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ARTICLE
JMJD6 protects against isoproterenol-induced cardiac

hypertrophy via inhibition of NF-kB activation by
demethylating R149 of the p65 subunit

Zhen Guo'?3, Yue-huai Hu?, Guo-shuai Feng®3, Carla Valenzuela Ripoll®, Zhen-zhen Li?, Si-dong Cai?, Qian-gian Wang?, Wen-wei Luo?,
Qian Li?, Li-ying Liang?, Zhong-kai Wu?, Ji-guo Zhang', Ali Javaheri®, Lei Wang'™, Jing Lu** and Pei-qing Liu'**

Histone modification plays an important role in pathological cardiac hypertrophy and heart failure. In this study we investigated the
role of a histone arginine demethylase, Jumonji C domain-containing protein 6 (JMJD6) in pathological cardiac hypertrophy.
Cardiac hypertrophy was induced in rats by subcutaneous injection of isoproterenol (ISO, 1.2 mg-kg '-d ") for a week. At the end of
the experiment, the rats underwent echocardiography, followed by euthanasia and heart collection. We found that JMJD6 levels
were compensatorily increased in 1ISO-induced hypertrophic cardiac tissues, but reduced in patients with heart failure with reduced
ejection fraction (HFrEF). Furthermore, we demonstrated that JMJD6 overexpression significantly attenuated 1SO-induced
hypertrophy in neonatal rat cardiomyocytes (NRCMs) evidenced by the decreased cardiomyocyte surface area and hypertrophic
genes expression. Cardiac-specific JMJD6 overexpression in rats protected the hearts against ISO-induced cardiac hypertrophy and
fibrosis, and rescued cardiac function. Conversely, depletion of JMJD6 by single-guide RNA (sgRNA) exacerbated ISO-induced
hypertrophic responses in NRCMs. We revealed that JMJD6 interacted with NF-kB p65 in cytoplasm and reduced nuclear levels of
p65 under hypertrophic stimulation in vivo and in vitro. Mechanistically, JMJD6 bound to p65 and demethylated p65 at the R149
residue to inhibit the nuclear translocation of p65, thus inactivating NF-kB signaling and protecting against pathological cardiac
hypertrophy. In addition, we found that JMJD6 demethylated histone H3R8, which might be a new histone substrate of JMJD6.
These results suggest that JMJD6 may be a potential target for therapeutic interventions in cardiac hypertrophy and heart failure.
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INTRODUCTION
Cardiovascular disease (CVD) is a major public health challenge
and the leading cause of mortality all around the world [1].
Pathological cardiac hypertrophy, which refers to the enlargement
and thickening of the myocardial wall under various stress, injury,
or stimulation, is an important independent risk factor for CVD
[2, 3]. Although initially it can be a beneficial adaptive response
that helps maintain normal cardiac function, sustained hypertro-
phy will eventually progress to heart failure [4]. Post-translational
modifications serve as an important component of epigenetic
modifications, which are widely involved in the development and
progression of cardiac hypertrophy, and provide potential target
for interventions aimed at reversing cardiac hypertrophy [5-9].
Recent developments in post-translational histone modifica-
tions, including newly discovered histone methylation modifica-
tions, have gained increasing attention in the treatment of various
diseases [10]. Histone methylation mainly occurs on lysine and

arginine residues, which can provide specialized binding surfaces
that recruit protein complexes containing chromatin remodeling
and transcriptional activation/repression activity, ultimately reg-
ulating gene expression [11, 12]. To date, multiple histone
methyltransferases (HMTs) and demethylases (HDMs) have been
identified [12], and their roles in diseases such as cancer [13],
neurological disorders [14] and CVD [7, 15-17] (including cardiac
hypertrophy and heart failure) have also been gradually revealed.
Jumoniji domain containing protein 2 A (JMJD2A) demethylates
histone H3 lysine 9 trimethylation (H3K9me3) and activates
transcription of pro-hypertrophic genes in mice [18]. We
previously reported that JMJD3 promotes cardiac hypertrophy
via decreasing H3K27me3 level in the promoter region of f3-
myosin heavy chain [19]. Recently, we found that protein arginine
methyltransferase 5 (PRMT5) methylates histone H4 arginine 3
(H4R3) via symmetric di-methylation and protects against cardiac
hypertrophy via regulation of Filip1L/B-catenin [15].
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JMJD6, a member of the Jumonji C domain-containing family of
proteins [20], contributes to the regulation of histone demethyla-
tion, transcriptional polymerase Il promoter pause release and
mRNA splicing through its ability to catalyze two types of
reactions, lysyl hydroxylation and N-methyl argininyl demethyla-
tion [20-23]. Although the latter catalytic mechanism is con-
troversial, it is of particular importance given that JMJD6 has been
posited to be the only enzyme capable of catalyzing arginine
demethylation. Moreover, there is compelling evidence that
JMJD6 demethylates H3R2me2 and H4R3me2 and can affect
gene expression in a locus-specific manner [20, 21]. Due to
the complexity of its function, JMJD6 may also modify other
histone substrates. In addition, JMJD6 can also demethylate non-
histone proteins, such as ERa, G3BP1 and TRAF6 [24-26]. Our
results show that JMJD6 is strongly related to cardiac hypertrophy
and heart failure. Thus, it is necessary to fully understand the role
of JMJD6 in this process, whether it is through the modification of
histone arginine demethylation or through the modification of
non-histone demethylation.

Nuclear factor kappa-B (NF-kB) is a redox-sensitive transcription
factor family that regulates a series of inflammatory genes and plays
an important role in the development of numerous pathological
states [27]. Five members of the NF-kB family have been found in
mammals: RelA (p65), p105/p50, p100/p52, RelB and c-Rel [28, 29].
The most common form in human cells is the p65/p50 heterodimer
[28, 29]. In the canonical pathway of NF-kB activation, extracellular
signals activate IkB kinase (IKK), which phosphorylates IkBa, leading
to its ubiquitination and degradation by proteasomes. NF-kB,
liberated from IkBa, translocates to the nucleus to regulate its target
genes [28, 29]. An important aspect of NF-kB signaling regulation is
multiple post-translational modifications of the p65 subunit [30].
Evidence indicates that lysine and arginine residues within NF-«kB
can be reversibly methylated by HMTs and HDMs [31]. To date, six
methylated lysine sites (K37, K218, K221, K310, K314, and K315)
[32-35] and one methylated arginine site (R30) [36] have been
identified on the p65 subunit of NF-kB. Without exception, these
methylation modifications regulate NF-kB activity and its target
gene expression.

In the present study, we found that the mRNA and protein
expression of JMJD6 were increased in isoproterenol (ISO)-
induced cardiac hypertrophy in vivo and in vitro models, playing
a protective role in pathological cardiac hypertrophy. Importantly,
we showed that JMJD6 binds and demethylates NF-kB (p65) at
R149 in the cytoplasm, which prevents the translocation of p65
into the nucleus, thereby reducing the activation of the NF-«kB
signaling pathway. Therapeutic approaches targeting JMJD6 may
prove highly effective in preventing and treating pathological
cardiac hypertrophy and heart failure via inhibition of NF-kB
activity.

MATERIALS AND METHODS

Patient samples

This study includes heart samples from eight patients with heart
failure that underwent heart transplantation. Three non-failing
control heart tissues were obtained from prospective multi-organ
donors, which did not exhibit cardiovascular pathology but were
unable to be transplanted due to technical reasons. All patients or
the family of prospective heart donors gave written informed
consent prior to participation. The study was approved by the
Human Ethics Committee of the First Affiliated Hospital of Sun Yat-
sen University and followed the principles that govern the use of
human tissues outlined in the Declaration of Helsinki.

Animal experiments

Sprague Dawley (SD) rats (male, weighing 220-240 g, SPF grade,
Certification No. 44005800006028) were obtained from the
Experimental Animal Center of Guangzhou University of Chinese
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Medicine (Guangzhou, China). SD rats were kept under controlled
SPF environmental conditions (12:12 h light/dark cycle and room
temperature 21-23°C), with free access to water and standard
chow. Recombinant adenovirus vectors encoding human JMJD6
cDNA (Ad-JMJD6, #VH843725) and Ad-Ctrl (pAd vector, serving as
negative control) were purchased from Vigene Biosciences
(Shandong, China). The direct gene delivery of JMJD6 or negative
control was performed as previously described [37-40]. Briefly, SD
rats were randomized into two groups, anesthetized by intraper-
itoneal (IP) injection with sodium pentobarbital (30 mg/kg),
followed by endotracheal intubation and heart exposure. Then,
200 pL of Ad-JMJD6 or Ad-Ctrl (1 x 10'° particles) was injected into
4-6 sites around the left ventricular walls using sterile disposable
insulin syringes (25-gauge needle, Bayon, Germany). Following
injections, the thoracic incision was closed, and rats were
administered gentamicin to prevent infection and meloxicam for
analgesia. One week after adenovirus infection, rats were
randomly assigned to receive either isoproterenol (ISO, purity >
98%, Tokyo Chemical Industry, Tokyo, Japan) or sterile normal
saline (NS). Cardiac hypertrophy model was induced by sub-
cutaneous (SQ) injection of ISO (1.2mgkg~"-d™") or NS in the
vehicle control group, for 1 week according to our previous
reports [19]. All animals and experimental procedures were
approved by the Research Ethics Committee of Sun Yat-sen
University and were performed following the Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996). All the procedures were implemented in accordance with
the China Animal Welfare Legislation, reviewed and approved by
the Sun Yat-sen University Committee on Ethics in the Care and
Use of Laboratory.

Cell culture, transfection and drug treatment
Primary culture of neonatal rat cardiomyocytes (NRCMs) were
isolated from the hearts of 1-3 days old SD rats (Sun Yat-sen
University) and cultured as previously described [19, 37, 40].
NRCMs were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% (v/v) new born calf serum
(NBCS), penicillin (100 U/mL)/streptomycin (100 ug/mL) (Thermo
Fisher, #15140148, Waltham, MA, USA) and 100puM
5-bromodeoxyuridine (Brdu) for 48h, and then infected with
lentivirus or recombinant adenoviruses. To induce hypertrophy,
NRCMs were cultured in serum-free DMEM for 16 h and treated
with 1SO (10 uM) for 12 h. The control group cells were treated
with the same volume of phosphate-buffered saline (PBS).
HEK293T cells were maintained in DMEM supplemented with
10% (v/v) FBS and penicillin/streptomycin and seeded into plates
as needed for experiments. Plasmid transfections were performed
using Lipofectamine LTX & Plus (Invitrogen, 15338100, Carlsbad,
CA, USA) according to the manufacturer’s instructions [19, 411.

Echocardiography analysis

Echocardiography was performed by a Technos MPX ultrasound
system (ESAOTE, SpAESAOTE SpA, ltaly) at the end of the trial
according to our previous report [19, 37, 40-42]. Rats were
anesthetized with 4% (v/v) isoflurane in the anesthetic chamber
and then transferred to a heating pad for echocardiography with
2% isoflurane maintenance. After M-mode recording, basic cardiac
function parameters were measured as followed: ejection fraction
(EF), fractional shortening (FS), left ventricular end-systolic/
diastolic internal diameter (LVID-s/d), left ventricular end-systo-
lic/diastolic posterior wall thickness (LVPW-s/d) and end-systolic/
diastolic interventricular septum (IVS-s/d) were measured. At the
end of experiment, all the rats were euthanized by CO, inhalation,
followed by heart collection.

Immunofluorescence (IF) assay

NRCMs were seeded and cultured on glass coverslips. After
treatment, cells were fixed with 4% (w/v) paraformaldehyde for
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10 min and permeabilized with 0.3% (v/v) TritonX-100 for 5 min at
room temperature. After washing three times with PBS, the cells
were blocked with 10% (v/v) goat serum at room temperature for
1 h, followed by incubation with individual primary antibodies
overnight at 4 °C. The next day, the cells were washed and stained
with Alexa Fluor-labeled secondary antibodies and DAPI. Immuno-
fluorescence was analyzed with a confocal microscope (Carl Zeiss,
LSM 710, Jena, Germany).

Histological analysis
For histological analysis, hearts were arrested with a 10% (w/v)
potassium chloride (KCl) solution at end-diastole and then fixed in
4% (w/v) paraformaldehyde. Fixed hearts were embedded in
paraffin and cut transversely into 5 um sections. Serial heart
sections were stained with Hematoxylin-eosin (H&E) or wheat
germ agglutinin (WGA) to measure myocyte cross-sectional areas.
The degree of collagen deposition was detected by picrosirius red
(PSR) staining. Expression of JMJD6 was detected by immunohis-
tochemistry (IHC) staining using the JMJD6 primary antibody, HRP-
conjugated secondary antibody and DAB substrate.

For immunofluorescence, paraffin sections of cardiac samples
were treated with individual primary antibodies overnight at 4 °C
and followed by a standard IF assay.

Design of sgRNA and production of lentivirus

The sgRNA sequences of rat JMJD6 were designed using the
Zhang laboratory  website  (https://zlab.bio/guide-design-
resources) and the details of sequences were listed in Supple-
mentary Table S1. Complementary oligonucleotides encoding
sgRNA were annealed and cloned into BsmB | (NEB, Ipswich, MA,
USA) sites in lentiC-RISPRv2 vectors (Addgene, Cambridge, MA,
USA). HEK293T cells were co-transfected with lentiCRIS-PRv2-
sgRNA construction, pMD2.G and psPAX2 by Lipofectamine LTX &
Plus. Viral supernatants were harvested 48 h later and then
filtered. The lentivirus of sgJMJD6 (JMJD6 knockdown) or Lenti-
crispr v2 was aliquoted and stored at —80 °C.

Measurement of cell surface area

NRCMs cultured in 48-well plates were fixed with 4% (w/v)
paraformaldehyde for 15 min, followed by 0.3% (v/v) TritonX-100
for 5min at room temperature. Then the NRCMs were incubated
with 0.1% (w/v) rhodamine-phalloidin (Invitrogen, #R415) for
30 min. After washing three times with PBS, the cells were stained
with 4, 6-diamidino-2-ph-enylindole (DAPI) (Invitrogen, #D1306)
and inspected with a High Content Screening system (Thermo
Fisher). The cell surface area was obtained from randomly selected
fields and determined by the built-in image analysis software.

Real-time quantitative PCR (qRT-PCR)

Total RNA was extracted from NRCMs or cardiac tissues using
TRIzol reagent (Invitrogen, #15596026). The first-strand cDNA was
synthesized using First Strand cDNA Synthesis kit (Thermo Fisher,
#11904018) and Quantitative PCR was performed with SYBR Green
Master Mix (TOYOBO, #0810) using a Real-time Thermo Cycler
(Thermo Fisher) to examine relative mRNA levels of indicated
genes as previously described [19, 37]. Specific primers were
synthesized by Sangon Biotech Co Ltd (Shanghai, China) and all
PCR assays were done at least in triplicate. B-Actin (ACTB) was used
as an endogenous control. Details of the sequences are listed in
Supplementary Table S2.

Western blot analysis

Western blot was performed as previously described [19, 43, 44]. In
brief, total protein was extracted from cells or tissues with RIPA lysis
buffer (Beyotime Biotechnology, #P0013B, Shanghai, China) supple-
mented with protease inhibitor cocktail (Roche, #04693159001,
Basel, Switzerland) and phosphatase inhibitor (Roche, #PHOSS-RO).
Cardiac tissues were fractionated into nucleus-enriched and
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cytoplasmic samples by using a CelLytic NuCLEAR Extraction kit
(Sigma, Nxtract), as previously described [45, 46]. Protein (15-50 pug)
was separated by 8%-12% (w/v) sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Merck Millipore,
#88518, Temecula, CA, USA). The membranes were blocked with
5% (w/v) non-fat milk and incubated overnight with individual
primary antibodies. Then the membranes were washed and further
treated with HRP-conjugated secondary antibodies at room
temperature for 1h. The immune complexes were visualized by
enhanced chemiluminescence methods. The band intensity was
measured and analyzed with NIH ImageJ software (Bethesda, MD,
USA). The details of used primary and secondary antibodies were
shown in Supplementary Table S3.

Co-immuoprecipitation (Co-IP) assay

Experiments were performed as previously described
[41, 44, 47, 48]. Total protein (500 pg) was incubated with anti-
JMJD6 (rabbit, diluted 1:50, Proteintech, #16476-1-AP, Rosemont,
IL, USA) or anti-p65 (mouse, diluted 1:100, CST, 6956, Danvers, MA,
USA) antibodies overnight (normal IgG was used as control), and
incubated with protein A/G-agarose beads (Pierce, #20421,
Rockford, IL, USA) at 4°C for 4 h. Afterward, the beads were
washed with lysis buffer for 3 times and immunoprecipitates were
eluted by adding 35 pL of 1x sample buffer, boiled for 10 min at
95°C, and centrifuged at 13000 rpm for 5 min. Then the super-
natant was subjected to a standard Western blot assay.

Plasmid construction and mutation

To obtain a vector overexpressing rat JMJD6 (WT-JMJD6), NF-kB
(p65) (WT-p65) or PRMT5 (WT-PRMT5), the rat JMJD6 (Gl:
1259883802), NF-kB (p65) (GI: 32187084) or PRMT5 (Gl
184150975) expression vector was constructed by ligating
corresponding full-length ¢cDNA into a pcDNA3.1 expression
vector (Generay Biotech, Shanghai, China). The mutation of JMJD6
at histidine 187 (JMJD6-H187A), aspartic acid 189 (JMJD6-D189A)
or double mutant of site 187 and 189 (JMJD6-Double) and p65 at
arginine 30 (p65-R30A), 149 (p65-R149A), 236 (p65-R236A) or 336
(p65-R336A) were generated by PCR using Fast Mutagenesis
System (TransGen, #FM111-01, Beijing, China). Specific mutated
primers were designed using the PrimerX website (https://
www.bioinformatics.org/primerx/) as shown in Supplementary
Table S4. All the plasmids were validated by DNA sequencing in
Sangon Biotech Co. Ltd (Shanghai, China).

Methlyation site prediction of NF-kB (p65)

According to a published study, Wei at al showed that PRMT5 could
dimethylate arginine (R) at the site R30 position of the p65 subunit
[36]. We wanted to further explore if other arginine sites could be
methylated. Thus, we used an online methylation site prediction
platform (http://msp.biocuckoo.org/online.php) [49] to screen the
potential arginine methylation sites in amino acid sequence of
Rattus norvegicus NF-kB (p65) by setting the threshold.

Statistical analysis

All data are presented as the mean +SEM and analyzed using
Prism Version 9.0.0 (GraphPad Software Inc). Data were tested for
assumptions of normality with the Shapiro-Wilk normality test. If
the samples were normally distributed, a parametric statistical
analysis was performed using unpaired 2-tailed Student's t test for
2 group comparisons or one-way analysis of variance (ANOVA) to
determine mean differences between multiple groups; where
appropriate, post hoc testing with Tukey test for multiple pairwise
comparisons was used. If the samples were not normally
distributed, we performed Kruskal-Wallis testing for multiple
group analysis with Dunn post hoc testing or Mann-Whitney
testing for 2 groups. In all analyses, a value of P < 0.05 was
considered statistically significant.
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Fig. 1

JMJD6 expression was changed in HFYEF patients and hypertrophic rat hearts. a The mRNA level of JMJD6 in non-failing controls

(Donor) or heart failure with reduced ejection fraction (HFrEF) patients (n =3 in Donor group, n =8 in HFrEF group). b The protein level of
JMJD6 in Donor control or HFrEF patients (n =3 in Donor group, n=5 in HFrEF group). ¢ The mRNA level of JMJD6 in ISO-induced
hypertrophic cardiac tissues (1.2 mg-kg~"-d~" x 7 days, SQ, n=6) and heart failure with preserved ejection fraction (HFpEF) cardiac tissues
(2.5mgkg~"-d" x 21 days, IP, n=>5). d The protein expression of JMJD6 in 1SO-induced hypertrophic cardiac tissues was shown as brown
intensity by immunohistochemistry staining, scale bar = 30 pm (n = 6). e The protein level of JMJD6 in I1SO-induced hypertrophic cardiac
tissues was shown by Western blot analysis (n =6). f The protein expression of JMJD6 in 1SO-induced NRCMs was identified by confocal
immunofluorescence microscopy, scale bar =10 um (n=4). g The protein expression of JMJD6 in 1SO-induced NRCMs was identified by
Western blot analysis (n = 4). Student’s t test was used in (a), (b) and (d-g), One-way ANOVA with Tukey’s correction for multiple comparisons
was used in (c). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NS normal saline, PBS phosphate-buffered saline.

RESULTS

JMJD6 expression was changed in HFrEF patients and
hypertrophic rat hearts

We have previously demonstrated a novel role of JMJD3 (a histone
demethylase) in promoting cardiac hypertrophy via decreasing
H3K27me3 level in the promoter region of B-myosin heavy chain
[19]. To more comprehensively assess the transcriptional levels of
the JMJD family in an ISO-induced cardiac hypertrophy murine
model, as evidenced by echocardiography analysis and morpho-
metric measurement (Supplementary Table S5, Supplementary
Fig. S1a-d), we employed qRT-PCR to detect the mRNA expression
of JMJD subtypes in cardiac tissues. These results show that the
transcriptional levels of multiple JMJD subtypes were significantly
altered, with JMJD6 being the most prominent subtype (Supple-
mentary Fig. Sle).

To further determine whether JMJD6 is pathophysiologically
relevant to the progression of heart failure, we firstly examined
cardiac mRNA and protein levels of JMJD6 in patients with HF with
reduced ejection fraction (HFrEF) undergoing heart transplanta-
tion. We observed that JMJD6 mRNA and protein levels were
remarkably reduced in patients with HFrEF (mean EF ~22.2%,

SPRINGER NATURE

Supplementary Fig. S2) compared to non-failing donors (Fig. 1a,
b). In murine model, we examined the mRNA level of JMJD6 in
ISO-induced cardiac hypertrophic rats with increased EF
(64.5-81.9%, Supplementary Table S5), as well as in 1SO-induced
HF with preserved ejection fraction (HFpEF) rats with decreased EF
(65.7% to 51.8%, Supplementary Table S6). Compared with control
rats, the mRNA level of JMJD6 was dramatically increased in
cardiac hypertrophy (3.4-fold) and HFpEF (2.2-fold) rats (Fig. 1c).
Meanwhile, JMJD6 protein level was also significantly increased in
hypertrophic rat hearts, as shown by IHC staining (Fig. 1d) and
Western blot analysis (Fig. 1e). Similarly, both mRNA and protein
levels of JMJD6 were obviously elevated in 1SO-treated NRCMs
(Fig. 1f, g, Supplementary Fig. S3), which was consistent with
in vivo results. Moreover, JMJD6 protein level was also increased in
transverse aortic constriction (TAC) mice model (Supplementary
Fig. S4).

JMJD6 negatively correlated with ISO-induced cardiac
hypertrophy in NRCMs

We then wanted to investigate the role of JMJD6 in the regulation
of 1SO-induced cardiac hypertrophy by using the gain- and
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Fig. 2 JMJD6 negatively regulates ISO-induced cardiac hypertrophy in NRCMs. a The adenovirus infection efficiency was confirmed by
Western blot in NRCMs infected with Ad-Ctrl (empty vector) or Ad-JMJD6 (n=3). b JMJD6 protein level was detected by Western blot in
NRCMs infected with Lenti-crispr v2 (empty vector) or Lenti-sgJMJD6-01, 02, 03 or 04 (n = 3). ¢ Cell surface area was measured by rhodamine-
phalloidin staining in NRCMs infected with Ad-Ctrl or Ad-JMJD6 for 48 h in the presence of ISO (10 pM, 12 h) or PBS, scale bar = 20 um (n = 4).
d The mRNA level of hypertrophic genes (ANF and BNP) in NRCMs infected with Ad-Ctrl or Ad-JMJD6 (n = 4). e Cell surface area was measured
in NRCMs infected with Lenti-crispr v2 or Lenti-sgJMJD6, scale bar = 20 pm (n = 4). f The mRNA level of hypertrophic genes in NRCMs infected
with Lenti-crispr v2 or Lenti-sgJMJD6 (n = 4). Student’s t test was used in (a), One-way ANOVA with Tukey's correction for multiple comparisons
was used in (b-f). *P<0.05, **P<0.01, ***P<0.001. Ad-Ctrl control adenovirus, Ad-JMJD6 adenovirus overexpressing JMJD6, ANF atrial
natriuretic factor, BNP brain natriuretic polypeptide. Lenti-sgJMJD6 means Lenti-sgJMJD6-03.

loss-of-function approaches in vitro. One group of NRCMs was
infected with Ad-JMJD6 (overexpression) or Ad-Ctrl (control),
while another group of NRCMs was infected with Lenti-sgJMJD6
(knockdown) or Lenti-crispr v2 (empty vector). The efficiency of
Ad-JMJD6 (Fig. 2a) or Lenti-sgJMJD6 (Fig. 2b) in NRCMs was
verified by Western blot analysis. JMJD6-03 has the best
efficiency, hereafter referred to as Lenti-sgJMJD6. ISO treatment
led to pronounced enlargement of cell surface area (Fig. 2¢, e)
and upregulation of hypertrophic markers, including ANF and
BNP (Fig. 2d, f). These hypertrophic responses induced by ISO
were significantly attenuated by JMJD6 overexpression with Ad-
JMJD6 infection (Fig. 2¢, d). In contrast, JMJD6 knockdown by
Lenti-sgJMJD6 infection aggravated ISO-induced hypertrophic
responses (Fig. 2e, f). However, Ad-JMJD6 or Lenti-sgJMJD6
infection did not affect the hypertrophic response under normal
physiological conditions. These results suggest that JMJD6
protects against I1SO-induced cardiac hypertrophy in vitro.

JMJD6 overexpression attenuated 1SO-induced cardiac
hypertrophy in rats

Given the protective role of JMJD6 on ISO-induced cardiac
hypertrophy in vitro, we further investigated whether JMJD6
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overexpression in cardiomyocytes could rescue cardiac function
in vivo. To this end, Ad-JMJD6 was directly administered into the
left ventricle of SD rats via intramyocardial injection to achieve
cardiac-specific JMJD6 overexpression, while control rats received
Ad-Ctrl. One week post-infection, rats were injected with 1SO
(1.2mgkg"-d~", IP) for 7 days. Results from the IHC staining and
Western blot analysis in heart tissue confirmed that the over-
expression of JMJD6 was successful (Supplementary Fig. S5).
When rats that received Ad-Ctrl injection were subjected to I1SO
treatment, they developed cardiac hypertrophy, as evidenced by
echocardiographic analysis (Fig. 3a, b, Supplementary Fig. S6),
increased heart size (Fig. 3c), increased heart weight-to-body
weight (HW/BW) and heart weight-to-tibia length (HW/TL) ratios
(Fig. 3d). Staining results of Hematoxylin-Eosin (H&E), wheat germ
agglutinin (WGA) and picrosirius red (PSR) demonstrated that ISO
treatment increased cardiomyocyte size and fibrosis in Ad-Ctrl rats
(Fig. 3e, f). Remarkably, these hypertrophic features were
attenuated in the hearts of rats that received Ad-JMJD6 injection
and treatment with ISO (Fig. 3a—e, Supplementary Fig. S6).
Furthermore, Ad-JMJD6 injection also significantly ameliorated
fibrosis in hypertrophic hearts, as seen in PSR staining (Fig. 3f).
Consistently, gRT-PCR results showed that mRNA levels of
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hypertrophic genes, including ANF and BNP, and fibrotic genes
including COL1A1, COL3A1 and CTGF, were attenuated by JMJD6
overexpression in heart tissue exposed to ISO (Fig. 3g, h),
suggesting that JMJD6 repressed 1SO-induced cardiac hypertro-
phy and fibrosis in rats. These data, along with alterations of
JMJD6 levels in different animal models and patients, suggest that
JMJD6 may be a beneficial compensatory factor in the process of
pathological cardiac hypertrophy.

JMJD6 regulated NF-kB (p65) signaling in ISO-induced cardiac
hypertrophy

Nuclear factor kB (NF-kB) is often implicated in contributing to the
detrimental effects of cardiac injury [50]. We and others have
proved that the activity of NF-kB is increased under hypertrophic
stimulation, including ISO treatment [41, 51-53]. In our current
study, we observed physiological binding between JMJD6 and NF-
kB p65 in NRCMs. More importantly, ISO treatment induced a
marked increase of this interaction (Fig. 4a, b). Analysis of IF
staining shows that nuclear p65 is increased in NRCMs exposed to
ISO, but this rise is attenuated in cells that overexpress JMJD6.
Interestingly, co-localization of JMJD6 and p65 protein in the
cytoplasm was significantly increased in the Ad-Ctrl group treated
with I1SO, however, in the JMJD6 overexpression group there was
significant elevation from baseline which further increased when
exposed to ISO (Fig. 4c). These results indicate that overexpression
of JMJD6 could inhibit the translocation of p65 into the nucleus.
Moreover, analysis of cytonuclear fractions shows that JMJD6
overexpression reversed 1SO-induced increases in the nucleus/
cytoplasm p65 (Fig. 4d). These results suggest that NF-kB signaling
is regulated by JMJD6 in cardiac hypertrophy.

Murine hearts also show interaction between nuclear and
cytoplasmic p65 with JMJD6 in vivo (Fig. 5a), which is consistent
with the results of NRCMs in vitro. In addition, the ratio of
phosphorylated p65 at Ser536 to total p65 (p-p65/p65) is an
important index of NF-kB signaling activation [54, 55], and we
observed that the Ad-Ctrl infection group had a distinct increase
of the p-p65/p65 ratio, indicating the activation of NF-kB signaling
in ISO-induced cardiac hypertrophy (Fig. 5b). However, Ad-JMJD6
infection effectively attenuated 1SO-induced elevations of p-p65/
p65 ratio (Fig. 5b). Of note, Ad-JMID6 infection did not
significantly alter the expression of IkBa after 1SO treatment
(Fig. 5b), which indicates the degradation of IkBa was not affected.
Furthermore, we found that overexpression of JMJD6 does not
affect baseline expression of IkBa in vivo or in vitro (Fig. 5b, c).
Taken together, these results demonstrate that JMJD6 participates
in the protective effect of ISO-induced cardiac hypertrophy by
inhibiting the translocation of p65 into the nucleus, rather than
inhibiting the degradation of IkBa.

JMJD6 decreased the methylation level in 1ISO-induced cardiac
hypertrophy

JMJD6 is the first demethylase that has been demonstrated to
have demethylation enzyme activity on histone H3 at arginine 2
(H3R2) and H4R3 [20]. Despite there being multiple reports that
show that JMJD6 acts as a demethylase to modify histone or non-
histone arginine residues, there is still controversy surrounding
JMJD6’ demethylation ability [20, 21, 24-26]. Due to the dispute
over the function of JMJD6, we first wanted to verify whether
JMJD6 presents the demethylase activity in cardiomyocytes. To
address this question, we used PRMT5 (a recognized protein
arginine methyltransferase, which catalyzes monomethylation and
symmetrical dimethylation of arginine on H4R3 and H3R8) to serve
as a positive control. To test whether the enzymatic activity of
JMID6 was involved in this process, we used an enzyme mutated
plasmid, where the proposed Fe (ll)-binding residues in JMJD6
were substituted with non-chelating residues (JMJD6-H187A,
D189A or H187A/D189A (Double)) to abolish both the histone
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demethylase and hydroxylase activity [20, 26]. We found that
overexpression of PRMT5 increased the levels of H4R3mel,
H4R3me2s, H3R8me1 and H3R8me2s (Fig. 6a, b), indicating that
PRMT5 promoted the methylation of histone substrate of H4R3
and H3R8. We also found that transfection of WT-JMJD6 could
reduce the levels of H4R3me1 and H3R8me1, but did not decrease
the levels of H4R3me2s and H3R8me2s (Fig. 6a, b). More
importantly, the mutant JMJD6 showed no reductions of H4R3
and H3R8 levels. Therefore, these results indicate that JMJD6 does
have demethylation function and H3R8 may be its new histone
substrate.

Next, we investigated the arginine methylation level after ISO
treatment in NRCMs. Interestingly, we observed increased
expression of monomethylation and symmetrical dimethylation
of arginine (Supplementary Fig. S7), indicating that ISO stimulation
elevated overall arginine methylation levels. This result seems to
contradict the up-regulation of JMJD6 expression after 1SO
stimulation, where we would expect reduced methylation levels.
However, overall methylation levels can be regulated by both
demethylases and methyltransferases, which could explain this
up-regulation. Instead, we were more concerned about the effect
of JMJD6 overexpression on the overall methylation caused by I1SO
stimulation. Based on our current results, we confirmed that
JMJD6 overexpression can indeed reduce methylation levels
induced by ISO in NRCMs (Fig. 6c, d).

JMJD6 demethylated R149 of p65 to inactivate NF-kB in ISO-
induced cardiac hypertrophy

To explore whether JMJD6 exerts a protective effect in cardiac
hypertrophy by demethylating p65 (a new partner of JMJD6), we
first verified the possibility of methylation modification of p65.
Using Co-IP analysis with an antibody against p65, we found that
p65 can undergo arginine monomethylation and symmertrical
demethylation (Fig. 7a), which is consistent with a previous study
that PRMT5 dimethylates p65 [36]. In their study, PRMT5
dimethylates R30 of the p65 subunit to activate NF-kB [36].
Considering our current findings, we further hypothesized
whether JMJD6 also inactivates NF-kB to play a protective role
by demethylating p65 at R30 or other sites. To this end, we
screened the potential arginine methylation sites in amino acid
sequences of Rattus norvegicus p65 using a methylation site
prediction platform. According to the screening analysis, we found
that no potential methylation sites appeared when the threshold
was set to 0.9 (Fig. 7b). However, when the threshold continued to
decrease, we obtained a series of potential methylation sites, such
as R30, R149, R236 and R336 (Fig. 7b). Interestingly, these potential
sites (except R336) existed conservatively among different species,
and they also have similar amino acid sequence characteristics,
that is, arginine (R) was always accompanied by a glycine (G)
(Supplementary Table S7), indicating that this may be a special
domain required for methylation modification. Therefore, we used
R30 as a control to explore the function of other potential sites in
our experiments. Co-transfection with WT-JMJD6 and p65 (WT or
four different mutants) in 293 T cells showed that the ratio of p-
p65/p65 was the same compared between WT-p65 and R30A-p65
in the presence of WT-JMJD6, but it was markedly increased in
R149A-p65 transfection (Fig. 7c). This result indicates that
demethylation at R149 of p65 inhibits the activity of p65, which
may be due to the demethylation of JMJD6 at p65 (R149) leading
to reductions of p65 translocation into the nucleus. In addition, we
also observed the effect of WT-PRMTS5 on p-p65 by co-transfection
with WT-PRMT5 and p65 (WT or four different mutants). The
results showed that the ratio of p-p65/p65 was significantly
decreased in R30A-p65 in the presence of WT-PRMT5 (Fig. 7d),
indicating that PRMT5 methylates R30 of p65 subunit to activate
NF-kB. Thus, methylation/demethylation of p65 can exist at
different sites in a context-dependent manner.
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Fig. 3 JMJD6 overexpression represses 1SO-induced cardiac hypertrophy in rats. a Representative echocardiography of SD rats infected
with Ad-Ctrl or Ad-JMJD6 for 14 days in the presence of I1SO or NS. b Ejection fraction (EF) and fractional shortening (FS) of Ad-Ctrl or Ad-
JMJD6 infected rats treated with ISO or NS (n = 5-8). ¢ Representative heart morphology of SD rats infected with Ad-Ctrl or Ad-JMJD6 for
14 days in the presence of I1SO or NS, scale bar = 2 mm. d Heart weight-to-body weight (HW/BW) ratios and HW to-tibia length (HW/TL) ratios
of Ad-Ctrl or Ad-JMJD6 infected rats treated with ISO or NS (n = 5-8). @ Hematoxylin-Eosin (H&E, scale bar = 1 mm or 50 pm) and wheat germ
agglutinin (WGA, scale bar =50 pum) staining were performed to determine the cardiomyoctye size of Ad-Ctrl or Ad-JMJD6 infected rats
treated with 1SO or NS (n = 5-8). f Picrosirius red (PSR, scale bar = 1 mm or 50 pm) staining was performed to determine cardiac fibrosis of the
hearts from Ad-Ctrl or Ad-JMJD6 infected rats treated with I1SO or NS (n =5-8). g The mRNA levels of hypertrophic genes in Ad-Ctrl or Ad-
JMJD6 infected rats treated with ISO or NS (n = 5-8). h The mRNA levels of fibrotic genes (COL1A1, COL3A1 and CTGF) in Ad-Ctrl or Ad-JMJD6
infected rats treated with ISO or NS (n = 5-8). Kruskal-Wallis test with Dunn’s post-hoc for multiple comparisons was used in panel (b) for
ejection fraction, One-way ANOVA with Tukey’s correction for multiple comparisons was used in (b) for fractional shortening and (d-h).
*P < 0.05, **P <0.01, ****P < 0.0001. COL1A1 collagenial, COL3A1 collagen3a1l, CTGF connective tissue growth factor.
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Fig. 4 JMJD6 regulates NF-kB signaling in ISO-induced cardiac hypertrophy in vitro. a Immunoprecipitation analysis showed that
interaction of p65 and JMJD6 in NRCMs using JMJD6 antibody in presence of ISO or PBS (n = 3). b Immunoprecipitation analysis showed that
interaction of JMJD6 and p65 in NRCMs using p65 antibody in presence of I1SO or PBS (n = 3). ¢ Subcellular location of p65 in NRCMs. NRCMs
were infected with Ad-JMJD6 or Ad-Ctrl for 24 h in presence of ISO or PBS, followed by immunofluorescence to detect the JMJD6 and p65
protein. Upper: Representative immunofluorescence showing the location of JMJD6 (green) and p65 (red), scale bar =25 pm or 10 um. Lower:
Blinded quantification of nuclear p65 and cytoplasmic p65 interacting with JMJD6 (n = 3). d The protein expression of p65 was measured by
Western blot analysis in the cytoplasm and nucleus in NRCMs infected with Ad-Ctrl or Ad-JMJD6 for 24 h in the presence of ISO or PBS. Left:
Representative Western blot images showing the level of p65. Right: The quantification of nucleus/cytoplasm p65 (n = 3). Student’s t test was
used in (a) and (b), One-way ANOVA with Tukey’s correction for multiple comparisons was used in (c) and (d). *P < 0.05, **P < 0.01, ***P < 0.001,
***%p < 0.0001.
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Fig. 5 JMJD6 regulates NF-kB signaling in 1SO-induced cardiac hypertrophy in vivo. a Immunofluorescence analysis showed that the
expression of p65 and JMJD6 in SD rats infected with Ad-Ctrl or Ad-JMJD6 for 14 days in the presence of ISO or NS. Left: Representative
immunofluorescence showing the location of JMJD6 (green) and p65 (red), scale bar = 50 pm. Right: Blinded quantification of nuclear p65 and
cytoplasmic p65 interacting with JMJD6 (n = 5). b Representative Western blot images and quantitative results showing p65 phosphorylation
at Ser536 and relative IkBa expression in cardiac tissues of Ad-Ctrl or Ad-JMJD6 infection for 14 days in the presence of ISO or NS (n=5).
c Immunofluorescence analysis showed that the expression of IkBu (green) and p65 (red) in NRCMs infected with Ad-Ctrl or Ad-JMJD6 for 24 h,
scale bar = 25 um (n = 4). One-way ANOVA with Tukey’s correction for multiple comparisons was used in (a) and (b), Student’s t test was used
in (). *P<0.05, **P < 0.01, ****P <0.0001, ns not significant.

DISCUSSION

The most significant finding in the present study is that JMJD6
has a protective effect on cardiac hypertrophy. We demonstrate
that overexpression of JMJD6 effectively inhibits 1SO-induced
increases in cell size and expression of hypertrophic genes,
whereas knockdown of JMJD6 aggravates this process, thus

indicating that JMJD6 is a critical regulator of cardiomyocyte
remodeling. We confirm that JMJD6 can demethylate histone
arginine, and H3R8 may be a new histone substrate of JMJD6
demethylation. Importantly, we found that JMJD6 interacts with
NF-kB p65 and demethylates its R149 subunit, and prevents the
translocation of p65 into the nucleus, thereby reducing the
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Fig. 6 JMJD6 decreased the methylation level in I1SO-induced cardiac hypertrophy. a The histone H4R3 methylation level was detected by
Western blot in 293 T cells treated with PRMT5, WT-JMJD6 and mutant-JMJD6 (H187A, D189A or Double) transfection for 48 h. Left:
Representative Western blot images showing the expression of H4R3me1 and H4R3me2s. Middle: The quantification of H4R3me1 level. Right:
The quantification of H4R3me2s level (n = 6). b The histone H3R8 methylation level was detected by Western blot in 293 T cells treated with
PRMTS5, WT-JMJD6 and mutant-JMJD6 (H187A, D189A or Double) transfection for 48 h. Left: Representative Western blot images showing the
expression of H3R8me1 and H3R8me2s. Middle: The quantification of H3R8me1 level. Right: The quantification of H3R8me2s level (n = 3).
¢ Representative Western blot images and quantitative result showing the monomethylation level of arginine (R) in NRCMs infected with Ad-
JMJD6 or Ad-Ctrl for 48 h in presence of ISO or PBS (n=4). d Representative Western blot images and quantitative result showing the
symmertrical dimethylation level of R in NRCMs infected with Ad-JMJD6 or Ad-Ctrl for 48 h in presence of ISO or PBS (n = 4). One-way ANOVA
with Tukey’s correction for multiple comparisons was used in (a-d). *P < 0.05, **P < 0.01, ***P < 0.001, ns not significant.

activation of the NF-kB signaling pathway in the presence comparison, the function of histone methylation is relatively
of 1SO. poorly understood, even though it is the most common form of

It is well known that histone modifications play an important histone modifications. Unlike histone acetylation, which mainly
role in gene transcription and heart-related diseases [10]. At occurs on lysine residues, histone methylation not only occurs on
present, multiple studies have been conducted regarding histone lysine but also on arginine residues, making it more complicated
acetylation and its role in cardiac remodeling [56, 57]. By than acetylation. Histone methylation can lead to either activation
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Fig. 7 JMJD6 demethylated R149 of p65 to inactivate NF-kB. a Immunoprecipitation analysis showed the monomethylation and
symmertrical dimethylation level of arginine in p65 in NRCMs using p65 antibody. b The potential arginine methylation sites in amino acid
sequence of Rattus norvegicus JMJD6 using a methylation site prediction platform. ¢ Representative Western blot images and quantitative
result showing p65 phosphorylation at Ser536 in 293 T cells co-transfected with WT-JMJD6 and p65 (WT, R30A, R149A, R236A or R336A)
(n =4). d Representative Western blot images and quantitative result showing p65 phosphorylation at Ser536 in 293 T cells co-transfected
with WT-PRMT5 and p65 (WT, R30A, R149A, R236A or R336A) (n = 3). One-way ANOVA with Tukey’s correction for multiple comparisons was

used in (c) and (d). *P < 0.05, **P < 0.01.

or repression of gene transcription, depending on the type of
residues, the degree of methylation status (mono-, di-, or
trimethylation), and chromatin location [11, 12]. A genome-wide
analysis of histone methylation profile in cardiomyocytes of heart
failure in both animal models and patients showed that the
enzymes responsible for methylation and demethylation of
histone H3 lysine 4 (H3K4) and H3K9 may play an important role
in cardiac hypertrophy and heart failure [58]. In recent decades,
multiple histone methyltransferases (HMTs) and demethylases
(HDMs) have been identified. Among them, the JMJD family is an
important demethylase family, where JMJD1A [59], JMJD1C [60],
and JMJD2A [18, 61] have been confirmed to be involved in
cardiac hypertrophy/remodeling. Consistent with previous reports,
we observed that the mRNA level of JMJD1A and JMJD2A were
reduced in our I1SO-induced hypertrophic model (Supplementary
Fig. S1e), indicating that alterations of the JMJD family may be
similar under various hypertrophic models. Our previous study
found that H3K27 mediated by JMJD3 and H4R3 mediated by
PRMT5 play an important role in the process of cardiac
hypertrophy [15, 19]. In the current study, we discovered that
JMJDE6 is also involved in cardiac hypertrophy and heart failure.
At present, the use of left ventricular ejection fraction (LVEF) to
stratify patients with heart failure is still the most important and

Acta Pharmacologica Sinica (2023) 0:1-13

accurate clinical method [62]. According to the 2013 ACCF/AHA
guideline for the management of heart failure, patients are
divided into HFrEF and HFpEF [63]. Interestingly, we found that
JMID6 level was significantly increased in our ISO-induced cardiac
hypertrophy and HFpEF model as well as in TAC induced pressure
overload model, while it was reduced in patients with HFrEF. Our
studies further demonstrated that JMJD6 plays a protective role in
ISO-induced hypertrophic model in NRCMs. Furthermore, in
parallel with our in vitro results, we observed that cardiac-
specific JMJD6 overexpression by intramyocardial injection also
significantly attenuates the hypertrophic response induced by I1SO
and rescues the heart function in SD rats. Although this conclusion
seems to be contradictory to the increased expression of
JMJD6 seen in hypertrophy (Fig. 1c-g), prolonged hypertrophy
will deteriorate cardiac function and eventually lead to heart
failure [4], while accompanying with JMJD6 reduction (Fig. 1a, b).
According to our findings, the level of JMJD6 is higher in the
hypertrophic heart during a compensatory protection period,
whereas the expression of JMJD6 is reduced in patients with
HFrEF, which could indicate that the levels of JMJD6 are constantly
changing in hypertrophic compensation and heart failure. There-
fore, we speculate that JMJD6 might be related to the severity of
heart-related diseases (Supplementary Fig. S8), and that the
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increase of JMJD6 in cardiac hypertrophy is compensatory, and
higher level of JMJD6 may be a protective factor in these
conditions.

Several lines of evidence supported a strong link between NF-
KB signaling and cardiac hypertrophy [52, 53, 64-66]. Our current
findings revealed a functional interaction between JMJD6 and NF-
KB p65 in cardiomyocytes. JMJD6 was beneficial to weaken the
nuclear translocation of p65 under pathological conditions, rather
than affecting IkBa degradation. In addition to histone substrate,
JMJD6 has been reported to have demethylation modification
effects on non-histone proteins (such as ERa, G3BP1 and TRAF6)
[24-26], therefore, it is possible that JMJD6 may regulate p65 via
demethylation of these non-histone proteins as well. PRMT5 can
methylate NF-kB p65 at R30, and its activity can be increased with
PRMTS5 overexpression [36]. Consistent with this report, our results
indicate that p65 was methylated under normal conditions.
Furthermore, we predicted more potential arginine methylation
modification sites (R149, R236 and R336) of p65 using the
prediction platform [49]. The amino acid sequence of these sites is
similar to R30, where arginine is always accompanied by a glycine
(R-G). It is possible that this structure is required for arginine
methylation. In our present studies, we used R30 and PRMTS5 as a
positive control to test the function of these newly found sites. An
important site of phosphorylation of p65 subunit is at Ser536 (p-
p65), and this phosphorylation is involved in the regulation of
transcriptional activity, nuclear localization and protein stability
[54, 67]. Our data shows that p-p65 was markedly increased only
by co-transfection of WT-JMJD6 and R149A-p65, indicating that
the activity of p65 was amplified due to the mutant in arginine
149 of p65. Considering our previous results, we believe that
demethylation of p65 at R149 by JMJD6 could prevent the
translocation of p65 into the nucleus, thereby effectively
alleviating cardiac hypertrophy. At the same time, we observed
that PRMT5 can methylate p65 at R30 to increase its vitality, which
is an excellent control for our experiment. These results suggest
that the modification of p65 by JMJD6 and PRMT5 occurs at
different sites, and they both have an important impact on the
activity of p65.

Although we cannot exclude the involvement of other
regulating mechanisms in our observations, these results indicate
that JMJD6 is indeed a protective factor for pathological cardiac
hypertrophy. It will be worth determining in the future whether
small molecule agonists designed to target the demethylase
activity of JMJD6 are beneficial in improving cardiac function in
pathological conditions. Another limitation was that we were not
able to detect JMJD6 expression in hypertrophic cardiomyopathy
(HCM) samples which were more closely related to our murine
model but more difficult to obtain, and instead examined JMJD6
expression in dilated cardiomyopathy (DCM) patients.

CONCLUSIONS

We identify JMJD6 as a cardioprotective demethylase. JMJD6
prevents 1SO-induced pathological cardiac hypertrophy by
demethylating p65 subunit at site R149 to reduce NF-kB signaling.
These findings improve our understanding of pathological cardiac
hypertrophy and epigenetic modification. Considering this,
targeting JMJDG6 is a potential target for therapeutic interventions
for pathological cardiac hypertrophy.
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