lower H3K4 and H3K9 methylation),
whereas other methylation marks remain unchanged (16).
Consistent with these findings, the balance between acetyla-
tion and deacetylation of histones on genomic loci containing
prohypertrophy genes, as well as the levels and sites of histone
methylation on genes controlling calcium signaling and heart
muscle contractility is altered in samples of human heart
failure patients (8, 9, 16—-18). Thus, epigenetic drivers of the
remodeling process in the heart may be targetable key players
in the development and progression of cardiac hypertrophy,
cardiac myopathies, and cardiac dysfunction.

Multiple studies have established that high levels of calci-
neurin activity are found in patients with congestive heart
failure and more recently, also in those with left ventricular
hypertrophy (19-23). Given this, here we characterized the
transcriptional and epigenetic pathways at play in a model of
severe dilated cardiomyopathy driven by constitutively active
calcineurin, and found wide deregulation of cardiac tran-
scriptional programs and increased levels and activity of a
subset of histone-demethylating enzymes not yet described to
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JIB-04 reverses cardiomyopathy

be involved in heart pathology. A subset of these changes
continues to worsen with time. We related these findings to
other mouse models of disease including mechanical overload
models and genetic overexpression and knock-outs (KOs) of
histone demethylases. We show that pharmacological inter-
vention blocking Jumonji demethylase activity mimics genetic
KOs and reverses gene expression patterns that drive disease,
essentially partly reversing transcriptional changes of the
remodeling process.

Results

The functional transcriptome of myosin heavy chain-
calcineurin A transgenic mice is deregulated

As has been reported, the hearts of myosin heavy chain
(MHC)-calcineurin A (CnA) transgenic (Tg) mice are 2 to 2.5
times larger than Wt mice of the same age and demonstrate
gross anatomical abnormalities with clear dilated cardiomy-
opathy (Fig. S1A) (24). Overall, heart over body weights are
nearly tripled already by 1 month of age (Fig. S1B). Heart
function at distinct time points using echocardiography
confirmed that the ability of the heart to contract is signifi-
cantly reduced in Tg animals at 28 days and remains reduced
at 77 days of age consistent with prior reports (25, 26)
(Fig. S1C). The increase of end-systolic volume and the
reduction of stroke volume and ejection fraction seen here are
similar to the phenotype of heart failure models mediated by
the combination of transverse aortic constriction and distal left
anterior coronary ligation (27). In addition, disease appears to
be fully established by 28 days (compare 28 versus 77 days,
Fig. S1C) by these measurements. We next examined in detail
the expression of key functional and structural genes in these
hearts. Consistent with the pathological cardiac dilation/
enlargement phenotype, quantitative RT-PCR showed that the
expression of multiple hypertrophy genes was significantly
upregulated as were fibrosis genes (Fig. S1, D and E). Some
genes in both categories, including Rcanl, showed higher
expression at 77 days compared with earlier time points
(Fig. S1G).

Dong et al. (28) have reported that MHC-CnA mice suffer
from arrhythmias, although ion channel gene expression has
not been comprehensibly described in this mouse model. We
therefore measured the expression of ion channel, accessory/
regulatory, and other related genes contributing to action
potential in heart myocytes (such as calcium pumps, calse-
questrins, and sodium/calcium exchangers and their stabi-
lizers) of mice with fully established disease (77 days old). As
shown in Figure S1F, there was robust deregulation of these
genes. We observed, for example, reduced levels of the sodium
channel Scn5a, responsible for sodium ion influx in phase
0 (29), as well as lower expression of multiple potassium
channel genes responsible for the K™ current in phases 1, 2,
and 3 of the myocyte action potential (30), including Kcnd2,
Kcna5, and Kcnql. In contrast, Kencl shows a likely
compensatory increase, and the channels responsible for
K" current in phase 4, Kcnj2 (30) and Hen4 (29), are increased.
In addition, multiple accessory/regulatory genes are
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deregulated. The expression of calcium channels responsible
for calcium influx into the cytoplasm during phase 2 (29),
Cacnalc and Cacnalg, is increased, whereas expression of
Ryr2, which releases calcium from the sarcoplasmic reticulum
(31), is down. Calsequestrin mRNA levels are increased, also
potentially indicating greater retention of calcium in the
sarcoplasmic reticulum. In addition, expression of calcium
pump genes that take calcium from the cytoplasm back into
sarcoplasmic reticulum such as sarcoplasmic/endoplasmic
reticulum calcium ATPase 1 is decreased, but the sodium/
calcium exchanger Slc8al/NCx1 is increased in Tg hearts,
suggesting an overall imbalance in calcium regulation and
activation of compensatory mechanisms. Consistent with the
published induction of the Fgf21 gene upon cardiac stress
(32, 33), we also observed increased levels in these Tg hearts,
whereas other stress response genes were not significantly
altered (Fig. S1H).

Epigenetic erasers controlling histone methylation are
upregulated in CnATg hearts

Given the extensive changes in functional gene expres-
sion observed in CnATg hearts, and the known observation
that H3K4 and H3K9 trimethyl marks are decreased
genome wide in heart disease patients (16), we wondered if
epigenetic regulation was aberrant in CnTg hearts. We and
others have previously established the contribution of
members of the Jumonji histone demethylase family in
models of mechanical overload by transaortic constriction
(TAC) (6, 11, 14, 15, 34). We therefore examined mRNA
and protein levels of multiple Jumonji demethylases
including those that remove H3K4 or H3K9 methylation.
Tg hearts with established disease (42 days) did not show
increased mRNA expression for any of the many Jumonji
demethylases measured versus aged-matched Wt littermates
(Fig. S1I). At the protein level, however, we found higher
levels of two enzymes that remove H3K4 trimethylation,
namely Kdm5a and Kdm2b (histone lysine demethylase
[KDM]), as well as increased levels of the H3K9me3
(trimethyl histone 3 lysine 9)/H3K36me3 (trimethyl histone
3 lysine 36) demethylase Kdmd4c (Fig. 1, A and B), whereas
other Jumonji enzyme levels were unaltered (Fig. S2, A
and B).

We then evaluated Jumonji histone demethylase activity in
CnATg hearts with fully established dilated cardiomyopathy.
We found that the levels of both H3K4me3 (trimethyl histone
3 lysine 4) demethylase activity and H3K9me3 demethylase
activity were doubled compared with Wt (Fig. 1C). The
enhanced protein abundance and activity of Jumonji deme-
thylases acting on H3K4me3 has not been described in other
heart disease models to our knowledge, and it parallels the
clinical observation that patients with cardiomyopathies have
lower levels of cardiac H3K4me3 (16). Consistent with the
increased levels of Kdm4c enzyme and its H3K9me3 deme-
thylase activity, expression of a target gene regulated by H3K9
methylation in the heart (14), four and a half LIM domains 1
(Fhi1), was robustly increased in these animals (Fig. S2C) in
line with other studies showing FhlI is induced in
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Figure 1. Jumonji KDM expression and activity are increased in CnA
transgenic (Tg) hearts. A, Jumonji proteins increase in Tg hearts. Western
blots of H3K4me3 and H3K9me3 Jumonji KDM demethylases in hearts
from Wt versus CnATg mice. Protein extracts for Western blots of Kdm5a
(whole cell), Kdm2b (whole cell), and Kdm4c (nuclear extract) are lysates
from ventricle powders of Wt and Tg mice, between 35 and 42 days of
age. B, quantification of Jumonji protein levels. Left panels, H3K4me3
demethylases. Kdm5a: Wt n = 6, Tg n = 6; Kdm2b: Wt n = 5, Tg n = 6. Right
panel, H3K9me3 demethylase. Kdm4c: Wt n = 4, Tg n = 4. Data are
average = SEM. p Values are from Mann-Whitney’s test. C, H3K4me3 and
H3K9me3 Jumonji demethylase activity in heart nuclear extracts (left
ventricle) from Wt versus CnATg mice between 84 and 103 days of age on
exogenous trimethylated substrates. Left panel, H3K4me3 demethylase
activity assays; Wt n = 4, Tg n = 4. Right panel, H3K9me3 demethylase
activity assays, Wt n = 3, Tg n = 3. Data are average * SEM. p Values are
from t test, two-tailed, unequal variance. B and C, *p < 0.05 and **p < 0.01.
CnA, calcineurin A; H3K4me3, trimethylation of histone 3 lysine 4;
H3K9me3, trimethylation of histone 9 lysine 4; KDM, histone lysine
demethylase.
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hypertrophic hearts (14, 35). The Fhll protein was likewise
upregulated (Fig. S2D) in the hearts of these Tg mice.

Inhibition of Jumonji demethylase activity decreases heart
size, improves heart function, and extends the survival of
MHC-CnA Tg mice

Because of the observed increased Jumonji demethylase
protein levels and activities on H3K4me3 and H3K9me3, we
used a pharmacological approach to block these functions. We
have previously published that the small-molecule JIB-04 in-
hibits H3K4me3 and H3K9me3 demethylase activities in vivo
in other model systems and importantly that it does not
negatively impact healthy hearts (15, 36-38). We therefore
evaluated if JIB-04 could target Jumonji KDM activity in
MHC-CnA Tg hearts. Treatment of 4-week-old to 5-week-old
Tg animals with JIB-04 significantly reduced both H3K4me3
and H3K9me3 Jumonji demethylase activity in these hearts
after 2 or 7 weeks of treatment (Fig. 24) while not significantly
affecting total HDAC activity in the same extracts (Fig. S3A).
Thus, JIB-04 can block Jumonji enzyme activity in the heart
in vivo. To evaluate the consequences of this treatment, we
measured heart size in vehicle versus JIB-04-treated MHC-
CnA animals after 6 weeks of treatment. JIB-04-treated mice
showed a ~15% modest yet significant reduction in heart size
in response to JIB-04 compared with no change in heart size in
Wt controls (Figs. 2B and S3B). Together, this indicates on-
target activity of JIB-04 in these diseased hearts. Indeed, JIB-
04-treated mice showed partly improved heart function
already after 2 weeks of treatment as measured by echo-
cardiographs (Figs. 2C and S3C).

The severely enlarged fibrotic hearts of MHC-CnATg mice
lead to congestive heart failure and sudden death triggered by
arrythmia as early as 8 weeks of age (24, 28). We therefore
examined next if JIB-04 would extend the survival of these
mice by improving heart function. We treated the Tg mice
with vehicle or JIB-04 starting at 4 weeks of age when the Tg
phenotype is already robust and followed them until they
succumbed to the disease. JIB-04 extended the survival of
MHC-CnA mice, increasing 75% survival from 57 to 130 days,
median survival from ~110 to 140 to 177 days, and 25% sur-
vival from 156 to 195 days (Figs. 2D and S3D). Animals
tolerated the treatment well with no decreases in body weight
or changes in overall health performance including in pregnant
females who gave birth to pups normally while under treat-
ment (Figs. 2E and S3E).

Of note, vehicle-treated mice showed two distinct patterns,
with one population succumbing to disease early (around day
45) and a second population surviving this threshold and
succumbing around day 160 (Figs. 2D and S3D). The two
subpopulations did neither significantly differ in gender nor in
levels of transgene expression. Although both populations
benefited by JIB-04 treatment, the major extension of survival
corresponded to the treated population that dies around day
45 when on vehicle. In addition to a survival benefit, however,
JIB-04 treatment also prevented older animals from the weight
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Figure 2. Pharmacological inhibition of Jumonji KDMs in the heart improves cardiac function and prolongs survival. A, H3K4me3 and H3K9me3
demethylase activity in nuclear extracts from two pairs of transgenic (Tg) mice treated with vehicle (Ve) or JIB-04 for 2 weeks (orange symbols) and two pairs
treated for 7 weeks (green symbols), all starting at 4 weeks of age. p Values are t test, two-tailed, and paired. B, percent changes of Wt or Tg hearts treated
with JIB-04 for 6 weeks, starting from 5 weeks of age, normalized to Ve control of the same genotype. Wt n = 10, Tg n = 12, p value is t test, two-tailed, and
of unequal variance. G, echocardiography data of mice treated with JIB-04 in the same age range as mice in panel A (orange symbols). Stroke volume and
cardiac output are shown. p Values are from t test, two-tailed, and of unequal variance. Wt Ve n = 12, Tg Ve n = 9, Tg JIB-04 = 14. D, percent survival of Tg
mice treated with Ve or JIB-04, starting from 4 weeks of age. Ve n = 25, JIB-04 n = 19. p Value is Gehan-Breslow-Wilcoxon test. 75% median and 25%
survival are shown by horizontal lines. E, body weight changes of Tg animals treated with Ve or JIB-04 over the duration of the survival experiment shown in
D. F, quantification of heart rate and ST interval from ECG measurements of Wt mice treated with Ve and of CnATg mice treated with Ve or JIB-04 starting at
4 weeks of age. Ages of mice used for ECG range from 88 to 149 days old. Wt Ve n = 7, Tg Ve n = 5, and Tg JIB-04 n = 6. p Values are from t test, two-tailed,
and of unequal variance. G, echocardiography parameters of Wt Ve-treated, Tg Ve-treated, and Tg JIB-04-treated mice in the same age range used for ECG
measurements in F. Animals in F and G were treated for 9-13 weeks. Wt Ve n = 2, Tg Ve n = 4, and Tg JIB-04 n = 3. p Values are t test, one-tailed, and of
unequal variance. A, B, C, E, F, and G, data are average + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, or p values are shown. H3K4me3, trimethylation of histone 3
lysine 4; H3K9me3, trimethylation of histone 9 lysine 4; KDM, histone lysine demethylase.

loss seen in the vehicle-treated cohort of the same age the basal heart rate of Tg mice is lower than that of Wt mice,
(Fig. 2E). whereas the basal PR and ST intervals are significantly

To further understand inhibitor action during prolonged increased in the Tg mice under these experimental conditions
treatment, we followed heart function in these animals by ECG  (Figs. 2F and S3F). Treatment with JIB-04 did not significantly
and echocardiographs. In anesthetized mice undergoing ECG, change the PR or QRS interval. Remarkably, however, the
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length of the ST intervals was significantly reduced toward the
levels of the Wt mice in JIB-04-treated Tg animals, and the
heart rates under anesthesia were partly normalized toward
the Wt heart rates (Figs. 2F, both panels, and S3, F and G).
Thus, treatment with JIB-04 inhibits cardiac H3K4me3 and
H3K9me3 demethylase activity, reduces heart size, improves
ST interval timing, normalizes heart rate under anesthesia, and
prolongs survival in Tg animals overexpressing CnA.

To further confirm improved heart performance, we also
carried out echocardiographs on vehicle versus JIB-04-treated
Tg mice of the same age cohort as the mice studied by ECG
treated for prolonged periods. Multiple parameters of myocyte
function showed improved trends, including fraction short-
ening, stroke volume, cardiac output, and ejection fraction
(Figs. 2G and S3H).

Jumoniji enzyme inhibition reprograms heart gene expression
toward normal myogenesis and contractile function

To understand the impact of pharmacological inhibition of
Jumonji demethylases on the transcriptome of the heart, we
performed RNA-Seq analysis of cardiac tissue (left ventricle to
enable direct comparison to models of left ventricular hyper-
trophy) from vehicle versus JIB-04-treated animals and
compared observed changes in gene expression to genes
known to be deregulated in heart disease mouse models
including several TAC versus sham datasets and MHC-CnA
Tg versus Wt mice (14, 15, 39), as described in detail in the
Experimental procedures section. Gene set enrichment anal-
ysis (GSEA) of gene expression levels revealed that while
mouse hearts that undergo mechanical overload by TAC and
MHC-CnA Tg mouse hearts show enrichment in genes that
contribute to myogenesis when compared with their respective
sham/Wt control counterparts, JIB-04 treatment depleted this
gene set in the diseased hearts (Table S1 and Figs. 3, A and B
and S4A). Indeed, of 66 myogenesis genes that were upregu-
lated by the disease process, JIB-04 downregulated 51 of these
or 77% (Fig. 3C). Similarly, genes involved in left ventricular
assist device (LVAD) support of failing heart function were
upregulated in disease models versus healthy normal controls
while being downregulated by JIB-04 in disease (Figs. 3, D and
E and S4B) as were gene sets involved in muscle contraction
(Figs. 3, G and H and S4C). Indeed, JIB-04 depleted 73% of the
genes enriched by disease involved in LVAD support of failing
hearts and 70% of disease genes involved in muscle contraction
(Fig. 3, F and ). In addition, fatty acid metabolism genes were
robustly depleted in disease models compared with healthy
controls, and JIB-04 treatment markedly upregulated these
genes in disease hearts restoring their levels toward normal
(Fig. S4, D and E). Tables S2—S4 contain a detailed list of these
genes.

JIB-04 downregulates myocyte enhancer factor 2 target genes
involved in heart disease

Further analysis of RNA-Seq datasets revealed that myocyte
enhancer factor 2 (MEF2) motif-containing genes were
enriched in diseased hearts in both mechanical overload and
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CnA genetic models (Figs. 3/ and S4F). JIB-04 downregulated
67% of these genes, partly normalizing MEF2-driven gene
expression (Fig. 3, K and L and Table S5). Since MEF2 is
known to act in conjunction with nuclear factor of activated
T-cell (NFAT) in the regulation of cardiac gene expression
during disease (40-42), we bioinformatically examined if
MEF?2 target genes upregulated in disease and downregulated
by JIB-04 included genes coregulated by NFAT (Fig. S5, A and
B and Table S6). We found that of the 54 genes that are MEF2
target genes upregulated in disease and downregulated by JIB-
04 treatment in the diseased heart, about a third (17 of 54 or
32%) contain NFAT binding motifs (Fig. S5C), whereas genes
containing GATA4 motifs were not significantly represented
(Table S6). This suggests that JIB-04 treatment directly or
indirectly leads to downregulation of MEF2 targets including
MEF2-NFAT coregulated genes in the diseased heart.

Transcriptional reprogramming by JIB-04 reverses KDM target
genes deregulated in cardiac hypertrophy mouse models

Since Jumonji demethylases have different biological roles
and the use of a pan inhibitor does not delineate the complex
roles of individual Jumonji enzymes, we assessed if JIB-04
in vivo action was partly through modulation of Jumonji
KDM targets. In addition to measuring enzymatic activity in
hearts from treated animals (done in Fig. 24), we also analyzed
Kdm3a and Kdm4a Tg and KO genetic mouse models and
compared their cardiac transcriptomes to those seen in the
TAC and CnA disease models basally and after JIB-04 treat-
ment. First, we performed GSEA analysis on the Jumonji
Kdm3a and Kdm4a Tg models, which show an exacerbated
phenotype in response to TAC as published previously (14,
15). We also did GSEA analysis in Kdm3a and Kdm4a KO
models, which are protective against TAC-induced cardiac
hypertrophy (14, 15). We found that the Jumonji Kdm3a and/
or Kdm4a Tg animals showed overlapping gene set enrich-
ments with the MHC-CnA and TAC models and that Kdm3a
and/or Kdm4a KO animals showed depletion of these,
including myogenesis, LVAD support of failing heart, and
muscle contraction gene sets (Figs. 4, A—-C and S6A). In
addition, fatty acid metabolism gene sets found depleted in the
TAC and CnA disease models (Fig. S4, D and E, left GSEA
plots) were enriched in the hearts of the KDM KO animals
(Fig. 4D), similar to what we observed in JIB-04-treated TAC
and CnA mice (Fig. S4, D and E, right GSEA plots). Further-
more, MEF2 motif-containing gene sets were enriched in the
Kdm4a Tg animals (Fig. 4E), as seen also in the TAC and
MHC-CnA animals (Figs. 3] and S4F).

Given these parallels in the biology across disease models,
and the commonalities between KDM KO and JIB-04-altered
pathways, we next determined if genes whose expression is
altered by JIB-04 treatment in the diseased heart actually
overlapped with KDM-regulated genes, as would be expected
from the on-target action of this compound that inhibits
Kdm3a and Kdm4a as well as other KDM enzymes including
Kdmb5a (15, 36). This analysis revealed that 22% (178 of 799) of
genes upregulated in the diseased heart by JIB-04 treatment
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Figure 3. Jumonji enzyme inhibition reprograms gene expression in the heart toward normal myogenesis and contractile function. A, D, G, and J,
GSEA curves of disease models showing the enrichment of genes in Hallmark myogenesis, Chen LVAD support of failing heart, muscle contraction genes,
and MEF2 motifs, respectively. B, E, H, and K, GSEA curves showing that JIB-04 treatment depletes disease-enriched gene sets. C, F, I, and L, Venn diagrams
showing genes that are upregulated in disease and reversed by JIB-04 treatment in either CnATg or TAC models. Genes used to make Venn diagram in / for
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CTAWWWATA_RSRFC4_Q2, and RSRFC4_Q2, in a region spanning up to 4 kb around the transcription start sites according to GSEA. CnA, calcineurin A; GO,
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are similarly regulated by Kdm3a or Kdm4a (Fig. 4F), and that
36% (446 of 1243) of genes downregulated by JIB-04 treatment
are similarly regulated by Kdm3a or Kdmd4a in the heart
(Fig. 4G). Thus, JIB-04 acts on Kdm3a and Kdm4a target genes
in the diseased heart (Table S7), among other targets.

Finally, we determined if genes regulated by JIB-04 that are
Kdm3a or Kdm4a targets are relevant to disease. We first
defined KDM target genes (genes oppositely regulated in the
KDM Tg versus KO animals, see the Experimental procedures
section). We then overlapped disease genes commonly altered
in the TAC and CnA models with JIB-04-regulated genes and
KDM target genes, yielding 88 genes (Fig. S6B and Table S8).
Of these, 59 genes were upregulated in disease, and within
this set, 57 genes were downregulated by JIB-04 and 20 of
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these were Kdm3a target genes, whereas 40 were Kdm4a
target genes (Fig. S6, C and D and Table S8). Similarly, of the
29 genes downregulated in disease, 21 genes were upregulated
by JIB-04 with seven of these being Kdm3a targets and 14
being Kdm4a target genes (Fig. 6, E and F and Table S8).
Overall, this indicates that JIB-04 acts on KDM target genes
to reverse gene expression patterns that contribute to heart
dysfunction.

The transcriptome of CnATg animals becomes less responsive
to Jumoniji inhibitors over time

To understand how these overall gene expression changes
may translate into the increased survival seen in the younger
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Figure 4. KDM transgenic (Tg) mouse hearts show similar deregulation of transcriptional pathways as TAC and MHC-CnA animals, and KDM KO in
the heart partly mimics JIB-04 treatment. A, GSEA enrichment curve of Kdm3a Tg/Wt of Hallmark myogenesis. B, GSEA depletion curve of Kdm4a heart-
specific (hs) KO/Wt of gene sest “Chen LVAD support of failing heart”. C, GSEA enrichment curves of Kdm4a Tg/Wt of muscle contraction genes, including
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versus the older population of CnATg mice, we measured
gene expression at early versus later time points in animals
being treated with JIB-04. At the earlier time points (45-77-
day-old mice, treated since week 4-5 years of age), we
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observed reversal of pathological gene expression. For
example, some hypertrophy genes and multiple ion channels
deregulated in disease, such as calcium regulators Ryr2,
sarcoplasmic/endoplasmic reticulum calcium ATPase 1 and
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sarcoplasmic/endoplasmic reticulum calcium ATPase 2, and
potassium channels Kcne3, Kcnel, and Kend3 were partly
normalized by JIB-04 treatment in the younger cohorts after a
few weeks of treatment (Figs. 5, A—C and S7A, “early” panels).
In contrast, by the later time points (158 days), the reversal of
pathological gene expression was lost. The older animals no
longer showed partly normalized expression of ion channel
genes or hypertrophy genes (Figs. 5, A—C and S7A, “late”
panels), indicating that the transcriptome is more refractory
to changes later in disease progression and/or as animals
adapt to JIB-04 treatment over time. Indeed, when we
quantified Jumonji demethylase activity on H3K4me3 or
H3K9me3 substrates in hearts from 158-day-old littermates
treated since 4 weeks of age with vehicle versus JIB-04, we
found no measurable inhibition by the drug (Fig. S7B), in
contrast with the effect of JIB-04 seen in the younger animals
(Fig. 2A). Furthermore, the levels of Jumonji demethylase
gene expression trended upward over time in Tg animals
overall and significantly increased for multiple KDMs as an-
imals aged (Fig. S7C). Strikingly, among the KDMs with
higher gene expression levels over time, at least two also
showed increased protein levels in the older Tg animals.
Kdm4c protein, seen upregulated at the earlier time points
compared with Wt age-matched controls (Fig. 1, A and B), for
example, continued to increase with time (Fig. 5D, top panel)
with protein levels tripling in Tg hearts between 77 and
126 days of age. In addition, Kdm5b protein, which had not
shown higher levels than Wt age-matched controls in
younger animals (Fig. S2, A and B), did increase markedly in
the older Tg mice (Fig. 5D, lower panel). Furthermore, the
increased Kdm4c protein in older Tg mice coincided with
progressively increased or newly increased expression of
disease genes that are Kdm4c gene targets (43) (Fig. 5E and
Table S9). These results indicate that CnA-driven disease is
progressive, and its transcriptome worsens with time in part
driven by increased levels of Jumonji KDMs with age. Overall,
these observations suggest that the animals that benefited less
from JIB-04 treatment in terms of extended survival coincide
with those whose transcriptomes did not respond to treat-
ment or became resistant to it over time, consistent with the
lack of demethylase inhibition by JIB-04 and increased
enzyme expression in the older and longer-treated population
versus the younger-treated and shorter-treated population.
To identify potential pathways leading to this resistance/loss
of response over time, we performed RNA-Seq analysis on left
ventricle tissue at early (45—77 days old) versus late time points
(125-158 days old) from CnATg mice continuously treated
with vehicle or JIB-04 since 4 to 5 weeks of age. We identified
several gene sets whose response to JIB-04 reversed or was lost
over time (Fig. S7D and Table S10). For example, while at early
time points during treatment, JIB-04 triggered significant
depletion of E2F target genes, G2M checkpoint genes,
glycolysis genes, and mammalian target of rapamycin complex
1 (mTORC]1) signaling genes; at later time points, these gene
sets became enriched by JIB-04 compared with vehicle cohorts.
EMT genes and interferon gamma and alpha response gene
sets behaved similarly. Given the roles of these pathways in
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promoting heart pathologies (44—53), their increased expres-
sion at late time points either renders JIB-04 ineffective at the
given dose and/or indicates that JIB-04 resistance has devel-
oped and expression goes back up. In contrast, fatty acid
metabolism genes were enriched by JIB-04 at both early and
later time points suggesting this transcriptional pathway is not
a main contributor to changes seen in the survival benefit.

We also then evaluated Wt versus CnATg animals overtime
to assess disease progression and define if significant changes
in the disease transcriptome were occurring over time, in
addition to the increase in Kdm4c target genes, which could
account for weaker response to JIB-04 and decreased survival
benefit. We found that indeed there was increased fibrotic and
hypertrophy gene expression and lower expression of adult
Mhy6 in the late versus early time points when comparing
CnATg animals to age-matched Wt controls (Fig. S7E and
Table S10). Thus, not only does JIB-04 resistance develop
overtime through upregulation of mTORCI signaling genes,
EMT genes, and similar pathways but also the disease itself
transcriptionally progresses with more pronounced expression
of Jumonji KDM enzymes and of fibrotic, hypertrophy, and
other disease-specific genes, likely contributing to lowering the
effects of JIB-04 at the later time points. In conclusion, the
CnATg hearts continue to undergo transcriptional changes
even after the establishment of dilated cardiomyopathy around
a month of age. This progressive transcriptional dysregulation
is coincident with and at least partly driven by further
increased levels of Jumonji enzymes with time in CnATg
hearts.

Discussion

In this study, we have shown that overlapping transcrip-
tional programs are aberrantly regulated across multiple
mouse models of cardiac hypertrophy and cardiomyopathy,
including calcineurin-driven disease, mechanical overload—
triggered disease, and genetic models predisposed to heart
dysfunction including animals overexpressing Jumonji H3K9
demethylases Kdm4a and Kdm3a. Remarkably, genetic knock
down or pharmacological inhibition of these Jumonji deme-
thylases partly reverses disease gene expression programs,
including myogenesis, heart muscle contractility, and fatty acid
metabolism gene sets. In addition to increased activity of H3K9
demethylases, we find that the CnATg hearts express
enhanced levels of Jumonji H3K4 demethylases Kdm5a and
Kdm2b already at early stages of the disease and Kdm5b at
later stages of disease and have higher levels of enzyme activity
on H3K4me3 compared with Wt littermates, a discovery in
this mouse model that is consistent with the lower levels of
H3K4 methylation found in cardiomyopathy patients (16) and
recent reports in other cardiac disorders (54, 55). The
involvement of these novel Jumonji KDMs opens further
venues for intervention. In fact, pharmacological inhibition
with JIB-04 lowers H3K4me3 demethylase activity in CnATg
hearts as well as H3K9me3 demethylase activity and partly
normalizes cardiac gene expression, decreases heart weighs,
improves heart function and specifically ST segments and HR,
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as well as fraction shortening, stroke volume, and cardiac
output and extends survival in animals that would succumb to
disease. These findings suggest that a wide range of patients
with congenital mutations or predispositions to develop car-
diac hypertrophy or related cardiomyopathies may benefit
from Jumonji inhibition to block maladaptive transcriptional
remodeling, partly reverse the course of the disease, or prevent
its progression. Early intervention appears to be critical as
disease worsens and/or treatment becomes less effective with
time. Importantly, JIB-04 treatment had adverse effects neither
on the survival, heart function, or transcriptome of Wt animals
nor on pup development during pregnancy in drug-treated Tg
moms (Fig. S3D and Table S10) (15, 36).

Multiple studies to date including our own have implicated
Jumonji KDMs in cardiomyopathies (6, 11, 14, 15, 34) estab-
lishing the role of several Jumonji enzymes as generally pro-
hypertrophic. Genetic and pharmacological blockade of this
catalytic activity results in attenuation of pathological cardiac
phenotypes by direct reversal of maladaptive gene expression
and perhaps other indirect mechanisms as well. One gene set
of particular interest that is downregulated by disease in both
TAC and CnA Tg models and is restored by JIB-04 treatment
in both models are genes involved in fatty acid metabolism.
The heart’s high energy demand relies on fatty acid oxidation
for ATP production, and the expression of many of the genes
responsible for fatty acid oxidation is decreased during mal-
adaptive hypertrophy/cardiomyopathies (2). We found that
both pharmacological inhibition of Jumonji KDMs as well as
genetic ablation of Kdmda specifically, enrich fatty acid
metabolism gene expression likely balancing cardiac energy
needs/restoring energy homeostasis, by normalizing energy
production. It will be important to define the target genes of
the KDM4 family in the heart to further understand their
regulation of fatty acid metabolism genes, including peroxi-
some proliferator—activated receptor o/y targets, under car-
diac stress.

We have previously reported decreased size of pheny
lephrine-induced rat primary ventricular myocytes upon
JIB-04 treatment or KO of Kdm3a (15). Consistent with this,
here, we report a decrease in heart size in JIB-04-treated
animals after the establishment of severe cardiomyopathy in
the CnATg hearts. This suggests that KDM inhibition or
another aspect of the action of JIB-04 may interfere with
progrowth and protein synthesis pathways in the heart, such
as mTOR, Hippo, or PI3K signaling, a possibility that can
have mechanistic importance. Regardless, the actual benefi-
cial effects of Jumonji inhibition appear to be partly gener-
alizable across models of cardiac dysfunction and partly
context dependent. Fibrotic and fetal gene programs, for
example, are markedly reversed by JIB-04 treatment in TAC
models and primary culture (15); yet, this is not the main
effect of treatment in vivo in the MHC-CnTg model. In
CnATg animals, we see partial normalization of electric
signaling genes and other disease genes. Thus, we propose
that cardiac Jumonji KDMs activated during hypertrophy,
during fibrosis, and during the development of dilated car-
diomyopathy have both common and unique targets
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depending on the initiating aberrant event that triggers dis-
ease. Importantly, these phenotypes are at least partly
reversible by Jumonji inhibitor JIB-04 or equivalent in-
terventions and may synergize with standard therapies
currently used to manage disease symptoms. The beneficial
effects of Jumonji inhibitor intervention in the CnTg animals
become of high interest considering the continued observa-
tions that human patients suffering from heart pathologies
have increased levels of calcineurin activity (19-23).

The present study, at the same time, points to limitations of
this strategy as mice that were treated for long periods with
JIB-04 had less of a survival benefit than younger mice. This
seems to be due to the combined effects of both disease pro-
gression (with worsening of fibrosis/hypertrophy and
increased levels of Jumonji KDM enzymes over time) as well as
activation of resistance pathways that render JIB-04 less
effective. It is unlikely that the difference in survival benefit
between the younger and the older mice was due to developing
arrythmias, since CnATg animals can succumb to arrhythmias
as young as 8 to 11 weeks old (28). However, it is possible that
arrhythmic episodes become stronger or more frequent with
disease development. Some channel gene expression changes
do get exacerbated with time. Ultimately, however, the inter-
vention with Jumonji inhibitors does benefit animals across
various models of heart pathologies and highlights the po-
tential of this approach across multiple etiologies of human
cardiac disorders.

Experimental procedures
Mouse models and animal work

MHC-CnA male mice, a gift of Dr Eric Olson (24), were
crossed with C57BL6/N females (Envigo) to generate Tg mice
for this study. Wt or Tg (MHC-CnA) mice were identified by
genotyping using a CnA-genotype primer pair (forward:
5-CACTCC AGCTTG GTT CCC GAA TAG AC-3/, reverse:
5-GAA CAA GCA GTT CCT GTG TGT ACA CG-3') and
Kapa BioSystem (KK5621) kit. Mice were housed at the
certified UT Southwestern (UTSW) Medical Center animal
facility. Female and male mice were treated with JIB-04
(50 mg/kg, three times per week) or vehicle (12.5% Cremo-
phor EL [Sigma; C5135-500G] and 12.5% dimethyl sulfoxide
[Sigma; D-26650-100 ML] in water) by gavage. Treatment with
JIB-04 started on or around 28 to 35 days postbirth as indi-
cated specifically in figure legends. At the indicated times, a
subset of mice was subjected to echocardiography or ECGs
before and during the treatment period. For imaging and
molecular analysis, hearts were collected ~4 to 5 h post
treatment. All animal experiments were carried out under
approved Institutional Animal Care and Use Committee pro-
tocols and followed UTSW animal care procedures.

Histology

For H&E staining, hearts were collected while beating,
rinsed with PBS, and then submerged in cardiac relaxant
buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM KH,PO,, 1.2 mM
MgSOy, 25 mM NaHCOs;, and 11 mM glucose) for 30 min.

SASBMB



Hearts were transferred into a container with at least 20x
volume of 4% paraformaldehyde in PBS and gently massaged
to remove residual blood, and the relaxant buffer replaced
with the fixative reagent, then incubated at room temperature
with gentle agitation for 48 h. Hearts were then transferred
into 50% ethanol and kept at 4 °C until paraffin processing
took place at UTSW Histology Pathology Core. Hearts were
cut into four-chamber view slides and stained using H&E.
Hearts were imaged using Zeiss Axio Scan.Z1 scope.

Heart processing and quantitative RT-PCR

RNA was extracted from flash-frozen hearts after dissection
and tissue homogenization in a tissue lyzer (Qiagen Tissue-
lyzer II), using Trizol (Thermo Scientific; 15596018) according
to the manufacturer’s instructions. See legends for specific
anatomical dissection details for each figure. Complementary
DNAs (cDNAs) were synthesized using High capacity cDNA
reverse transcription kit (Life Technology; 4368813). Quanti-
tative PCR was performed using Invitrogen SYBR GreenER
qPCR SuperMix For ABI PRISM Instrument (11-760-500) in a
QuanStudio7Flex (Life Technology) with an initial 2 min
preincubation at 50 °C, followed by 10 min at 95 °C, and then
40 cycles of 95 °C for 15 s and 60 °C for 1 min. Reference
genes used are Gapdh or Tbp (Primer Table). Data were
analyzed using the AACt method (56).

Echocardiography and ECG measurements and data analysis

Echocardiographs were performed on Vevo 2100 (Visual-
Sonics) under conscious and unsedated conditions. For ECG
measurements, mice treated from 28 days of age were
anesthetized with 1% isoflurane. Mouse chest hair was shaved
and then removed by topical treatment with Nair (Church &
Dwight) hair remover product. Mice were restrained while
anesthetized with 1% isoflurane using mouse breathing
masks, and ECG probes were attached on their chest and
signals recorded for ~30 s. Once recording was completed,
the ECG probes and then the breathing masks were removed.
Mice recovered in warm bedding. Data were analyzed
manually using LabChart5 software (ADInstruments).

Jumoniji histone demethylase activity assays

Nuclear extracts were isolated from the left ventricle using
EpiQuik Nuclear Extraction Kit (Epigentek; OP-0002-1) ac-
cording to the manufacturer’s instructions. Nuclear extracts
were used as the enzyme source to measure demethylase ac-
tivity on exogenous H3K4me3 or H3K9me3 biotinylated his-
tone peptide substrates as previously described (36—38), using
Epigenase JARID Demethylase Activity/Inhibition Assay Kit
(Epigentek; P-3083) for H3K4me3 demethylation or Epigenase
JMJD2 Demethylase Activity/Inhibition Assay Kit (Epigentek;
P-3081) for H3K9me3 demethylation. The reaction was car-
ried out in 50 pl reactions with 1 mM of «-ketoglutarate,
2 mM of ascorbate, 100 pM of FeSO4.7H,0 (Sigma; F7002),
50 ng biotinylated histone peptide substrate (either H3K9me3
or H3K4me3), 0.25x of EDTA-free protease inhibitor (Roche;
05892791001), and 20 pg nuclear extract at 37 °C for 2 h. A

SASBMB

JIB-04 reverses cardiomyopathy

mix of nuclear extracts that were subjected to heat inactivation
at 95 °C for 10 min and then cooled to 25 °C was used as the
negative control. Activity was determined by subtracting the
values obtained from the heat-inactive samples from the active
nuclear extracts for reactions performed at the same time.
Jumonji activity of JIB-04-treated mice reported corresponds
to female animals.

HDAC activity assays

Nuclear extracts were prepared as aforementioned. HDAC
activity assays were performed using Millipore’s HDAC Fluo-
rometric Assay Kit (Millipore; 17-356) according to the man-
ufacturer’s protocol. Briefly, 5 pug of nuclear extracts was used
as the enzyme source for HDAC reactions in the absence or
the presence of 2 uM of HDAC inhibitor trichostatin A (TSA)
at room temperature for 15 min. Activity of a nuclear extract is
determined by subtracting the reading from the reaction in the
absence of TSA to the one with TSA.

Western blots

Hearts were collected, blood flushed out, and atria removed.
Ventricles were ground in the presence of liquid nitrogen to
generate ventricle powders or used fresh. Nuclear extracts
were prepared as described in the Jumonji histone trimethyl
demethylase activity assay section, using either freshly
collected left ventricle or ventricle powder as the starting
material. Whole cell lysates prepared from freshly collected left
ventricle or ventricle powder using T-Per (Thermo Scientific;
78510) according to the manufacturer’s instructions in the
presence of complete proteinase inhibitor (Roche;
11836153001). Proteins were separated in 4 to 15% (Bio-Rad;
465-1083) or 4 to 20% polyacrylamide (Bio-Rad; 465-1093)
gradient gels, transferred on to polyvinylidene fluoride mem-
branes, and probed with the indicated antibodies. The primary
antibodies that were used for Western blots in this study are
Kdm4c (Abcam; ab85454), Kdm4d (Cayman Chemical; 10383),
Kdmb5a (Cell Signaling; 3786S), Kdm5b (Abcam; ab181089),
Kdm5c (Abcam; ab190181), Gapdh (Gene Tex; GTX627408),
Histone H3 (Abcam; ab12079), Histone H2B (Cell Signaling;
12364S), tubulin (Sigma; T5168), Fhll (ProteinTech; 10991-1-
AP), and Rcanl (DSCR1) (Sigma; D6694). Secondary anti-
bodies that were used in this study were anti-rabbit immu-
noglobulin G (IgG), horseradish peroxidase (HRP) linked (Cell
Signaling; 7074), antimouse IgG, HRP linked (Cell Signaling;
7076), antigoat IgG, HRP linked (Santa Cruz; sc-2020),
IRDye680 Donkey antigoat IgG (H + L) (LI-COR; P/N 926-
68074). Membranes were imaged in a LICOR ODYSSEY Fc.
Quantification was performed using Image Studio Lite, version
5.2 (Li-COR Biosciences).

RNA-Seq and gene expression data analysis

RNA was isolated using Trizol (Thermo Scientific;
15596018) from the left ventricle of Tg hearts from animals
125 to 158 days old, which were treated with either JIB-04 or
vehicle, starting at 28 days of age, according to the manufac-
turer’s instructions. cDNAs were synthesized by Novogene,
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Inc or in house using TruSeq Stranded mRNA Library Prep-
aration kits (Ilumina; RS-122-2101, RS-122-2102) according to
manufacturer’s protocol. Library quality was validated on an
Agilent 2100 Bioanalyzer prior to sequencing on an Illumina
NextSeq 500 (McDermott Next Generation Sequencing Core,
UTSW) at an average of 37,000,000 reads per sample. Raw
reads were processed, data were normalized, low expressor
genes were removed, and differential expression of protein-
coding genes was then calculated. For published datasets,
raw normalized data were downloaded from Gene Expression
Omnibus (GEO) and similarly analyzed. For microarray data,
genes that had detection p value for all samples >0.05 were
removed. CnATg/Wt were obtained from (39) and from our
own RNA-Seq experiments. Further details including n for
each group are given in the relevant figure legends. All original
datasets have been deposited with GEO (GSE169078,
GSE168847, and GSE175711).

GSEA analysis and Venn and pie diagrams

Fold-change ratios (CnATg/WT [two experimental sets],
Veh/JIB-04, TAC/sham [four distinct experimental sets], Kdm
Tg/WT, or Kdm KO/WT) were used to perform GSEA pre-
ranked analysis of hallmarks, curated datasets, Gene Ontology
(GO), and motifs. CnTg/Wt sets used included our own RNA-
Seq data (CnTg n = 5 Wt n = 4 animals) and published
microarray data (39). TAC/sham model 1 used Wt mice of
Kdm3a KO (15); TAC/sham model 2 used WT mice treated
with vehicle (15); TAC/sham model 3 used WT mice of
Kdm3a Tg (15); and TAC/sham model 4 used WT mice of
Kdm4a Tg (14). Gene sets reported showed significant recip-
rocal enrichment or depletion across groups. GEO accession
numbers for data used are GSE27689, GSE169645,
GSE120739, GSE120737, for KDM genetic models +/- TAC;
GSE120598 for TAC models; GSE168847, GSE169078, and
GSE175711 for CnATg model. The ID numbers for the gene
sets reported here are as follows: Hallmark myogenesis M5909,
G2 M checkpoint M5901, glycolysis M5937, interferon alpha
response M5911, interfering gamma response M5913, fatty
acid metabolism M5935, E2F targets M5925, mTORC1
signaling M5924, EMT M5930, angiogenesis M5944, LVAD
support of failing heart M12300, reactome fatty acid meta-
bolism M27854, muscle contraction M12628 or GO: 0006936,
2M14073 or GO: 0070252, M6298 or GO: 0043292 and
M14929 or GO: 0003015. MEF2 motifs include M11407,
M17361, M15929, M9937, and M16022.

Overlapping Venn diagram analyses were performed using
BioVenn (http://www.biovenn.nl/) (57). Disease genes in
Figure 3C contained core-enriched genes as defined by GSEA
for TAC/sham plus CnATg/Wt. In Figure 3F, CnTg/Wt genes
upregulated by at least twofold were considered, in addition to
GSEA core-enriched genes in at least two of the TAC/sham
models. In Figure 31, genes upregulated in disease were defined
by 21.6 across disease models. For Figure 3L, disease genes
were defined by >1.5 for at least two TAC models plus CnTg.
These cutoffs were more stringent than GSEA core enrich-
ment cutoffs. JIB-04-depleted genes were manually defined as
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those whose expression changed by >0.67 in animals that
underwent TAC and were treated with JIB-04 or by GSEA
core-depleted genes for CnTg animals treated with JIB-04 in
all aforementioned cases. In Figure S4D, disease down-
regulated genes were defined as GSEA core-depleted genes in
at least two TAC/sham models and in CnATg/Wt. JIB-04/
vehicle-enriched genes were GSEA core-enriched genes in
both TAC and CnATg models. In Figure S4E, disease down-
regulated genes were defined as in Figure S4D, and JIB-04-
enriched genes were defined by >1.3-fold increase in TAC
and by GSEA enrichment in CnATg. All other GSEA analyses
and related Venn diagrams are described in detail in the cor-
responding figures.

Disease genes at three time points (45, 77, and
125-158 days) were defined by the cutoff >1.3 or <0.77 fold
expression for Tg Ve/Wt Ve; then the lists were overlapped
individually with KDMA4C targets from Pedersen et al. (43),
yielding disease genes that are KDM4C targets at individual
time points. Next, the disease genes at the three time points
were overlapped to determine Kdmd4c target disease genes
common to early (45 and/or 77 days) and late (125-158 days)
time points termed “throughout disease genes.” Genes that
were gradually upregulated or downregulated over time were
termed “progressive genes.” Finally, late-onset genes were
defined as any gene with >1.2-fold or <0.8-fold expression in
late/early time points. The proportion of throughout, pro-
gressive, and late onset genes was used to make the pie chart in
Figure 5E, and the expression of those genes at individual time
points is shown in Table S9.

Statistical analyses

Unless otherwise indicated in figure legends, p values,
comparing groups are from ¢ test, two-tailed, and of unequal
variances, calculated in excel. *p < 0.05, **p < 0.01, ***p < 0.001,
ns, not significant.

Data availability

All the data described in the article are included within the

article or deposited in GEO database accession numbers
GSE169078, GSE168847, and GSE175711.
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