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Abstract

DNA damage induced by oxidative stress during cardiac hypertrophy activates the ataxia telangiectasia mutated (ATM)-
mediated DNA damage response (DDR) signaling, in turn aggravating the pathological cardiomyocyte growth. This study
aims to identify the functional associations of long noncoding RNA (IncRNAs) with cardiac hypertrophy and DDR. The
altered ventricular IncRNAs in the mice between sham and transverse aortic constriction (TAC) group were identified
by microarray analysis, and a novel IncRNA AK144717 was found to gradually upregulate during the development of
pathological cardiac hypertrophy induced by TAC surgery or angiotensin II (Ang II) stimulation. Silencing AK 144717
had a similar anti-hypertrophic effect to that of ATM inhibitor KU55933 and also suppressed the activated ATM-DDR
signaling induced by hypertrophic stimuli. The involvement of AK144717 in DDR and cardiac hypertrophy was closely
related to its interaction with HMGBI, as silencing HMGBI1 abolished the effects of AK144717 knockdown. The binding
of AK144717 to HMGBI1 prevented the interaction between HMGB1 and SIRT1, contributing to the increased acetyla-
tion and then cytosolic translocation of HMGBI1. Overall, our study highlights the role of AK144717 in the hypertrophic
response by interacting with HMGB1 and regulating DDR, hinting that AK144717 is a promising therapeutic target for
pathological cardiac growth.
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Introduction

Maladaptive cardiac hypertrophy is the remodeling process
characterized by increased cellular sizes and unaltered total
cardiomyocytes [1]. Cardiac hypertrophy followed by accu-
mulated interstitial fibrosis resulted in reduced myocardial
compliance, making it to be one of the most crucial con-
tributors to heart failure (HF) [2]. Growing bodies of evi-
dence verify that long noncoding RNAs (IncRNAs) are the
crucial participants during pathological hypertrophy [3—-6].
LncRNAs are the noncoding RNA transcripts with the length
over 200 nucleotides and are capable of regulating gene
expressions at transcriptional or post-transcriptional levels.
LncRNAs tend to locate in nucleus and apart from regulat-
ing the gene transcriptions via the cis- or trans-regulatory
methods [7], nuclear IncRNAs are reported to maintain the
genome stability by binding to specific proteins [8, 9]. The
bindings of IncRNAs to their proteins function either as a
scaffold or as a competitor to modulate the interactions of
the bound proteins with other proteins.

Activated DNA damage response (DDR) was observed in
both human failing hearts and transverse aortic constriction
(TAC)-induced mice heart failure model [10—-13]. During
pathological hypertrophy, excessive reactive oxygen species
(ROS) leaking from dysfunctional mitochondria diffuse to
the nucleus and cause DNA oxidative damages that activate
ataxia telangiectasia mutated (ATM), the primary kinase in
the DDR signaling pathway. Activated ATM then phosphor-
ylates H2AX (phosphorylated histone H2AX, y-H2AX) and
initiates the downstream DDR pathway [14]. Although the
activation of ATM-DDR pathway promoted DNA repair,
recent studies reported that persistent activation of ATM
exerted the detrimental roles in cardiac remodeling induced
by pressure overload or myocardial infarction, making ATM
activation closely related to HF progression [12, 13, 15].
Therefore, inhibiting the activation of ATM-DNA damage
response pathway significantly inhibited pathological car-
diac remodeling [12, 16, 17]. Moreover, LncRNAs have
been confirmed to regulate the process of DNA repair and
DDR [18-22], but there are no studies exploring whether
the modulation of IncRNAs on DDR has impacts on hyper-
trophic process.

High-mobility group box 1 (HMGBI1), belonging to
the high-mobility group gene superfamily, acts as a non-
histone nuclear DNA-binding protein. The functions of
HMGBI1 depend on its subcellular location, as nuclear
HMGBI participates the maintenance of genomic stabil-
ity and DNA repair under physiological conditions [23,
24]. When exposed to oxidative stress or pro-hypertrophic
factors, HMGBI translocates from the nucleus to the cyto-
sol, which is closely related to increased acetylation level
of HMGBI [25, 26]. When cytosolic HMGBI is secreted
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outside cells, it functions as a damage-associated molecu-
lar pattern (DAMP) to trigger inflammatory responses and
in turn exacerbates cardiac hypertrophy [27-29]. Since
decreased nuclear HMGB1 due to cytoplasmic translocation
was observed in failed human hearts, suppressing nuclear
HMGBI export or recovering nuclear HMGB1 were proved
to alleviate cardiac hypertrophy, making nuclear HMGB1
closely related to HF development [30, 31]. What’s more,
preserving nuclear HMGB1 amounts was also found to
suppress pathological cardiac hypertrophy through inhibit-
ing ATM-DDR signaling [17]. Sirtuin 1 (SIRT1) or histone
deacetylase 1 (HDACI) are the most well-studied deacety-
lases that interact with HMGB1 and promote the deacety-
lation of HMGBI, thus maintaining the nuclear HMGBI1
[23, 32, 33]. Under pathological circumstances, HMGBI1
was found to disassociate from SIRT1 or HDACI, contrib-
uting to increased acetylation and then nuclear export of
HMGBI.

In this study, we detected the IncRNA AK144717 that
was mainly expressed in the nuclei of cardiomyocytes and
significantly increased along with the enhanced DDR in
vivo and in vitro. We found that AK 144717 modulated DDR
and cardiac hypertrophy mainly through its interaction with
HMGBI1, which obstructed the interaction between HMGB1
and SIRT1 and promoted the acetylation and cytoplasmic
translocation of HMGB1. Reduced HMGBI1 in the nucleus
failed to maintain the chromosome stability and suppress
the activation of ATM-DDR pathway, eventually aggravat-
ing the pathologic growth of cardiomyocytes. Silencing
AK144717 reduced the acetylated HMGBI1 and restored
the nuclear HMGBI levels, thus suppressing the DDR sig-
naling activation and cardiac hypertrophy. The findings in
our study provide important insights into the mechanisms
underlying the cytosolic translocation of HMGB1 as well as
targeting AK 144717 as the novel treatment for pathological
hypertrophy.

Methods and materials
Establishment of TAC-induced HF mouse model

C57BL/6 mice (male, weight 22-24 g; 8-weck-age-old)
were purchased from Animal Centre of Nanjing Medical
University. Mice were then randomly divided into the sham
group (n=6) and TAC group (n=10). After anaesthetiz-
ing mice with isoflurane, sternotomy was performed along
sternum midline but did not exceed the level of the second
rib. After carefully separating thymus above aortic arch, a
27-G needle was placed between the left common carotid
artery and truncus brachiocephalicus, and then needle and
the aortic arch were tightly ligated with 7-0 nylon suture.
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Withdrew the needle and sutured the sternum and skin by
5-0 nylon suture. Mice in sham group underwent the same
procedures as TAC group without constricting the aorta. 7
mice in the TAC group survived 6 weeks later and together
with 6 mice in the sham group were sacrificed for the fol-
lowing analysis after the echocardiography examination.

Echocardiography

Echocardiography examination was performed 6 weeks
after TAC surgery. The mice were anesthetized with 1.5%
isoflurane. Left ventricular end-systolic dimension (LVDs)
and left ventricular end diastolic dimension (LVDd) were
measured under M-mode echocardiography using a 30-MHz
probe (Vevo 3100 System, Canada). The left ventricular
ejection fraction (LVEF, %) and left ventricular fractional
shortening (LVFS, %) were also calculated.

Histological analysis

Heart samples were collected at 6 weeks after TAC surgery.
The hearts were fixed with 4% paraformaldehyde, embed-
ded into paraffin and then sectioned into pieces of 5 um.
Hematoxylin-eosin (G1120, Solarbio, China) and wheat
germ agglutinin (WGA, W7024, Thermo Fisher, USA)
staining were then performed according to the manufac-
turer’s instructions. Images of each sample were obtained
at 40xmagnifications of 5 random fields and the cardio-
myocyte surface areas were calculated by Image J software
(NIH).

Cell culture and treatment

Primary cardiac cells were isolated from 1- to 3-day-old
C57BL/6 mice. After being anesthetized with 4% isoflu-
rane, the hearts of neonatal mice were excised, washed and
minced in Hank’s balanced salt solution (HBSS, H1025-
500, Solarbio, China). Then cardiac tissues were incubated
with trypsin (40101ES25, Yeasen, China) and collagenase
IT (LS004176, Worthington-biochem, USA) at 37 °C for
1 h and washed with complete Dulbecco’s modified Eagle’s
medium (DMEM, 11965092, Gibco, USA) and centrifuged
at 1000 rpm for 5 min. Resulting cells were filtered through
a 40 um-cell strainer and plated onto a 10-cm dish. Given the
differential attaching time for myocytes and non-myocytes,
neonatal mouse cardiac fibroblasts (NMCFs) were obtained
at about 1 h incubation in the 10-cm dish and cultured with
fresh complete DMEM and harvested for RNA extraction at
passage 2 or 3. Neonatal mouse cardiomyocytes (NMCMs)
were obtained by differential attachment for 1 h to remove
NMCFs and cultured in complete DMEM at 37 °C in 5%
CO,, 21%0, for the following experiments. To evaluate

the roles of DDR and HMGBI during cardiac hypertrophy,
Angiotensin II (Ang II, 4474-91-3, Sigma-Aldrich, USA)
was applied to establish in vitro model of cardiac hypertro-
phy. In detail, after starvation for 12 h, NMCMs were cul-
tured with Ang I1 (100 nM) for 12 h, 24 h, 36 h and 48 h and
then collected for the following experiments. For NMCMs
treated with ATM inhibitor, NMCMs were pretreated with
KUS55933 (10 uM, HY-12016, MedChemExpress, China)
for 1 h before Ang II exposure. Mouse cardiac microvascu-
lar endothelial cells (MCMECs, CP-M 129, Pricella, China)
were cultured in the Endothelial Cell Medium (1001, Scien-
cell, USA) and harvested for extracting RNA at passage 2.

Small interfering RNA (siRNA) transfection

To identify the efficiency of AK144717 knockdown,
NMCMs were transfected with siRNAs targeting AK 144717
(si-AK 144717, 40 nM) or negative control siRNAs (NC, 40
nM) via Lipofectamine 3000 (L3000015, Invitrogen, USA)
according to the manufacturer’s instructions. After incuba-
tion for 6 h, si-RNAs were removed and NMCMs were cul-
tured in the fresh serum-free medium (SFM) and AK 144717
expression was checked by qRT-PCR at 24 h, 36 h and 48 h
after transfection. To identify the efficiency of HMGBI1
knockdown, NMCMs were transfected with siRNAs tar-
geting HMGBI (si-HMGB1, 40 nM) or NC and qRT-PCR
analysis were applied to check HMGBI1 expression at 12 h,
24 h and 36 h after transfection. To evaluate the roles of
AK144717 in cardiac hypertrophy, NMCMs were divided
into 4 groups: NC, Ang II+NC, si-AK144717 and Ang
11+5i-AK 144717 group. For NC or si-AK144717 group,
NMCMs were treated as described above and harvested for
subsequent analysis at 48 h after transfection. In Ang I+ NC
and Ang I1+51-AK 144717 group, NMCMs were first incu-
bated with the medium containing NC or si-AK 144717 for
6 h and cultured in the SFM for another 6 h, which were then
stimulated with Ang IT (100 nM) for 36 h. To evaluate the
necessity of HMGB1, NMCMs were divided into 4 groups:
Ang II+NC, Ang 11+5i-AK144717, Ang 11+si-HMGBI1
and Ang II+si-AK144717 +si-HMGB1 group. NMCMs
in Ang II+NC, Ang I1+si-AK144717 and Ang II+si-
HMGBI group were treated as described above. NMCMs
in Ang I1+5si-AK 144717 + si-HMGBI1 (Ang I + si-AK + si-
HMGBI1) group were first incubated with the medium con-
taining si-AK144717 for 6 h, then the medium containing
si-HMGBI1 for another 6 h, and finally stimulated with Ang
II for 36 h. All siRNAs were manufactured by GenePharma
Company (China). The siRNA sequences used were listed
in Supplementary Table 1.
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Quantitative RT-PCR (qRT-PCR)

Total RNAs were extracted from tissues or cells by Trizol
(RC202-01, Vazyme, China). The nuclear and cytoplas-
mic RNA was isolated and extracted by the Cytoplasmic &
Nuclear RNA Purification Kit (NGB-37400, Norgen Biotek,
Canada). The concentration and purity of extracted RNA
was examined by a spectrophotometer (NanoDrop-2000,
Thermo Fisher, USA). 1000 ng RNA was reverse-tran-
scribed to cDNA and qRT-PCR was performed on the
QuantStudio 3 real-time PCR system (Thermo Fisher, USA)
with the SYBR Green (11203ES50, Yeasen, China) accord-
ing to the manufacturer’s instructions. 18s ribosomal RNA
(18s) was the reference gene for the expression of target
genes. The primers used in this article are listed in Supple-
mentary Table 1.

Western blot

Western blot was performed according to the standard pro-
tocol as previously described [34]. The nuclear and cyto-
plasmic proteins were separated and extracted with the
Nuclear and Cytoplasmic Extraction Kit (78835, Thermo
Fisher, USA) following the manufacturer’s instruction. The
oxidized HMGBI1 was separated by non-reducing SDS-
PAGE and immunoblotted with anti-HMGB1 antibody. The
antibodies included in the article were listed in Supplemen-
tary Table 2.

Enzyme linked immunosorbent assay (ELISA)

The concentrations of HMGBI1 in the NMCM -culture
supernatants were determined with the mouse/rat HMGBI1
ELISA Kit (ARGS81310, Arigo, China) according to manu-
facturer’s protocols.

Immunoprecipitation (IP) and co-
immunoprecipitation (co-IP) assay

NMCMs were lysed in the lysis buffer (P0013, Beyotime,
China) containing phenylmethylsulfonyl fluoride (PMSEF,
ST506, Beyotime, China) and deacetylase inhibitor cocktail
(P1112, Beyotime, China) on ice for 30 min and centrifuged
at 14,000 rpm for 10 min at 4 °C. BCA method was applied
to measure the concentrations of samples. For IP assay, anti-
bodies of HMGBI1 or acetylated-lysine (Ac-lysine) or phos-
phorylated serine or threonine phosphor-(Ser/Thr) and IgG
were added to samples overnight at 4 °C. For co-IP assay,
antibodies of HMGB1, SIRT1 and appropriate Ig G were
added to samples overnight at 4 °C. The mixtures were then
incubated with A/G magnetic beads (88802, Thermo Fisher,
USA) at room temperature for 1 h. Beads were separated
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with samples by the magnetic frame and washed with lysis
buffer for three times. Immune complexes pulled down by
magnetic beads were eluted by loading buffer containing
SDS (P0O015A, Beyotime, China) and resulting proteins
were then checked by Western blot.

Cell immunostaining

NMCMs were fixed with 4% paraformaldehyde for 20 min
and permeabilized with 0.2% Triton X-100 for 20 min.
To detect cardiac hypertrophy, after blockage with 1%
BSA, NMCMs were incubated with mouse anti-a-actinin
(GB12555, Servicebio, China) overnight at 4 °C. The cells
were washed with PBS for 5 min for three times and incu-
bated with fluorescein isothiocyanate (FITC, 33207ES60,
Yeasen, China) for 4 h at room temperature on the next day.
The nucleus was stained with 4',6-diamidino-2-phenylin-
dole (DAPI, 40728ES03, Yeasen, China) for 3 min. Images
were captured by the fluorescence microscope (Axio Vert
Al, Zeiss, Germany) and analysed for the surface area of
cardiomyocytes by Image J software (NIH). To detect the
DDR, the DNA Damage Assay Kit by y-H2AX Immuno-
fluorescence (C2035S, Beyotime, China) was applied in
accordance with the manufacturer’s instructions and images
were captured by the fluorescence microscope and analysed
for the mean immunofluorescence intensity of y-H2AX in
the nucleus of cardiomyocytes by Image J software.

RNA pull-down assay

The templates for in vitro transcription were amplified by
PCR and the PCR products were examined with agarose
gel electrophoresis. The primers containing the T7 pro-
moter sequence (TAATACGACTCACTATAGGG) for the
amplification of AK144717 sense and antisense chains were
listed in the Supplementary Table 1. The biotin-labelled
AK144717 sense probes and anti-sense probes were syn-
thesized by the RNAmax-T7 biotin-labeled transcription
kit (C11002, Ribo, China). RNA pull-down assay was con-
ducted by using Magnetic RNA-Protein Pull-Down Kit
(20164, Thermo Fisher, USA) in accordance with the manu-
facturer’s instructions. The lysates of NMCM were col-
lected and added into tubes containing sense probe-coated
beads or anti-sense probe-coated beads, which were then
incubated at 4 °C for 1 h. The magnetic beads were washed
and eluted to collect the protein samples which were later
analysed by mass spectrometry and western blot analysis.

LC-MS/MS analysis

Protein samples pulled down by AK144717 probes were
first separated by SDS-PAGE and visualized by Coomassie
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blue staining, among which the interacting proteins of
AK144717 antisense probes were used as a negative con-
trol. The LC-MS/MS analysis was then carried out by OE
Biotech Co., Ltd (China). Finally, we screened out the sub-
strate proteins that could bind to AK 144717 according to the
function and the mass of detected proteins.

RNA immunoprecipitation (RIP)

RIP was carried out by using Magna RIP RNA-binding
protein immunoprecipitation kit (17-700, Millipore, USA)
in accordance with the manufacturer’s instructions. The
NMCM lysates were collected and incubated with magnetic
beads conjugated with the mouse anti-HMGBI1 antibody
(RIP group), or rabbit IgG (IgG group) overnight at 4 °C.
The resulting RNAs were collected to synthesize cDNA and
analysed by qRT-PCR.

Adeno-associated virus construction and injection

To suppress cardiac AK144717 expression in vivo, adeno-
associated virus, serotype 9 (AAV9) vectors carrying
shAK 144717 or GFP driven by c-Tnt (troponin T) promo-
tor (AAV9-shAK 144717 or AAV9-sh-Scramble) were pur-
chased from Genechem Company (China). To compare the
therapeutic effects of silencing AK144717 and DDR inhibi-
tion, C57BL/6 mice were randomly divided into 4 groups:
TAC 6w (TAC), TAC + AAV9-sh-Scramble (TAC + Scram-
ble), TAC + AAV9-sh-Scramble + KU55933 (TAC + Scram-
ble+KU55933) and TAC+AAV9-shAK144717
(TAC+shAK144717) group (n=6 per group). The titer
of AAV9 given to mice was 3 x 10! virus genome/mouse.
AAV9-shAK 144717 or AAV9-sh-Scramble were injected
into C57BL/6 mice through caudal veins 1 week before
TAC or sham surgery. KU55933 (5 mg/kg) was intraperi-
toneally injected three times per week after TAC surgery.

Microarray analysis

The ventricular samples from 3 mice operated by TAC for
6 weeks and 3 mice with sham surgery were sent to Shang-
hai KangChen Bio-tech Company to detect the differentially
expressed IncRNAs by using Arraystar mouse IncRNA
microarray V4. Unpaired, two-tailed Student’s t test was
applied to check the differentially expressed IncRNAs
between sham and TAC hearts. The differential expressed
IncRNAs were identified with the fold-change>2.0 and
P<0.05.

Statistical analysis

Data are expressed as mean+SD (standard deviation).
All data were analyzed by GraphPad Prism Version8 soft-
ware (GraphPad Software, CA). Comparisons between two
groups were analysed by unpaired, two-tailed Student’s
t-test and between multiple groups were analysed by one-
way ANOVA with Sidak’s or Tukey’s test. P<0.05 was
considered statistically significant (* indicate P<0.05, **
indicate P<0.01, *** indicate P <0.001, and **** indicate
P<0.0001), whereas NS means not significant between
groups.

Results

Identification of the altered long noncoding RNAs in
the mice TAC model

To investigate the roles of IncRNAs during the pathologi-
cal cardiac hypertrophy, we first established the mice heart
failure model by TAC surgery. Echocardiographic analy-
sis showed the disrupted ventricular performance, includ-
ing decreased LVEF and LVFS, and increased LVDs and
LVDd in the mice of TAC group (Fig. 1A-C). HE stain-
ing showed the significantly enlarged cardiomyocytes,
and wheat germ agglutinin (WGA) staining indicated the
increased cross-sectional areas of cardiomyocytes in the
TAC group (Fig. 1D-E). The increased heart weight/body
weight (HW/BW) ratios were also observed in the mice of
TAC group (Fig. 1F). Moreover, the hypertrophy-associated
foetal genes, including atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP), were also significantly
upregulated in the TAC group (Fig. 1G). Then we randomly
selected three paired ventricular samples from the sham and
TAC group for the microarray analysis to screen the altered
genomic IncRNAs. The microarray expression profiling of
IncRNAs identified 1117 upregulated and 597 downregu-
lated IncRNAs, where the upregulated exhibited much more
remarkable changes compared with the downregulated (Fig.
S1A). The top 20 altered IncRNAs that all upregulated were
highlighted in the volcano plot (Fig. S1B). From the top 20
altered IncRNAs, we selected the 10 IncRNAs with their
detection probe signal intensities above 20 in the microarray
results according to our laboratory’s previous experience
(Fig. 1H) (the worksheet titled “Top20 LncRNA Microar-
ray results” in Supplementary Table S5). It should be noted
that IncRNA Ndufbl-ps (ENSMUST00000221422) tran-
script lacks specific fragments to design qRT-PCR prim-
ers, making it almost unable to be detected. Therefore,
we checked the expression of remaining 9 IncRNAs and
detected 6 IncRNAs by qRT-PCR in the samples used for
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Fig. 1 Establishment of cardiac failure model and identification of
altered IncRNAs. A—C. Echocardiography and quantitative analy-
sis (n=6-7). D-E. Representative images of hematoxylin and eosin
(H&E) staining (upper) and wheat germ agglutinin (WGA) staining
(n=6-7). Scale bar: 100 um. F. Quantitative analysis of the heart
weight (HW)/body weight (BW) ratio (n=6-7). G. qPCR analysis
of ANP and BNP mRNA expressions (n=6-7). H. Heat map of the
top 20 altered IncRNAs in the heart. The IncRNAs with raw intensi-
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ties over 20 in the microarray sequencing report are framed in red.
I. qPCR analysis of IncRNAs in the samples applied for microarray
sequencing (n=3). J. qPCR validation of LncRNA AK144717 and
Gm4316 (ENSMUST00000212411) in all the mice of sham and TAC
group (n=6-7). K. qPCR analysis of LncRNA AK 144717 expression
in the TAC models of different time (n=6). *P<0.05; **P<0.01;
***P<0.001; ****P<(0.0001; NS means not significant between
groups



Long noncoding RNA AK144717 exacerbates pathological cardiac hypertrophy through modulating the...

Page 7 of 17 432

microarray analysis, among which IncRNA AK 144717 and
Gm4316 (ENSMUST00000212411) showed the similar
fold changes to the results of microarray analysis (Fig. 11).
However, after expanding the sample size to detect the
expression of AK144717 and Gm4316, we found that the
expression of Gm4316 was unstable and inconsistent with
the expression in the microarray analysis, while the expres-
sion of AK144717 was still consistent with the results of
the microarray (Fig. 1J). Finally, in the mice receiving TAC
surgery with different time, we found the dynamic change
of the expression of Gm4316 was less apparent than that in
AK144717 that began to upregulate at 4 weeks after TAC
surgery and reached the peak level at about 6 weeks, hinting
the potential involvement of AK144717 across the process
of pathological cardiac remodeling (Fig. 1K, Fig. SIC).

AK144717 knockdown suppressed TAC-induced DDR
and cardiac hypertrophy

AK144717 locates at chromosome 1 with the length of
more than 3000 nucleotides (Fig. S1D). Protein-Coding
Potential Calculator identified AK144717 as a non-coding
RNA without coding potential (Fig. S1E). We first exam-
ined the cell types that AK144717 was enriched in car-
diac tissues and found it was enriched in cardiomyocytes
rather than NMCFs and ECs (Fig. 2A), hinting the poten-
tial involvement of AK144717 in the pathologic growth of
cardiomyocytes induced by pressure overload. IncLocator
predicted that AK144717 was with high probability located
in the nucleus (Fig. S1F), and we verified it and found that
AK144717 primarily located in the nucleus of NMCMs
(Fig. 2B). To investigate the role of AK144717 during the
hypertrophic process in vivo, we silenced its expression
with AAV9-shAK144717. In addition, to identify whether
AK144717 participated in the vicious cycle of DNA dam-
age response (DDR) and hypertrophic response, we com-
pared the effects of silencing AK 144717 with those of ATM
inhibitor KU55933 on cardiac hypertrophy, as disrupting
DDR via inhibiting ATM prevented the pathological growth
of cardiomyocytes [12, 13, 17]. The procedure of in vivo
functional experiments is shown in Fig. 2C. We confirmed
the activation of cardiac ATM-DDR pathway 6 weeks
after TAC operation, as evidenced by elevated p-ATM and
v-H2AX (Fig. 2D, E). qRT-PCR analysis indicated a about
40% decrease of cardiac AK144717 in the mice receiving
AAV9-shAK 144717 (Fig. 2F). Interestingly, we found that
AAV9-shAK144717 and KU55933 treatment exhibited
similar anti-hypertrophic effects. The upregulated ANP
and BNP mRNA expressions induced by pressure over-
load were reversed by AAV9-shAK144717 or KU55933
(Fig. 2G, H). The attenuation of HW/BW ratios as well as
the cross-sectional areas of cardiomyocyte also supported

the anti-hypertrophic effects of silencing AK144717 or sup-
pressing DDR (Fig. 2I-K). Consistently, echocardiographic
analysis revealed the significant recovery of ventricular
dysfunction and maladaptive remodeling driven by pres-
sure overload in the mice receiving KU55933 or AAV9Y-
shAK 144717 (Fig. 2L-N). It is worth noting that silencing
AK144717 had a slightly weaker inhibitory effect on DDR
when compared with the direct ATM inhibitor (Fig. 20).
To conclude, AK144717 deficiency greatly relieved the
cardiac remodeling and dysfunction in response to pres-
sure overload, which was associated with the inhibition of
ATM-DDR.

AK144717 silencing alleviated Ang ll-induced
hypertrophic response

To explore the mechanisms by which AK144717 regulated
the hypertrophic response and its relationship with DDR, we
first checked the expression of AK144717 in NMCMs stim-
ulated by Ang II. AK144717 reached its peak level after Ang
II treatment for 36 h and possessed about 4-fold increased
expression (Fig. 3A). We then reduced AK144717 expres-
sion with siRNAs targeting AK144717 (si-AK144717) to
explore whether it affected the hypertrophic response in
vitro. After si-AK 144717 transfection for 48 h, the expres-
sion of AK144717 in NMCMs decreased most significantly
(Fig. 3B). The increased expression of AK144717 (Fig. 3C)
as well as upregulated ANP and BNP mRNAs and enlarged
cardiomyocytes (Fig. 3D-F) induced by Ang II were all
significantly reversed by si-AK144717 treatment. Previ-
ous studies reported that DNA damage induced by ioniz-
ing radiation activated ATM signaling that later promoted
the activation of extracellular regulated protein kinasel/2
(ERK1/2) and nuclear factor kappa-B (NF-xB) pathways,
while KU55933 abolished the activated ERK1/2 and NF-«xB
[35-37]. Consistent to previous studies [38—42], we found
the activated ERK1/2 and NF-kB pathways under Ang II
exposure and silencing AK144717 significantly attenuated
the upregulation of p-ERK1/2 and p-NF-kB (Fig. 3G, H).
Results above indicated that AK144717 silence also allevi-
ated the hypertrophic growth of cardiomyocytes in vitro.

AK144717 knockdown attenuated Ang ll-induced
DNA damage response

Activated ATM and ensuing y-H2AX induced by Ang II
stimulation were found to be reversed by AK 144717 knock-
down (Fig. 4A-C). In the meanwhile, silencing AK144717
had no effects on the ATM-DDR signaling under normal cir-
cumstances. We then compared the effects of KU55933 with
those of AK144717 on cardiac hypertrophy in vitro. The
inhibitory effect of KU55933 on Ang II-increased y-H2AX
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Fig. 2 AK144717 knockdown suppressed the cardiac remodeling
in vivo. A. qPCR analysis of AK144717 expression in NMCMs,
MCMECs and NMCFs (n=3). B. qPCR analysis of AK144717
expressions in the nucleus and cytoplasm of NMCMs. GAPDH and
U6 were used as the cytoplasmic or the nuclear marker respectively
(n=4). C. The flowchart of in vivo experiment. D-E. Western blot
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total ATM (t-ATM) and phosphorylated histone H2AX (Ser139)
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was stronger than that of silencing AK144717 (Fig. 4D).
We found that KU55933 had no effects on the AK144717
expression (Fig. 4E), but abolished the upregulated ANP
and BNP and hypertrophic growth of cardiomyocytes
(Fig. 4F-H), which shared the similar effects to AK144717
knockdown under Ang II stimulation. Consistently,
KU55933 also alleviated the increased p-ERK and p-NF-«B
(Fig. 41). These results suggested that direct inhibition of
ATM was effective in preventing myocardial hypertrophy,
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or si-AK 144717 (n=3). F. Representative images of immunostaining
(green for a-actinin, blue for DAPI) and quantitative analysis (n=4).
Scale bar: 150 pm. G-H. Western blot analysis of p-/t-ERK1/2, p-/t-
NF-kB (n=3). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001;
NS means not significant between groups

and AK 144717 regulated the hypertrophic response at least
partially through its the suppression of ATM-DDR pathway.

The inhibitory effects of AK144717 knockdown on
DDR and hypertrophy were related to its interaction
with HMGB1

As many nuclear IncRNAs carry out their functions by
interacting with specific proteins, we proceeded to identify
the proteins interacting with AK144717 that were related

@ Springer



432 Page 10 of 17 T.Wu et al.
A
AN
A
A N b,“ﬂ »,P'«\ B ns
WA e ns [ —
Rt oo P **
- Rk il
- g2,
= 3
- < =
o [ B o0 3, i
= s 2
= 2 2
<, x
o > o
¢ ¢ R ¢ ¢ R
& ST (S
C) \\,“) < \\XQ
« o«
C NC Ang II+NC si-AK144717 Ang lI+si-AK144717
ns
y-H2AX s
Z
i
e
s
£
X3
DAPI 2
T
I
<
3
=
Merge
D Ang II+NC Ang l1+si-AK144717 Ang II+NC+KU55933 E
> ARk
nn -
y-H2AX 2 s g
2 3 ~
5 ) £
.‘é 1.0 oo 5
2 1% 4 - 3
DAPI x <
> 4
s 4
2 g
Merge
F G
% 1
2
3
S 4,
2
<
=
o
5
o
H
<o -
Ang lI+NC Ang lI+si-AK144717  Ang II+NC+KU55933
A +id
- >
o D> xo‘-‘"
-\ O
H *ann I Q\\"V\ Sl * o
5 S o [ E——
g 15 - 15 *x 15 .
g o [— o —_
g P-NF-KB | - 65kDa = P
E 10 % 1.0 ui 1.0
S o < &
E% t-NF-KB| — — — |65kDa a a
o 05 X os T o0s
= — _— 4
e p-ERK1l2| — | 42kDa z g
& oo 0.0 0.0
o & > . o a > © A >
\\x\; @\ v,‘?ﬂ’ t-ERK1/2 | 42kDa \\x\; é\\ 4},;5 \\”\; 9._\\ 4)9'5
&S o & o o
& o ,\y’*’ S L
& & GAPDHI — — — I 37kDa & &S &
« e ¥

Fig. 4 AK144717 knockdown attenuated the Ang II-induced DNA
damage response. A—B. Western blot analysis of p-/t-ATM, y-H2AX
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resentative images of immunostaining (green for y-H2AX, blue for
DAPI) and quantification of the nuclear y-H2AX levels in NMCMs
(n=3). Scale bar: 500 um; E-F. qPCR analysis of AK144717, ANP
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and BNP expression in NMCMs (n=3). G-H. Representative images
of immunostaining (green for o-actinin, blue for DAPI) and quan-
titative analysis (n=4). Scale bar: 150 um. I. Western blot analysis
of p-ERK1/2, t-ERK1/2, p-NF-kB and t-NF-xB (n=3). *P<0.05;
**P<0.01; ¥***P<0.001; ****P<0.0001; NS means not significant
between groups
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to its function. Coomassie blue staining of the SDS-PAGE
gel showing the separated proteins pulled down by biotin-
labeled AK144717 probes indicated a clear band just above
the 25 kDa (Fig. 5A), which was then subjected to mass
spectrometry analysis. LC-MS/MS identified 30 unique
proteins were specifically enriched by AK144717 RNA
instead of AK144717 antisense transcript, among which
we selected 6 proteins with molecular weight near 25 kDa
(Supplementary Table 3). We assessed the target proteins
related to DDR and cardiac hypertrophy and thus chose
HMGBI as the target, which was also predicted to inter-
act with AK144717 by online tool RNA-Protein Interaction
Prediction (RPISeq) (Fig. S2A). Western blot analysis of
the samples pulled down by AK144717 probes identified
the HMGBI as the specific protein binding to AK144717,
whereas RNA immunoprecipitation (RIP) along with qRT-
PCR analysis showed the enrichment of AK144717 in the
samples precipitated by HMGBI1 antibody rather than IgG
samples (Fig. 5B, C). Online tool catRAPID further provided
the interaction matrix between AK144717 and HMGBI,
which exhibited the RNA and protein regions predicted to
interact (Fig. 5D). To assess the necessity of HMGBI for
AK144717, we first excluded the possibility that the inter-
action between AK144717 and HMGBI affected HMGBI
expression under Ang II stimulation (Fig. S2B). siRNAs
targeting HMGB1 were applied to silence its expression
and we found that HMGBI significantly downregulated at
24 h to 36 h after transfection (Fig. SE, F). Without affecting
HMGBI expression, silencing AK144717 failed to allevi-
ate the hypertrophic responses when HMGB1 was knocked
down as evidenced by the increased ANP and BNP mRNA
levels (Fig. 5G, H), pathologic growth of myocytes (Fig. 51)
and activated ERK-NF-«B pathways (Fig. 5J-K). Besides,
results above also indicated that silencing HMGBI alone
further exacerbated Ang II-induced hypertrophy. Moreover,
silencing HMGBI1 not only exacerbated Ang Il-induced
DDR activation, but also significantly abolished the inhibi-
tion of DDR activation generated by AK144717 knockdown
(Fig. 5L-Q). Taken together, the results above suggest that
the regulation of hypertrophic response by AK144717 is
closely related to its interaction with HMGBI.

The interaction between AK144717 and HMGB1
modulated the acetylation and translocation of
HMGB1

As elevated p-ATM and decreased nuclear HMGB1 were
found in the falling human hearts [17, 30], we then inves-
tigated whether Ang II or si-AK 144717 treatment affected
the intracellular distribution of HMGB1. We confirmed the
translocation of HMGBI in vivo, where nuclear HMGB1
significantly reduced and cytosolic HMGBI1 increased

(Fig. 6A, B). Furthermore, in vitro results indicated that
the cytosolic translocation of HMGBI increased along with
prolonged Ang II exposure and peaked at 36 h (Fig. 6C,
D), when AK144717 also reached its maximum expres-
sion level induced by Ang II. Intriguingly, we observed
that AK144717 silence greatly reduced Ang Il-induced
cytoplasmic relocation of HMGBI1 (Fig. 6E, F). Since
cytoplasmic HMGB1 would be excreted outside cells, we
detected its protein amounts in cell supernatants by ELISA
kit, and found that Ang II exposure obviously increased
the extracellular level of HMGBI1 that was significantly
reversed by silencing AK144717 (Fig. 6G). In vivo results
also showed that the mice treated with AAV9-shAK 144717
abolished the TAC-induced translocation of HMGBI1
(Fig. 6H, I). We next tried to identify the mechanisms by
which AK144717 regulated the redistribution of HMGB1
under Ang II stimulation. Increased acetylation and then
cytosolic translocation of HMGB1 were observed in the
cardiomyocytes treated with Ang II [30, 43]. Consistently,
we found that Ang II significantly increased the acetylated
levels of HMGB1 whereas AK144717 knockdown reversed
the enhanced HMGBI1 acetylation (Fig. 6J, K), suggest-
ing the involvement of AK144717-HMGBI interaction in
Ang Il-induced acetylation and cytosolic translocation of
HMGBI. Decreasing HMGBI1 acetylation has been con-
firmed to promote its nuclear retention, and HDAC1 and
SIRT1, the most studied deacetylases modifying HMGBI,
are reported to physically interact with HMGB1 and deacet-
ylate HMGBI1 lysine to modulate its distribution [18, 32, 33,
44, 45]. We explored whether AK144717 affected the inter-
action of HMGB1 with HDACI or SIRT1. Ang II treatment
or AK144717 silencing did not alter the protein levels of
HDACI or SIRT1 (Fig. S2C), excluding the possibilities of
AK144717 in modulating their expressions. co-IP analysis
indicated that Ang II reduced the interaction between SIRT1
and HMGBI, while knockdown of AK 144717 significantly
reversed this reduced interaction (Fig. 6L, Fig. S2D). How-
ever, the interaction of HMGB1 to HDAC1 was not affected
by either Ang II or si-AK144717 (Fig. S2E). Above results
illustrated that Ang II increased the AK144717 level and
thus promoted the binding of AK144717 to HMGBI1, which
suppressed the interaction between HMGBI1 and SIRT1 and
promoted translocation of HMGBI.

Discussion

Herein, we introduced a novel cardiac IncRNA AK144717
that progressively increased in cardiomyocytes undergo-
ing sustained pressure overload. We found that silenc-
ing AK144717 not only had the similar anti-hypertrophy
effect to that of DDR inhibitor KU55933, but also was
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BNP mRNAs in NMCMs treated with Ang 11, si-AK 144717 or si-
HMGBI1 (n=3). I. Representative images of immunostaining (green
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bar: 150 um. J-O. Western blot analysis of p-/t-ERK1/2, p-/t-NF-kB,
p-/t-ATM, y-H2AX and HMGBI (n=3). P-Q. Representative images
of immunostaining (green for y-H2AX, blue for DAPI) and quantita-
tive analysis. Scale bar: 300 pm. *P <0.05; **¥*P<0.01; ***P<0.001;
**%¥%¥P <0.0001; NS means not significant between groups



Long noncoding RNA AK144717 exacerbates pathological cardiac hypertrophy through modulating the...

Page 13 0f 17 432
A Sham  TAC 6w Sham  TAC 6w B
oY -
HMGB1|--——| | - — --|25kDa A I 3: 4 =
o -
=~ m -
o] 1 os’ -
GAPDH - e — - g_g S Ig . 1
I . L
53 o0s ¥ EQ [ + |*
e nE 1
LaminB1 | —_—— e — | | |7DkDa é ! §_ I"“I*.
Z o . T = T T
o
Nucleus Cytoplasm Sham TAC 6w Sham TAC 6w
Cc PG NP S
WA (P SR s
Go“ VS\Q P;\Q v_(\‘) oo(\ PS\Q P‘\Q P’(\Q 0
E 3. 1
-— 15 @ ns
HMGB1|--—-| | - — -—|25kDa % 2
2 @
55 10 %E 2 8]
c
GAPDH| | | ----|37kDa =E gg
535 0s EQ,
= s
=3 [=3
LaminB1| — e e e— | | | 70kDa 2 o g o
S N > >
& & &
Nucleus Cytoplasm o & ©
E & & F G
A *:\9' o« *}u“
o 2 ¥ o S ¥ L. s
\\,\\ *_\9‘ & \\*\‘ pbP‘ & i R
O O ¥ O O « & ® - w0 204 sees
QT e S A S o s 18 32 ¥ E
2 - =
HMGB1 | " ae e s T W e wew 125kDa = 8= E-“
o5 10 252 g = I
g é T E 2 gx.o
TS L g £EL
GAPDH| II —_— = = |37kDa Egn_s 551 g o
o o =
g 0.0 ::; o = 0.0
LaminB1| — e e — | I |70kDa & \\‘éo “\4\ “\4\ & \\_‘\o .y-":\ .P‘.:\
IS
— e oo o o
Nucleus Cytoplasm & & I
« ¥
H ‘\,:\ «<\ I J é\(\
@ <
@‘o\ 4:‘9‘ 6§ *:‘Q . &
S o AN o — g s N
& & & o 5 25 ns K 3 25 Vo & &2
o O (RN Y] H — r = « M @ o & N
AR\ P o RS\ P o 2 _ 20 3 20 £ NSRS
o T o5 T
Do, Uil 251s . = 25kDa
HMGB1| " a— = s s | 25kDa §'—E e ﬁ& - 2
+ © 1.0 EO 1.0 . i a IB:
pa = I =
g: ol [Es 2% s .T. Ak = I HMGB1
GAPDH - em» "= |37kDa 3 g 2 3l
Z o T T — 5 o T T T c 25kDa
) 3° < S 3® Q =
S < &K
LaminB1| w— e - 70kDa RPN RIPT
& &
¥ ¥
Nucleus Cytoplasm N <
S
K L &
< o &
& S
e O Q\\ Q\
o ~ L ¥
_ e
8 1B: SIRT1: 100kDa - .
= SE
1P: 25kDa = 2
HMGB1 o o 5 g 1.0
IB: Ac-lysine =lo IB: HMGB1: 25kDa % H
O -
= = o
IP: 1gG 25kDa & I:I 8%
= =
x T
0.0
HGEy | - — — | 25KkDa §_ & &“‘\0 &
= o
«®

Fig. 6 AK144717 knockdown inhibited the acetylation and trans-
location of HMGBI induced by Ang II. A-B. Western blot analysis
of nuclear and cytoplasmic HMGBI1 in the sham and TAC group
(n=6-7). GAPDH and laminB1 were used as the internal control of
the cytoplasmic and nuclear proteins respectively. C—D. Western blot
analysis of nuclear and cytoplasmic HMGB1 in the NMCMs treated
with Ang II for different time points (24 h, 36 h, 48 h) (n=3). E-F.
Western blot analysis of nuclear and cytoplasmic HMGBI1 in the

NMCMs treated with Ang II or si-AK144717 (n=3). G. HMGBI
in the NMCM culture supernatants were measured by the mouse/rat
HMGBI1 ELISA kit (n=6); H-I. Western blot analysis of nuclear and
cytoplasmic HMGBI in the mice receiving TAC surgery or AAV9-
shAK 144717 injection (n=6). J-K. IP analysis of the acetylation level
of lysine in HMGBI1. L. Co-IP analysis of the interaction between
SIRT1 and HMGBI1 (n=3). *P<0.05; **P<0.01; ***P<0.001;
**x% P <0.0001; NS means not significant between groups
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able to inhibit the ATM-DDR signaling in vitro and in
vivo, suggesting that the regulation of AK144717 on car-
diac hypertrophy was closely related to its modulation of
DDR. We subsequently proved that the modulation of DDR
by AK144717 was closely related to its interaction with
HMGBI. In detail, the binding of AK144717 to HMGBI
enhanced the acetylated modification of HMGBI1 at least
partially through reducing the interaction between HMGB1
and SIRTI. Increased HMGBI acetylation drove its con-
tinuing export from the nucleus and made it unable to main-
tain chromosome stability, whereas AK144717 knockdown
recovered the nuclear HMGBI level and inhibited persistent
DDR activation, suggesting AK 144717 may serve as a ther-
apeutic target during the pathologic progression of cardiac
hypertrophy into failure.

AK144717 began to upregulate at 4 weeks post-TAC
surgery and peaked at 6 weeks post-TAC surgery when
the transition from adaptative hypertrophy to heart failure
with reduced ejection fraction occurred, hinting the crucial
role of AK144717 in adverse cardiac remodeling during
mechanic stress. We indeed found that reducing AK144717
expression attenuated pathological hypertrophy and ven-
tricular dysfunction induced by pressure overload. Exces-
sive DNA damage along with increased phosphorylation
of ATM and subsequent DDR activation were observed in
human end-stage cardiomyopathy [46]. Moreover, accumu-
lating evidence indicated that the activation of ATM, the pri-
mary regulator of DDR, was the crucial participant during
TAC-induced cardiac hypertrophy and ensuing heart failure,
and suppressing ATM function or expression thus exhibited
the protective effects [11-13]. Based on the previous stud-
ies illustrating the involvement of IncRNAs in DNA repair
and DDR [18-22], we compared the effects of AK144717
knockdown and KU55933 on cardiac hypertrophy in vivo
and in vitro respectively, and found that they shared the
similar anti-hypertrophy effects. What’s more, AK144717
knockdown also suppressed the ATM-DDR pathway,
although its inhibitory effects were weaker than KU55933.

Given that IncRNAs usually exert their functions through
binding to specific proteins, we thereafter identified the pro-
teins interacting with AK144717 by LC-MS/MS analysis.
Among the potential proteins detected, we chose the pro-
tein HMGBI as the target of AK144717, as HMGBI1 was
reported to modulate both cardiac hypertrophy and DDR
[17, 19, 30, 31]. RIP and western blot analysis of the sam-
ples pulled down by AK144717-sense probe further con-
firmed their interaction. We then identified the necessity of
the interaction between HMGB1 and AK 144717, which was
evidenced by HMGBI silence greatly abolished the thera-
peutic effects of silencing AK144717 against cardiac hyper-
trophy and DDR. After excluding the effects of either Ang
II treatment or silencing AK144717 on HMGB1 expression,
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we found that their interactions regulated the intracellular
distribution of HMGBI. Since ATM was demonstrated to
be the downstream effector of nuclear HMGB1, diminished
nuclear HMGB1 due to cytoplasmic translocation weakened
its inhibitory effects on ATM and contributed to persistent
activation of ATM-DDR signaling and then hypertrophic
response [17]. Besides, HMGBI in the cytoplasm would
be secreted outside cells and further exacerbated cardiac
hypertrophy [47]. In this article, we proved that diminishing
the upregulated AK144717 driven by Ang II greatly attenu-
ated the ensuing cytosolic translocation of HMGBI, indi-
cating that AK 144717 was the crucial participant during the
HMGBI redistribution under hypertrophic stimuli.

As deacetylated modification was the crucial regulator of
HMGBI distribution during cellular injury [48], cytoplas-
mic translocation of HMGB1 during cardiac remodeling was
found to be highly related to its increased acetylation levels
[25]. Increased total lysine acetylation levels of HMGBI
under Ang II exposure was confirmed by us and silencing
AK144717 significantly reversed the enhanced HMGBI
acetylation, suggesting that AK144717 regulated HMGBI1
redistribution through modulating its acetylation modifica-
tion. Histone deacetylases (HDACS) are the vital modula-
tors to deacetylate HMGBI1 [23], among which HDACI1
and SIRT1 are the most studied deacetylases related to the
deacetylation and translocation of HMGBI. For example,
Ang II promoted the disassociation of HMGBI1 from SIRT1
and resulted in the increased acetylation and release of
HMGBI1 from macrophages [43]. We subsequently exam-
ined whether AK 144717 affected the binding of HMGBI1 to
HDACT or SIRT1, as they both have been reported to inter-
act with HMGBI to maintain its deacetylation. We found
that Ang II weakened HMGB1’s interaction with SIRT1
rather than HDACI, and reducing AK144717 expression
significantly restored the interaction between HMGB1 and
SIRT1. Furthermore, catRAPID predicted the domains of
HMGBI with high interaction propensity with AK144717,
among which the region 140-191 and 40-91 contained the
four lysine residues of HMGBI1 (Lys55, Lys88, Lys90, and
Lys177) that could be deacetylated by SIRT1 (Supplemen-
tary Table 4) [48]. Among four lysine residues, Lys177
located at the nuclear localization signals (NLS) domain of
HMGBI, acetylation of which was directly related to the
nuclear export of HMGBI1. Acetylation of the remaining
three lysine residues may transform HMGBI into a pro-
damage molecule, suggesting that the association between
HMGBI and AK144717 not only affected the deacetylation
of HMGBI1 by SIRT1, but might alter the modulatory roles
of HMGBI in cellular response to damage. As the modifi-
cation sites of phosphorylation and oxidation in HMGBI1
sequence are overlapped with the domains of HMGBI
with high interaction propensity with AK144717, we also
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detected the potential regulatory effects and then ruled out
the possibilities that si-AK144717 treatment affected the
two modifications (Fig. S2F-G).

In the end, we would discuss the limitations in this
article. First of all, the confirmation of the necessity of
HMGBI might be controversial. Since AK144717 affected
the distribution of HMGBI1 and there is no direct inhibitor
of HMGBI1 nucleocytoplasmic translocation, the existing
HMGBI inhibitors, such as resveratrol [49], KPT330 [50]
and inflachromene [51], also have other targets and effects,
making it hard to evaluate the direct effects of inhibiting its
translocation. Moreover, inhibitors targeting HMGBI1 func-
tion like HMGBI-A box (Box A) tended to suppress the
pro-inflammatory activities of extracellular HMGBI1 [52].
Therefore, we applied siRNAs to reduce nuclear HMGB1
levels and found that silencing HMGBI1 greatly abolished
the anti-hypertrophic effect of AK144717 knockdown.
On one hand, the anti-hypertrophic effect of AK144717
knockdown abolished by silencing HMGB1 might be
due to that silencing HMGBI itself exacerbated Ang II-
induced hypertrophic response, which meant that silencing
AK 144717 still had the anti-hypertrophic function but in the
meanwhile might be masked by the exacerbated hypertro-
phic response due to HMGBI silence. On the other hand,
although silencing AK 144717 failed to alleviate the hyper-
trophic response exacerbated by HMGBI1 knockdown, we
could still conclude that the existence of certain amounts of
nuclear HMGB1 was necessary for AK144717 to function.
We could not deny that AK144717 might regulate DDR and
cardiac hypertrophy even in the absence of HMGBI, but
it is apparently not the major way, the function of which
depends on the existence of HMGBI instead. Second,
given that AK144717 has a length over 3000 nucleotides,
we next will identify the fragments of AK144717 that are
responsible for the interaction with HMGB1, which would
deepen us acknowledgement of the mechanisms underly-
ing the cytosolic translocation of HMGBI. It seems that the
potential clinical applications of IncRNAs are inevitable to
be restricted by the poorer conservations of IncRNAs than
mRNA across human beings and mice [53, 54]. Conversely,
the concept of “functional conservation” was introduced
and supported by accumulative evidence, which illustrated
IncRNAs may be functionally conserved even though they
had very short or no sequence similarities [55-58]. Since
this concept highlights that the judgement of the functional
significance of IncRNAs should not be limited to the con-
servation at the sequence level, it inspires us to focus on
the process with potential conservation, such as the produc-
tion of IncRNA, and also judge their functional significance
by the rigorous functional experiments in each species.
Third, although recovering nuclear HMGB1 was helpful to
maintain chromatin stability and genomic homeostasis, the

exact mechanism by which nuclear HMGBI1 inhibited ATM
activation largely remained unknown. Besides, although
AK144717 was found to be enriched in cardiomyocytes, it
cannot deny that AK144717 in NMCFs or ECs might also
participate the transition from hypertrophy to heart fail-
ure. Fourth, this study utilized AAV9 virus to knock down
AK144717 rather than using mouse knockout or conditional
knockout models, which diminishes the strength of the evi-
dence regarding IncRNA144717’s impacts on pathologi-
cal cardiac hypertrophy. Finally, we only checked whether
SIRT1 or HDACI, the two deacetylases reported to be capa-
ble of interacting with HMGBI1, were affected by Ang II or
si-AK144717. It was not clear whether other deacetylases
were also affected, which would also be the focus of our
future work.

Conclusion

To conclude, we identified a novel IncRNA AK 144717 that
gradually upregulated during TAC-induced heart failure
progression. We found that AK144717 bound to HMGBI1
and promoted its cytoplasmic translocation under Ang
II stimulation, which could be attributed to the decreased
interaction between HMGB1 and SIRT1 and then increased
acetylation of HMGB1. What’s more, when AK144717 was
knocked down, the decreased interaction between HMGB1
and SIRT1 as well as the increased acetylation of HMGBI1
were significantly reversed, contributing to the recovery of
nuclear HMGB1 and thus attenuating the hypertrophic stim-
uli-induced sustained activation of ATM-DDR pathway.
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