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Abstract

Background—Long non-coding RNA (IncRNA) can regulate various physiological and
pathological processes through multiple molecular mechanisms /in cisand /n trans. However, the
role of IncRNAs in cardiac hypertrophy is yet to be fully elucidated.

Methods—A mouse INcRNA microarray was used to identify differentially expressed InNCRNAs
in the mouse hearts following aortic constriction (TAC)-induced pressure-overload comparing to
the Sham operated samples. The direct impact of one INCRNA, AAit, on cardiomyocyte
hypertrophy was characterized in neonatal rat cardiomyocytes in response to phenylephrine by
targeted knockdown and over-expression. The /in vivo function of Ahitwas analyzed in mouse
hearts by using cardiac specific AAV9-shRNA to knockdown A#itin combination with TAC.
Using catRAPID program, an interaction between A/itand SUZ12 was predicted and validated by
RNA-immunoprecipitation and immunoblotting following RNA pull-down. Chromatin-
immunoprecipitation was performed to determine SUZ12 or H3K27me3 occupancy on the
MEF2A promoter. Finally, the expression of human AA/t (LUNARL) in the serum samples from
patients of hypertrophic cardiomyopathy was tested by qRT-PCR.

Results—A previously unannotated INcRNA, Ahit (anti-hypertrophic interrelated transcript), was
identified to be up-regulated in the mouse hearts after TAC. Inhibition of AAJtinduced cardiac
hypertrophy both /n vitro and in vivo, associated with increased the expression of myocyte
enhancer factor 2a (MEF2A), a critical transcriptional factor involved in cardiac hypertrophy. In
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contrast, overexpression of Ahit significantly attenuated stress-induced cardiac hypertrophy /n
vitro. Furthermore, Ahitwas significantly upregulated in serum samples of patients diagnosed
with hypertensive heart disease versus non-hypertrophic hearts (1.46+0.17 fold, p=0.0325).
Mechanistically, Ahit directly bound and recruited SUZ12, a core polycomb repressive complex 2
(PRC?2) protein, to the promoter of MEF2A, triggering its trimethylation on H3 lysine 27
(H3K27me3) residues, and mediating the downregulation of MEF2A, thereby preventing cardiac
hypertrophy.

Conclusions—A#itis a IncRNA with a significant role in cardiac hypertrophy regulation
through epigenomic modulation. A#Aitis a potential therapeutic target of cardiac hypertrophy.

Keywords
Cardiac hypertrophy; INcRNA; MEF2A; PRC2; SUZ12

Cardiac hypertrophy is an independent risk factor for the development of cardiovascular
diseases, such as hypertension, acute myocardial infarction, arrhythmia, valvular heart
disease, and heart failure. Cardiovascular disorders account for 13% of global mortality.1: 2
However, the underlying molecular mechanisms of cardiac hypertrophy are still poorly
understood. Discovery of new regulatory targets for cardiac hypertrophy is important for
future therapeutic development to prevent and treat heart failure.

Although long non-coding RNAs (IncRNAs) generally do not encode proteins, they play
important regulatory functions in all biological systems, including development,
metabolism, and diseases. 3-> The IncRNA mediated transcription regulations are extremely
diverse and versatile, impacting on transcription by ¢/s- and frans-activities, chromatin
modifications, or regulating transcriptional factors translocation into or out of the nucleus.
6-9 More recent reports have demonstrated that IncRNAs play important roles in the
regulation of cardiac hypertrophy. For example, IncRNA MhArt can inhibit cardiac
hypertrophy and prevents heart failure through BRG1;10 on the other hand, INcRNA Chastis
an inducer of cardiac hypertrophy:11 INcRNA CHRF (cardiac hypertrophy related factor)
induces cardiac hypertrophy by repressing miR-489 expression;12 and H19 expression also
negatively regulates cardiac hypertrophy.13 Despite of these insights, global transcriptome
analyses have identified thousands of IncRNAs that are potentially involved in cardiac
hypertrophy. Yet, only a handful are well studied so far. Therefore, more studies are needed
to identify and characterize functional IncRNAs in cardiac hypertrophy.

We identified a InNcRNA 4833412C05Rik, named as A#hit, which was markedly up-regulated
in the hypertrophic mouse hearts. Ahjtwas found to interact and recruit a chromatin
modifier, PRC2 to the MEF2A promoter, leading to repressed expression of MEF2A and
protected heart against cardiac hypertrophy under pathological stresses. Our results revealed
a previously uncharacterized INcCRNA that plays an anti-hypertrophic role in heart, and
offered important new insights to the functional roles and therapeutic potential of cardiac
IncRNAs in cardiac hypertrophy.
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Methods

Data and methods that are not directly available from this article are available from the
corresponding authors upon reasonable request.

Neonatal mouse, rat cardiomyocyte isolation, culture and treatment

Neonatal mouse (NMCM) or rat (NRCM) cardiomyocytes were obtained as previously
described. 14 15 Briefly, hearts were isolated from 1-3-day-old C57BI/6J mice or Sprague—
Dawley rats, washed and minced in Hank’s balanced salt solution (HyClone, Waltham,
MA). The minced neonatal hearts were dispersed by enzymatic digestion with 1.25 mg/mL
trypsin (HyClone) and 0.8 mg/mL collagenase Il (Worthington, Lakewood, NJ). After
removing the fibroblasts by differential attachment for 90 min, the cardiomyocytes were
plated in plates or slides according to the experimental need. The DMEM/F12 (Dulbecco’s
modified eagle medium) medium (Gibco, Grand Island, NY) contained 10% FBS (fetal
bovine serum; Gibco), 100 U/ml penicillin/streptomycin, and 0.1 mM bromodeoxyuridine.
After 18-24 hours, the cells were put into serum-free medium and transfected with sSiRNA
(50 nM), using Lipofectamine RNAiI MAX transfection reagent (Invitrogen, Carlshad, CA).
For Ahitoverexpression, the sequence was synthesized and subcloned into pcDNA3.1 and
transfected with Lipofectamine 3000 according to the manufacturer ‘s protocol. The empty
plasmid pcDNA3.1 was used as control. 24 hours later, the incubation media were removed
and the cells treated with phenylephrine (PE, 10 uM, Signa, St. Louis, MO). After 48 hours
treatment, the cells were harvested for RNA isolation or western blotting.

Cultured cells other than cardiomyocyte

Primary cardiac fibroblasts (CFs) were obtained during the isolation of NMCMs based on
different attaching time. CFs that attached to the dishes were cultured in DMEM/F12
medium (Gibco) supplemented with 10% FBS (Gibco). Two days later they were trypsinized
and passaged at 1:3. This procedure yields cells that were almost fibroblasts by the first
passage. Experiments were carried out after 2 or 3 passages.

Mouse C166 endothelial cell line (ECs), and mouse aortic vascular smooth muscle cell line
(MQOVAS), and human aortic smooth muscle cells (HASMCs) were purchased from ATCC
and cultured at 37 °C in 95% O, and 5% CO5 atmosphere in DMEM/F12 medium (Gibco)
containing 10% FBS (Gibco).

Microarray analysis

Total RNA was extracted from three mouse hearts 2 weeks after subjected to TAC and three
mouse hearts from sham using Trizol reagent respectively. The microarray hybridization was
performed based on the manufacturer’s standard protocols by Shanghai Gminix Biological
Information Company (Shanghai, China), using Affymetrix mouse IncRNA array. A random
variance model (RVM) t-test was applied to discriminate differentially expressed mRNAs
and IncRNAs between sham and TAC hearts. After false-discovery rate (FDR) analysis, the
differential expressed IncRNAs were identified to have at least a 1.2-fold change p<0.05,
and g-value < 5%.
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Human blood samples

All patients had signed written informed consents. This study was performed with the
approval of the institutional ethical committee of The Third Military Medical University
(Chongging, China). Blood of patients diagnosed with hypertensive heart disease was
centrifuged at 2000g for 10 min to obtain serum. Equivalent volume of serum was used to
isolate RNA. The expression of human homologous A#Aitwas measured by qRT-PCR.
Patient conditions are listed in the Supplementary Table 1.

Western blotting

Western blotting was conducted to determine the protein level of MEF2A. Immunoblotting
of 30 g protein was performed according to the manufacturer’s instructions using rabbit anti-
MEF2A antibody (Abcam, Cambridge, MA). The protein expression was normalized by
GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA).

Quantitative RT-PCR

Total RNA from tissues or cells was extracted using Trizol reagent. One nanogram RNA was
used to synthesize cDNA following the manufacturer’s instructions (TAKARA, Kusatsu,
Japan). Signal was detected by CFX96 Real-Time PCR Detection System (Bio-Rad, San
Diego, CA), using SYBR Green dye (TAKARA). Target gene expressions were normalized
by GAPDH mRNA. The PCR primers are listed in the Supplementary Table 2.

Cell immunostaining

After fixing the cells with 4% paraformaldehyde for 20 minutes, they were permeabilized
with 0.1% Triton X-100 for 10 minutes and blocked for 20 minutes. The NRCMs were
treated with the indicated reagents and incubated with mouse anti-a-actinin (Sigma)
overnight at 4°C. On the following day, the cells were incubated with Cy3-labeled goat anti-
mouse IgG antibody (ZhongShanJinQiao, China). The nuclei were counterstained with
DAPI. Images were acquired by Olympus AX70 laser confocal microscopy.

Nuclear-cytoplasmic fractionation

Both nuclear and cytoplasmic RNA isolation from NMCMs were performed using the
Cytoplasmic and Nuclear Protein Extraction Kit (Beyotime, China), following the
manufacturer’s instruction. Real-time PCR was used to detect the distribution of the target
genes.

RNA-FISH

Fluorescence /n SituHybridization (FISH) Kit (Ribo, China) was performed, as in
manufacturer’s instructions. In brief, the NMCM, grown on slides, were fixed with 4%
formaldehyde for 10 minutes at room temperature, followed by three washes with PBS
(phosphate buffer saline) and 5 minutes of permeabilization with 0.5% Triton X-100. Then,
the cells were washed with PBS thrice. Before hybridization, the cells were blocked with
pre-hybridization buffer (Ribo), containing the blocking solution (99:1) at 37°C for 30
minutes. Then, 0.5 mM AAit FISH probe was hybridized in hybridization buffer (Ribo) at
37°C overnight. After hybridization, the cells were washed with 4X sodium citrate buffer
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(SSC) for 5 minutes thrice and 2X SSC, 1X SSC once at 42°C. The nuclei were stained with
DAPI while NMCM microfilaments were stained with a-actinin. After washing with PBS
and sealing, photographs were taken by confocal microscopy. Ahit FISH probe was
GGACATGTGTCCACAGTGTCCATACACCTTGCTC.

Transverse Aortic Constriction

Transverse aortic constriction (TAC) was performed without intubation under anesthesia
with isoflurane, as previously described.11-14 All the use of mice for studies is in accordance
with the regulations of the Third Military Medical University.

RNA immunoprecipitation (RIP)

RIP experiments were performed to detect the interaction between RNA and protein using
the Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA)
in NMCMs. In brief, 2x10” NMCMs were homogenized in lysis buffer that contained
protease inhibitor cocktail and RNase inhibitor. The supernatant was centrifuged to remove
the cell debris. At the same time, the protein A/G protein beads were incubated with SUZ12
antibody (Abcam) for 30 minutes. The beads/antibody complex and cell lysates were mixed
in immunoprecipitation buffer and incubated overnight at 4°C. After the unbound protein
was eluted and the enriched RNA was purified, SUZ12-associated RNA was detected by
real-time PCR. Total RNA from the cell lysates was used as quality controls (Input), and
normal mouse 1gG was used as negative control.

RNA pull-down assay

Biotinylated A#it sense and antisense were transcribed using T7 RNA polymerase
(Promega) and Biotin RNA Labeling Mix (Roche) /n vitro, followed by purified with Quick
Spin columns (Roche) according to the manufacturers’ instructions. Three milligrams of
biotinylated RNAs were degenerescenced at 65°C for 5 min in RNA structure buffer (10 mM
MgCly, 10 mM Tris-HCI, and 100 mM NH4CI) and then let rest 20 min at room
temperature. Freshly NMCMs were washed with ice-cold PBS and then treated with nuclear
isolation buffer. Nuclear pellet was resuspended in RIPA buffer (150 mM KCI, 0.5 mM
DTT, 25 mM Tris-HCI pH 7.4, 0.5% NP40), 1 mM PMSF (phenylmethylsulfonyl fluoride)
and complete protease inhibitor cocktail (Roche). After mechanically sheared, nuclear
membrane and debris were pelleted by centrifugation at 13,000xrpm for 10 min. Then the
above processed RNA was mixed with the nuclear extract in RIPA buffer and incubated at
room temperature for 1 hour. 50 uL washed streptavidin agarose beads (Invitrogen) were
added to each binding reaction and incubated at room temperature for 1.5 hour. The beads
containing the RNA-protein complex were washed briefly thrice and then boiled in SDS-gel
loading buffer. Retrieved proteins were detected by standard western blot technique.

Chromatin immunoprecipitation (ChlIP)

ChIP assays were performed using the EZ-CHIP Kit, according to the manufacturer’s
instructions (Millipore, 17-375). Briefly, 1 x 107 cultured NMCMSs with each treatment
were washed and collected with ice-cold PBS containing protease inhibitor cocktail. Then,
the precipitated cells were completely or partially digested by a moderate enzymatic cocktail
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with non-crosslinking, obtaining chromatin fragments averaging one to a few nucleosomes
in length. After diluting with ChlIP dilution buffer, the digested chromatin was pre-cleared
using protein A/G agarose beads and incubated with H3K27me3 (Abcam), SUZ12 (Abcam)
antibodies, or normal mouse IgG at 4°C overnight. The following day, the antibody-
chromatin complexes were recovered by incubation with protein A/G agarose beads at 4°C
for 2 hours. After washing and purification, the immunoprecipitated DNA was analyzed by
real-time PCR. Results were normalized to the input DNA, and normal mouse 1gG was used
as a negative control. The ChIP primer sequences are listed in the Supplementary Table 2.

Administration of AAV9 vectors

To knockdown A#hit expression in the heart, mouse AAV9-sh AAit constructs driven by cTnt
(troponin T) promoter were synthesized and cloned by OBiO Technology Corp., Ltd
(Shanghai, China). AAV9-empty was used as control. 2 x 10 virus genome/mouse of
control or AAV9-sh AAit were injected into the abdominal cavity of neonatal C57BI/6J mice.
The expression of AAitwas detected one month after the injection. Sham or TAC surgeries
were performed in infected mice at 2 months of age.

Echocardiography

Echocardiography was performed one month after TAC or sham surgery. The mice were
anesthetized using 1.5-2% isoflurane, keeping the heart rate at 450-550 beats/minute. Left
ventricular internal dimensions at end-diastole and -systole (LVIDd and LVIDs) were
measured under M-mode tracings from the short axis. Fractional shortening (FS, %) and
ejection fraction (EF, %) were also calculated.

Histological analysis

Hearts from all groups were fixed in 4% paraformaldehyde. Dehydration and embedding in
paraffin used routine histological procedures. Subsequently, these samples were sectioned
transversely at 5 um. The sections were stained with hematoxylin and eosin to determine the
size and thickness of the heart wall or Masson’s stain to evaluate the degree of fibrosis. The
cardiomyocyte cross sectional area was assessed using FITC-conjugated wheat germ
agglutinin (Invitrogen)-stained sections.

Statistical analysis

Results

Data are shown as mean+SEM. Normality of data was tested with Shapiro-Wilk test using
SPSS before statistical analysis. Student’s t-test was used to compare two groups, and one-
way ANOVA, followed by Holm-Sidak test, was used to compare more than two groups.
Mann Whitney test was used to compare two groups of data without normality. All statistical
analyses were performed with SPSS software. Statistical significance was set at A<0.05.

Identification of Ahit in response to hypertrophic stimulation in vitro and in vivo

To discover important IncRNAs associated with cardiac hypertrophy, a microarray
(Affimatrix, see Methods) based expression analysis was performed using total RNA
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isolated from pressure-overloaded mouse hearts induced by trans-aortic constriction (TAC)
for 2 weeks. From three biological replicates each from the TAC and sham operated
controls, 115 and 124 ncRNAs were found to be significantly up- or down-regulated
respectively, with a fold-change >1.2, £< 0.05, and false discovery rate < 0.05 (Figure 1A)
compared to the Sham hearts. Five INcRNAs were detected among the top 20 up-regulated
ncRNAs based on fold of induction (Figure 1B and Supplementary Table 3), and the
remaining 15 transcripts were either microRNAs or small nucleolar RNAs. Consistent with
the microarray data, the upregulation of all the 5 IncRNAs, was validated by PCR, with
Gm13054 (2.40+0.098 fold, p<0.0001) and 4833412C05Rik (2.77+0.15 fold, p=0.0018)
showing the highest levels of induction (Figure 1C). Because Gm13054 is an antisense
IncRNA while 4833412CO05Rik is a long intergenic ncRNA, we focused on 4833412C05Rik,
which was highly enriched in the heart, relative to the other organs (Figure 1C and 1D). To
take into account the function of 4833412C05Rik (see below), we named it “Ahit (Anti-
hypertrophic interrelated transcript)”.

Ahitis 1083 nucleotide long, containing three exons, and is significantly conserved in
sequence and genome locus across multiple species (Figures 1E and 1F). Sequence
evaluation using a Protein Coding Potential Calculator (http://cpc.cbi.pku.edu.cn/programs/
run_cpc.jsp) detected low coding capacity for AAit, like many well-established INCRNASs
relative to the known coding genes (Figure 1G). We evaluated the time-course of Ahit
expression following TAC in mouse hearts, and found AAitwas up-regulated at 2 weeks
(1.83+0.15 fold, p=0.0108) after left ventricular (LV) pressure overload which was sustained
10 weeks (2.10+0.23 fold, p=0.0182) in mice, with a peak expression level detected at 6
weeks (4.48+0.58 fold, p=0.0365) compared with sham hearts, suggesting A#Ait might work
in the entire process of cardiac remodeling (Figure 1H). Interestingly, another 850 nt
IncRNA we named as Ahit-V (4833412C05Rik-202), was identified on the same
chromosome locus as Ahit (Figure 11). However, the expression of Ahitwas significantly
higher than AA/tV variant in the mouse hearts at basal (0.54+0.11 fold versus A#it,
p=0.0113) (Figure 1J). Moreover, Ahitbut not AhitV was induced in post-TAC hearts,
indicating that AAit (2.775+0.15 fold,p=0.0018), not Ah/t-V (1.292+0.04 fold, p=0.2366), is
more likely related to cardiac hypertrophy. (Figure 1K). A/Aitexpression in cardiac
fibroblasts, endothelial cells, and mouse aortic vascular smooth muscle cells were detected
but at much lower levels than in cardiomyocytes (Supplementary Figure 1). In cultured
neonatal rat cardiomyocytes (NRCMSs), hypertrophic stimulation by phenylephrine (PE, 10
UM, 48 h) treatment® significantly induced A#itexpression (2.21+0.02 fold, p=0.0002)
(Figure 1L), further indicating its potential function in hypertrophy.

Ahit suppresses PE induced cardiomyocyte hypertrophy in vitro

Based on the observation that A/A/twas up-regulated by hypertrophic stimuli, we next
studied the consequences of loss-of-Ahit expression in NRCMs (NMCMs were not used
because they do not hypertrophy in response to PE, data not shown). Using siRNA designed
from the conserved region in both rat and mouse Ahittranscript, Ahitexpression was
significantly reduced in NRVM (0.52+0.04 fold versus scramble, p=0.0017) (Figure 2A),
while AhitV expression was not affected (0.88+0.03 fold versus scramble, p=0.1802)
(Supplementary Figure 2). AAitinhibition showed no impact on myocyte sizes (based on a-
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actinin-positive staining) or the expression of hypertrophic markers, including ANP, BNP or
B-MHC (Supplementary Figure 3). However, cardiomyocytes sizes were significantly more
enlarged in the AAit-knockdown myocytes following PE treatment (PE versus scramble
1.33+0.02 fold, p=0.0011, siAA/t+PE versus PE 1.59+0.04 fold, p=0.0036) (Figures 2B and
2C). In addition, the expressions of cardiac hypertrophy markers, including ANP, BNP, and
B-MHC were further augmented (Figure 2D). In contrast, overexpression of A/t attenuated
PE-induced cardiac hypertrophy, as measured from both cell sizes and the expressions of
hypertrophic marker genes, ANP, BNP, and B-MHC were inhibited (Figures 3A-3D). These
results suggest that AAitis a potent negative regulator of cardiac hypertrophy.

Down-regulation of Ahit promotes cardiac hypertrophy in vivo

To determine if AAithas an anti-hypertrophic effect /n vivo, neonatal mice (1-3 days after
birth) were infected with a single intraperitoneal injection of AAV9-shAAit under the control
of the cardiac troponin T promoter (2 x 1011 virus genome per mouse) (Figure 4A). An
empty vector (AAV9-empty) without the A/AJt sequence was used as a control. Treatment of
AAV9-shRNA decreased the cardiac Ahit expression by 43% (versus AAV9-empaty,
p=0.0002) (Figure 4B). In either AAV treated groups, the mice showed no anatomical or
functional abnormalities in heart at baseline (Supplementary Figure 5A,5B,5C,5D,5E,5F).
Pressure-overload was induced by TAC at 2 month of age. In the AAV9-empty treated mice,
the expression of Ahitwas induced more than two folds after TAC, in contrast to
approximately 1.2 folds in the AAV9-shAhittreated hearts (Supplementary Figure 4). At one
month after TAC, the AAV9-shAhijttreated mice exhibited a significantly more severe
hypertrophy and cardiac dysfunction, relative to the mice treated with AAV9-empty (Figures
4C-4K). This was manifested in a significant lower systolic function, as measured by the
decrease in the percent ejection fraction (EF) (TAC versus sham 0.86+0.04 fold, p=0.026,
TAC+shAhitversus TAC 0.81+0.07 fold, p=0.0796) and fractional shortening (FS) (TAC
versus sham 0.81+0.05 fold, p=0.0269, TAC+shAhitversus TAC 0.72+0.08 fold, p=0.0373)
and higher chamber dilation, as measured in diastolic (LVIDd) (TAC versus sham 1.24+0.06
fold, p=0.0512, TAC+shAhit versus TAC 1.29+0.07 fold, p=0.0063) and systolic ventricular
internal diameters (LVIDs) (TAC versus sham 1.45+0.11 fold, p=0.0163, TAC+shA#hit
versus TAC 1.51+0.13 fold, p=0.0086) (Figures 4C-4F). These findings were corroborated
by higher levels of the heart weight versus body weight ratio (TAC versus sham 1.32+0.03
fold, p<0.0001, TAC+shA#hitversus TAC 1.17+0.01 fold, p=0.0002), bigger chamber size,
cross-section areas and cardiomyocyte size (TAC versus sham 1.28+0.07 fold, p=0.0481,
TAC+shAhitversus TAC 1.16+0.02 fold, p=0.0395) (Figures 4G—-4J and 4L). In addition,
the degree of cardiac fibrosis was greater in the AAit down-regulated mice than in the
controls (TAC versus sham 2.28+0.24 fold, p=0.0018, TAC+shAhitversus TAC 1.64+0.25
fold, p=0.042) (Figure 4K and 4M). Collectively, these data show that A#Ait deficiency
aggravates the pathological cardiac hypertrophy and dysfunction in heart caused by TAC,
supporting an anti-hypertrophy role for Ahit in vivo.

Anti-hypertrophy role of Ahit is via in cis regulation of MEF2A expression

A well-known function of InNcRNA is cis-or trans- regulation of either neighboring genes or
global transcriptome. One of the neighboring genes of AAit (Chromosome 7: 67,784,538—
67,804,139 reverse strand) is myocyte enhancer factor 2A (MEF2A) (Chromosome 7:
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67,231,163-67,372,858 reverse strand), which is a well-studied transcriptional factor for
cardiac genes (Figure 5A). Down-regulation of Ahitexpression by siRNA (0.26+0.02 fold
versus scramble, p=0.0008) increased both the mRNA (2.78+0.51 fold versus scramble,
p=0.01) and the protein expressions (2.31+0.04 fold versus scramble, p<0.0001) of MEF2A
in NMCMs (Figures 5B-5D). These results were corroborated /in7 vivo; silencing Ahitwith
AAV9 shRNA in mouse heart increased the MEF2A expression (2.26+0.34 fold versus
AAV9-empty, p=0.0058) (Figure 5E). To show the further role of MEF2A in the Ahit
mediated cardiac hypertrophy regulation, we treated NRCM with both siRNAs against Ahit
and MEF2A simultaneously followed by PE stimulation. Consistent with the previous
results, Ahitknockdown enlarged the NRCM cell size and increased the expressions of
cardiac hypertrophy-related genes, ANP, BNP, and B-MHC. In contrast, co-treatment of Ahit
siRNA with MEF2A siRNA effectively abrogated the A#Ait siRNA-mediated effects (Figures
5F-51). Therefore, Ahitmediated inhibition of cardiac hypertrophy involves downstream
regulation of MEF2A expression.

MEF2 family comprised of four homologous genes, including MEF2A, MEF2B, MEF2C,
and MEF2D. Apart from MEF2A, we also assessed the other three family members after
Ahitknockdown /n vivoand in vitro. Although all MEF2 members were further induced
after Ahitdown-regulated, the induction of MEF2A (2.78+0.51 fold versus scramble,
p=0.01) had the highest fold change. (Supplementary Figure 6).

Ahit is a nuclear IncRNA and interacts with SUZ12 directly to regulate PRC2 occupancy on
the MEF2A promoter and modulates histone modification

To explore the molecular mechanism by which A#it negatively regulates MEF2A
expression, we first performed RNA fluorescence /n situ hybridization (FISH) to determine
the cellular localization of AAJt. The result showed that AAitwas mainly located in the
nucleus (Figure 6A). Using small nucleolar snoRNA and the Nuclear-Enriched Abundant
Transcript 1 (NEAT1) IncRNA as benchmark controls in nuclear/cytoplasmic RNA
fractionation assay, we also found AAitwas mainly a nucleus-localized IncRNA (Figure 6B).

Previous studies have suggested that nuclear localized IncRNAs often interact with various
nuclear proteins to exert its gene regulatory function through epigenetic modulation by
recruiting histone modifying complexes such as PRC217. Using an online tool, catRAPID
(http://s.tartaglialab.com/page/catrapid_group), we screened potential proteins that may
interact with A#Ait, and identified SUZ12, a core member of PRC2 complex, has a high
probability to directly interact with AAit (Figure 6C). RNA immunoprecipitation (RIP) with
an anti-SUZ12 antibody, the endogenous A#Aitwas detected with 24.86-fold enrichment vs.
1gG control (Figure 6D), significantly higher than other components of PRC2
(Supplementary Figure 7). Reversely, using RNA pulldown of AAJtassociated proteins, we
detected SUZ12 (Figure 6E). PRC2 catalyzes trimethylation of histone H3 on lysine 27
(H3K27me3), which represses local nucleosomes from active transcription8. Chromatin
immunoprecipitation (ChlP) was performed in NMCMs using anti-SUZ12 antibody. We
designed five primers covering 1500 base-pairs of the MEF2A proximal promoter region.
After silencing A#it, the occupancy of PRC2 on the MEF2A promoter was decreased
relative to control (scramble siRNA) (Figure 7A). Figure 7B showed that there was a decline
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of H3K27me3 levels on the MEF2A promoter when Ahitwas silenced in NMCMs.
Therefore, H3K27me3 modification on the MEF2A promoter is affected by A#hitexpression.
Indeed, using an on-line program called LongTarget to calculate the probability of direct
interaction between RNA and DNA (http://Incrna.smu.edu.cn/show/DNATriplex), we find
Ahit and MEF2A promoter has significant potential interaction. The result showed that the
interaction between Ahitand MEF2A promoter was significant. The triplex-forming
oligonucleotides (TFOs) of Ahitand triplex target sites (TTSs) of MEF2A promoter were
presented in Supplementary Table 4. Also, we compared the evolutionary conservation of
the MEF2A promoter regions between human and mouse, and found a sequence identity of
54% (Supplementary Figure 8).

Ahit expression is correlated with cardiac hypertrophy in human

The human homolog of A/Aitwas identified as INcRNA LUNAR1 based on conserved
genomic localization and its close distance to the human MEF2A gene. Using human
smooth muscle cells as in vitro system, we found LUNAR1 knockdown significantly
upregulated human MEF2A expression 1.57+0.11 fold versus scramble, p=0.023) (Figure
8A). Next, we used qRT-PCR to detect the expression of LUNARL in the serum of a cohort
of patients diagnosed with hypertensive heart disease and found LUNAR1 was upregulated
in the patient samples compared to the healthy controls (1.46+0.17 fold, p=0.022) (Figure
8B). Therefore, the expression of human homolog of Ahit, LUNARZ, may also be correlated
with the development of cardiac hypertrophy.

Discussion

IncRNASs account for the majority of ncRNAs that are previously thought to be transcription
byproducts of RNA polymerase 11 and do not have major biological functions. 1° However,
recent studies have shown that IncRNAs interact with DNAs, transcription factors, and RNA
binding proteins; and they regulate a variety of biological processes.2%: 21 Some IncRNAs
have been shown to be closely associated with cardiac development and progression of
cardiovascular diseases. The INCRNA Braveheart plays an important role in the
establishment of cardiovascular lineage; 22 Fendrr is an essential regulatory factor for mouse
heart and body wall development; 23 ANRIL expression is associated with the severity of
atherosclerosis; 24 and lincRNA-P21 is important in the regulation of neointima formation,
vascular smooth muscle cell proliferation, and apoptosis. 2° Although there are many studies
related to IncRNA in the cardiovascular field, there are not as many studies on the role of
IncRNA in the regulation of cardiac hypertrophy. In this report, we identified a new and
functional IncRNA Ahitas a potent regulator of cardiac hypertrophy.

Over the past decades, genetically modified animal models of cardiac hypertrophy have
identified numerous pathways or genes, but the progress is limited. 26: 27 Most of the well-
known molecules related to cardiac hypertrophy are coding genes, which compose less than
2% of the genome. By contrast, there are only a few of reports on the role of IncRNAs on
cardiac hypertrophy. For example, the repression of the IncRNA Mhrt by Brg1, a histone
acetylation factor, induced cardiac hypertrophy.19 Chastwas discovered from the microarray
of TAC-induced cardiac hypertrophy to promote cardiac remodeling. 11 Chaerwas found to
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be dysregulated in pressure-overload-induced mouse failing heart, and negatively regulated
PRC2 action on H3K27me3 expression. 28 CHRF was found to inhibit miR-489 and
promote cardiac hypertrophy caused by angiotensin 11 treatment in mice. 12 Although these
IncRNAS are important in cardiac remodeling, there are still many more IncRNAs to be
studied in the context of cardiac hypertrophy and remodeling. Consistent with most reports,
we used microarray to analyze the transcriptome of the heart at two-week time point after
TAC, when cardiac remodeling may begin. 29-32 Apitis a cardiac-enriched IncRNA. It is
more abundantly expressed in the heart than other tissues and its expression is closely
related to cardiac hypertrophy. AAitis upregulated by pressure overload 7 vivo as well as
the /in vitro model of cardiomyocyte hypertrophy caused by PE. This phenotype is consistent
with our finding that down-regulation of A#Ait promotes cardiac hypertrophy in vitroand in
Vivo.

Abhitis a neighboring gene of MEF2A, which is a critical regulator of cardiac development
and cardiac gene expression and is expressed in many tissues, including the myocardium.
33,34 MEF2A belongs to the MEF2 family comprised of four homologous genes, including
MEF2B, MEF2C, and MEF2D.3> MEF2 can activate the expression of fetal genes, such as
ANP and can regulate other core cardiac transcriptional factors, such as GATA and NKX.
36-38 Cardiac-specific over-expression of MEF2A or MEF2C in transgenic mice causes
myocardial hypertrophy. 3% Consistent with these findings, silencing of A#itincreases the
expression of MEF2 family /n vitroand in vivo, with the change of MEF2A expression to be
the most significant. This is also consistent with exacerbated pathological cardiac
hypertrophy in the AAitknockdown hearts, as evidenced by the increase in cardiomyocyte
surface area and cardiac stress markers. Whether AAitregulates MEF2A expression by c¢/s-
mechanism or trans-regulation, and whether its effects on other MEF2 gene family members
a direct action or indirect, remain to be further studied.

Unlike miRNAs, which often inhibit gene expression, IncRNAs can activate or inhibit gene
expression.8 49 Our data showed that Ahitwas predominantly located in the nucleus, where
it regulates gene expression at the epigenetic level. Many studies have revealed that many
IncRNAs are predominantly in the nucleus and can be in direct contact with target genes to
form RNA-DNA-protein complexes or recruit nuclear proteins to modify the chromatin,
triggering chromatin conformation changes.6:9:17:41 Through online bioinformatic
prediction, we find AAit has the potential to interact with multiple subunits of PRC2
complex, including SUZ12, EED (embryonic ectoderm development) and EZH2 (enhancer
of zeste homolog 2). But RIP and RNA pulldown experiments indicated, compared with
EED and EZH2, the binding capacity between SUZ12 and A#ithas the highest binding
activity. SUZ12 is a core component of PRC2 that catalyzes the trimethylation of histone
H3K27 (H3K27me3), thereby leading to the “closing” of chromatin structure, and silencing
of gene expression. #2-44 The IncRNA-mediated recruitment of PRC2 to the promoter of
target genes triggers the tri-methylation of H3 lysine 27, H3K27me3.45-47 Our data shows
Ahitcan modulate PRC2-MEF2A promoter interaction, possibly through RNA-DNA
interaction. Previous studies have shown that PRC2 can induce cell proliferation2:46 and
cardiac hypertrophy.28 In our study, decreasing A#itabundance through siRNA decreases
the level of H3K27me3 and PRC2 occupancy to the MEF2A promoter, in association with
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its activation during hypertrophy. As aforementioned, INcCRNAs play important roles in
cardiac development and related diseases'9-1322-25 py interacting with PRC217. 18, 28, 42-47

It is generally known that the conservations of INcRNAs are lower than mRNAs & 40,
However in our study, we found IncRNA LUNAR1 was the homologous gene of A#Aitin
human. The sequence identity between them is 33% likely due to difference in lengths,
LUNARL is 2516 bp, and Ahitis 1096 bp. However, the gene locus of LUNARL in human
genome is conserved to AAitin mouse genome, including their close distance with MEF2A.
What’s more, LUNARL1 can regulate the expression of MEF2A in human cell. When
LUNAR1 was downregulated, MEF2A was increased, indicating a functional conservation
of Ahithomologous gene in human. Moreover, we found the expression of LUNAR1 was
higher in serum of patients with cardiac hypertrophy. This is an interesting finding because it
indicates that A#Aithas the potential to translate into clinical for diagnosis and treatment of
cardiomyopathy.

In summary, our present work reveals a previously uncharacterized InNcRNA, Ahitthat acts
as an anti-hypertrophic regulator. Ahjt protects against cardiac hypertrophy by modulating
chromatin remodeling via direct binding with SUZ12, and recruiting PRC2 to promote
trimethylation of H3K27 on the MEF2A promoter region. Finally, expression of Ahit
inhibits transcription factor MEF2A expression to prevent the activation of cardiac
hypertrophy-related genes, blocking cardiac remodeling (Figure 9). These discoveries
provide new insights into the mechanism of cardiac hypertrophy and have important
implications for the diagnosis and treatment of pathological cardiac hypertrophy by targeting
IncRNA.
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Refer to Web version on PubMed Central for supplementary material.
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Short Commentary
What is new?

. We identified a novel IncRNA anti-hypertrophic interrelated transcript (AAi?)
to be upregulated during the pressure-overload induced mouse heart failure
model.

. Ahitis an anti-hypertrophic regulator both in vivo and in vitro.

. Abhitserves as a scaffold to guide the SUZ12 to the promoter of MEF2A (a
critical inducer of cardiac hypertrophy), leading to repressive H3K27me3 and
decreased expression of MEF2A, thereby restricting cardiac hypertrophy.

What are the clinical implications?

. Considering the evolutionary conservation of A/Jtacross various species,
including mouse, rat, and human, the identification of human A#itanalog
LUNARL1 and its overexpression in the serum samples of patients diagnosed
with hypertensive heart diseases, advocates the relevance of Afitas a
potential therapeutic target for the treatment of cardiac hypertrophy.
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Figure 1. Profile of the long non-coding RNA Ahit.
A. Hierarchical clustering of 239 differentially expressed ncRNAs in hearts of sham and

TAC mice (n=3, fold-change > 1.2, £< 0.05). B. Heat map of the top 20 up-regulated
ncRNAs in hearts of TAC mice, compared with sham control mice. A#it (4833412C05Rik)
is boxed-in. C. gRT-PCR validation of AAit, Gm13054, LOC665506, Gm20559, and
Gm12295, the most highly expressed ncRNAs, among the 20 up-regulated ncRNAs in hearts
of TAC mice, relative to sham control mice which were given a value of 100% (n=5/gpoup,
**P< 0.01; *P<0.05 versus sham). D. Relative expression of AAit mRNA quantified by
gRT-PCR in various tissues (n=3). E. Schematic diagram of A#Ait. The exons and length are
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indicated. F. Conservation of AAJtin the mouse, rat, rabbit, and human. The horizontal lines
indicate the mouse A/Aitwhile the black boxes are AhJt conserved sequences in rat, rabbit,
and human. G. The protein-coding potential of AAit, calculated by Protein Coding Potential
Calculator, compared with well-established IncRNAs and protein coding genes; Ahitand the
known IncRNAs have negative values. H. The time-course expression of AAitin sham (n=3)
and following TAC of 2 weeks (n=3), 4 weeks (n=3), 6 weeks (n=4), 8 weeks (n=5) and 10
weeks (n=3), **P<0.01; *<0.05 versus sham. I. Schematic illustration of AAitand its
splicing variant, AA/t-V, in the mouse chromosome. J. Abundance of the two transcripts,
Ahitand Ahit-V, in mouse hearts under normal conditions (/7=5/group). K. gRT-PCR of the
two Ahittranscripts in hearts from sham and TAC mice (n=4). L. AAitmRNA, quantified by
gRT-PCR, in NRCMs treated with vehicle (control) or PE (10 uM) for 48h (n=3). Data are
shown as mean+SEM.
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Figure 2. Downregulation of Ahit promotes PE-induced cardiomyocyte hypertrophy.
A. Ahitexpression in NRCMs transfected with siRNA targeting A/t (siAhif) or control

SiRNA (scramble) for 24 h (7=4). B-D. Effect of PE (10 uM/48h) in NRCMs (NMCMs were
not used because they do not hypertrophy in response to PE, data not shown) pretreated with
SiAhit (SiAhit+PE) or scramble siRNA (Scramble+PE). Another group of NRCMS were
treated with scramble siRNA but not PE (scramble). Representative immunohistochemistry
images of NRCMs stained with a-actinin in red and 4”,6- diamidino-2-phenylindole (DAPI)
in blue. (B). Fold-change of the cell surface area of a-actinin-positive NRCMs (n=3 slides
with 10 fields/slide, one-way ANOVA, Holm-Sidak test) (C). The mRNA expressions of
hypertrophy marker genes ANP, BNP, and B-MHC in NRCMs were quantified by gRT-PCR
(m=3, **P < 0.01 versus scramble or scramble+PE, one-way ANOVA, Holm-Sidak test) (D).
Data are shown as mean+SEM.
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Figure 3. In vitro overexpression of Ahit represses PE-induced cardiomyocyte hypertrophy.
A. Representative images (left) and analysis (right) of the cell surface area of NRCMs

(cTNT-positive) in the indicated groups (n=4 slides with 10 fields/slide, one-way ANOVA,
Holm-Sidak test). B-D. The mMRNA expressions of hypertrophy marker genes ANP (B),
BNP (C), and p-MHC (D) in NRCMs were quantified by gRT-PCR (/7=6, one-way ANOVA,
Holm-Sidak test). Data are shown as mean+SEM. NC: negative control, PE: phenylephrine,

OE: Ahitoverexpression.
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Figure 4. Ahit knockdown aggravates pressure overload-induced cardiac hypertrophy.
A. Schematic illustration of the experimental design with AAV9 injections targeting Ahit

(AAV9-shAhiD or control (AAV9-empty). Neonatal C57BI/6J mice were infected with a
single intraperitoneal injection of AAV9-shA/At or AAV9-empty. The expression of A/itwas
detected one-month post injection. Sham or TAC surgeries were performed at 2 months of
age in infected mice. B. Myocardial Ahitexpression in mice infected with AAV9-shAAitor
AAV9-empty (/7=7 mice/group, Student’s t-test). C-G. Echocardiography analyses of cardiac
function and ratio of heart weight to body weight one month after TAC. EF: Left ventricular
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ejection fraction; FS: Fractional shortening; LVIDd: Left ventricular internal dimension at
end-diastole; LVIDs: Left ventricular internal dimension at end-systolic pressure (/7=7 mice/
group, one-way ANOVA, Holm-Sidak test). H. Representative macroscopic appearance of
the heart in the indicated groups one month after TAC or sham. I-K. Representative images
of hematoxylin-Eosin (1), Wheat Germ Agglutinin (WGA) (J), and Masson (K) staining of
hearts from AAV9-empty or shAAit mice, one month after TAC or sham (/7=7/group). L:
Quantification of the cardiomyocyte diameters in WGA staining in Figure J (n=7 /group
with 10 fields/condition, one-way ANOVA, Holm-Sidak test). M: Quantification of fibrosis
in Masson staining in Figure K (#=7/group with 10 fields/condition, one-way ANOVA,
Holm-Sidak test). Data are shown as meanSEM.
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Figure 5. Ahit negatively regulates cardiac hypertrophy through MEF2A in vitro and in vivo.
A. Schematic representation of AAitlocus and the adjacent MEF2A gene in mouse

chromosome 7. B. Reduced expression of AAitin NMCMs treated with AAit SiRNA (17=3,
Student’s t-test). C and D. gRT-qPCR (C) and western blotting (D) analyses of MEF2A
expression in the NMCMs transfected with AAitor scramble siRNA (n=3, Student’s t-test).
Data are shown as mean£SEM. E. Cardiac /n vivo expression of MEF2A in AAV9-shAhit
infected mice detected by RT-qPCR (/=7, Student’s t-test). F-1. NRCMs were transfected
with Ahit siRNA alone or with MEF2A siRNA, followed by treatment with PE (10 uM, 48
h). Representative images (F left) and analysis of the cell surface area (right) of NRCMs
stained with a-actinin (red) and DAPI (blue) (n=4 slides/group with 10 fields/slide, **P <
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0.01, ***P< 0.001 versus the compared group, one-way ANOVA, Holm-Sidak test). mRNA
expressions of ANP (G), BNP (H), and B-MHC (I). (=3, **P<0.01, ****P< 0.0001
versus the compared group, one-way ANOVA, Holm-Sidak test). Data are shown as mean
+SEM.
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Figure 6. Ahit is a nuclear INcRNA and interacts with SUZ12.
A. RNA fluorescence /n situ hybridization (FISH) assays of Ahit (red) in NMCMs; a-actinin

is green, nucleus (DAPI) is blue. B. Percentage of nuclear (blue bar) and cytoplasmic (red
bar) RNA concentrations of A#hitrelative to GAPDH and 18S (cytoplasmic markers), and
snoRNA and NEAT1 (nuclear markers) quantified by qRT-PCR. Results (mean+SEM) are
expressed as relative proportions (/7=3). C. Online- predicted interaction between A#Aitand
SUZ12 on catRAPID website. Red represents interaction strength. D. RNA
immunoprecipitation (RIP) of SUZ12 and AhAitin NMCMs. Bars represent fold -enrichment
of Ahitimmunoprecipitated by specific SUZ12 antibody or anti-1gG (r7=4. **P < 0.01 versus
IgG, Student’s t-test). Data are shown as mean+=SEM. E. Representative immuno-blotting of
SUZ12 pulled down from biotinylated A#Aitincubated with nuclear extracts of NMCMs
(repeated for 4 times). Antisense RNA was set as negative control.
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Figure 7. Ahit regulates PRC2 occupancy on the MEF2A promoter locus and H3K27me3
accumulation.

A. Chromatin immunoprecipitation (ChlIP) was performed in NMCMs using anti-SUZ12
antibody. Five primers, P1-P5, were designed to cover the 1500 bp of MEF2A promoter
region. Enrichment was normalized with input, IgG ChIP was used as negative control (/7=3,
*P < 0.05, **P< 0.01 versus scramble, Student’s t-test). B. ChIP-gPCR of H3K27me3
modification at the promoter region of the MEF2A locus after A#Aitor scramble siRNA in
NMCMs. Antibody against H3K27me3 was used (/7=3, *£< 0.05, **P < 0.01 versus
scramble, Student’s t-test). Data are shown as mean+SEM.
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Figure 8. Ahit is correlated with cardiac hypertrophy in human.
A. MEF2A expression in human aortic smooth muscle cells transfected with scramble or

SiRNA targeting LUNARZ, the human homologous A#Ait (=3, Student’s t-test). B. The
expression of LUNARL in serum of patients with cardiac hypertrophy (n=12) and healthy
control (7=16, Mann Whitney test). Data are shown as mean+SEM.
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Figure 9. Proposed working model of Ahit in cardiac hypertrophy.
A. Under normal condition the chromatin structure is dense and hypertrophy gene

transcriptions are repressed, resulting in OFF status. B. The chromatin structure loosens in
response to hypertrophy stress, leading to the binding of naked DNA and transcription
complex, which accelerates hypertrophy genes transcription, resulting in ON status. C. Ahit
recruits PRC2 complex to induce H3K27me3 in MEF2A promoter, acting as a scaffold, and
modulates chromatin remodeling in the dense state, preventing transcription of hypertrophy
genes, resulting in prevention of cardiac hypertrophy.
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