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� This study is the first attempt to
clarify the role of circRNA on exercise
hypertrophic precondition (EHP).

� We identified a novel circRNA, named
circ-Ddx60, is preferentially
expressed in myocardial tissue and
significantly up-regulated in response
to EHP.

� We confirmed that circ-Ddx60
promotes the formation of
antihypertrophic memory of EHP,
silencing circ-Ddx60 suppresses the
inhibitory effect of EHP on
pathological myocardial hypertrophy.

� Circ-Ddx60 silencing inhibits the
EHP-enhanced phosphorylation of
eEF2 and AMPK.

� This work would provide opportunity
to search new therapeutic targets for
pathological cardiac hypertrophy.
g r a p h i c a l a b s t r a c t

Working model of this study. EHP significantly upregulates circular RNA Ddx60 (c-Ddx) in mouse
myocardial tissue. c-Ddx exerts its function by binding eEF2. After binding eEF2, c-Ddx promotes phos-
phorylation of eEF2 and its upstream AMPK, generating a positive feedback pathway. Phosphorylation of
eEF2 prevents protein translational elongation in pathological myocardial hypertrophy, and eventually
produces an antihypertrophic effect, while activation of AMPK by c-Ddx/eEF2 complexus would also pro-
duce an antihypertrophic role through the well-known signal pathways. Abbreviations: EHP: exercise
hypertrophic preconditioning; c-Ddx, circ-Ddx60; eEF2: eukaryotic elongation factor 2; AMPK: AMP-
activated protein kinase; mTORC1, mammalian target of rapamycin kinase complex 1. ", activation; \,
inhibition; ---, pathway confirmed by previous studies. This picture was created with BioRender.com.
a r t i c l e i n f o

Article history:
Received 24 March 2022
Revised 27 May 2022
Accepted 11 June 2022
Available online 16 June 2022

Keywords:
Myocardial hypertrophy
Exercise hypertrophic preconditioning
Circular RNA
a b s t r a c t

Introduction: We previously reported a phenomenon called exercise hypertrophic preconditioning (EHP),
the underlying mechanisms of which need further clarification.
Objectives: We aimed to investigate whether circular RNAs (circRNAs) are involved in EHP.
Methods: CircRNA sequencing of myocardial tissue was performed in male C57BL/6 mice with EHP and
sedentary. Bioinformatics analysis and Sanger sequencing were used to screen hub circRNA expression
and to detect full-length circRNAs, respectively. Loss-of-function analyses were conducted to assess
the effects of circ-Ddx60 (c-Ddx) on EHP. After 21 days of swimming training or resting, mice underwent
transverse aortic constriction (TAC) or sham surgery. Echocardiography, invasive hemodynamic measure-
ment and histological analysis were used to evaluate cardiac remodeling and function. The presence of
na.
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Eukaryotic elongation factor 2
 interaction between c-Ddx and proteins was investigated using comprehensive identification of RNA-
binding proteins by mass spectrometry (ChIRP-MS).
Results: In this study, we identified a novel circRNA, named c-Ddx that was preferentially expressed in
myocardial tissue and significantly up-regulated in EHP mice. Silencing of c-Ddx attenuated the antihy-
pertrophic effect of EHP and worsened heart failure in mice that underwent TAC. ChIRP-MS and molec-
ular docking analysis validated the combination of c-Ddx and eukaryotic elongation factor 2 (eEF2).
Mechanistically, c-Ddx silencing inhibited the increase of phosphorylation of eEF2 and its upstream
AMP-activated protein kinase (AMPK) induced by EHP.
Conclusions: C-Ddx contributes to the antihypertrophic memory of EHP by binding and activating eEF2,
which would provide opportunity to search new therapeutic targets for pathological hypertrophy of
heart.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Despite the introduction of new therapies for heart failure (HF)
such as angiotensin receptor-neprilysin inhibitors and sodium glu-
cose cotransporter 2 inhibitors, HF remains the leading cause of
death [1,2]. Additional preventive and therapeutic approaches to
HF are urgently needed. Exercise as a ‘‘lifestyle modification” is
known to be beneficial for preventing and recovering from HF
[3,4], which may be mediated by triggering beneficial adaptive cel-
lular responses and different molecular mechanisms [5,6]. Novel
therapeutic drug targets for HF may be found by clarifying the
molecular mechanisms for the cardiac benefit of exercise. We pre-
viously reported a phenomenon termed exercise hypertrophic pre-
conditioning (EHP), by which exercise-induced antihypertrophic
memory exists even after physiological hypertrophy has regressed
following termination of exercise [7]. Awareness of EHP uncovers
potential new therapeutic approaches for treating cardiac hyper-
trophy and HF, we have demonstrated earlier that the Mhrt779/
Brahma-related gene-1 (Brg1)/histone deacetylase 2 (Hdac2)/
phosphorylated serine-threonine kinase (p-Akt)/phosphorylated
glycogen synthase kinase 3b (p-GSK3b) signal pathway is involved
in EHP [7], but other potential mechanisms of EHP remain poorly
understood.

Circular RNAs (circRNAs) are an enigmatic class of single-
stranded RNA with largely unknown functions [8,9], while most
circRNAs are formed by head-to-tail splicing of the exon regions
of protein-coding genes, some are derived from intron regions
[10]. Prior studies have demonstrated that loss of super-enhancer
regulated circNfix or overexpression of circHipk3 can promote car-
diac regeneration [11,12]. It has been reported that certain cir-
cRNAs (such as circHRCR and circYAP) attenuate and others
(including circSlc8a1 and circ000203) promote pathological car-
diac hypertrophy [13–16]. However, it is unclear whether circRNAs
are involved in physiological cardiac hypertrophy and EHP.

Our preliminary findings led us to hypothesize that circ-Ddx60
(c-Ddx) mediated antihypertrophic molecular memory of EHP. This
study was designed to characterize c-Ddx, define its contribution
to EHP, and clarify the underlying mechanisms.
Materials and methods

The full methods and materials for this study are provided in
the supplementary materials and are available upon request. The
sequences of primers used in all experiments are shown in Tables
S1–S5 (supplemental materials).
Ethics statement

All experiments were performed in accordance with our institu-
tional guidelines for animal research, which conform to the Guide
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for the Care and Use of Laboratory Animals (National Institutes of
Health Publication, 8th Edition, 2011). Approval for this study
was granted by the ethics review board at Nanfang Hospital,
Southern Medical University (Guangzhou, China). (Approval no.
NFYY20190930).
Statistical analysis

Data were summarized by presenting mean ± standard error of
the mean. All data analyses were performed using GraphPad Prism
version 7.0 (GraphPad Software Inc., San Diego, CA, USA). Statistical
differences between 2 groups were evaluated using 2-tailed,
unpaired t-tests; comparisons of differences among multiple
groups were evaluated by either one-way or two-way (if there
were 2 factor levels) analysis of variance, followed by Bonferroni
correction for post hoc multiple comparisons. P values<0.05 were
considered statistically significant.
Results

Identification of c-Ddx as a novel CircRNA significantly up-regulated
by EHP

We investigated the potential involvement of circRNAs in EHP
(Fig. S1). A total of 96,419 distinct circRNAs were screened, of
which 28,555 were supported by 2 unique reads (Fig. 1A). We fur-
ther screened out 27,066 circRNA molecules that met 6 criteria
(Fig. S2A), most of these molecules had exon lengths of 200–500
bps (Fig. 1B). Venn diagrams show the overlap between circRNAs
across samples (Fig. S2B) and across circRNA genomic loci of origin
(Fig. 1C). We noted that 183 circRNAs were differentially expressed
(Filter by |Fold Change|＞1 and p＜0.05) between the EHP group
and the sedentary group (Fig. 1D and E). Of the 85 up-regulated cir-
cRNAs, we selected a novel circRNA with a relative high level at
baseline and the smallest statistical p value that we named it c-
Ddx according to its mother gene Ddx60. ALU repeats are known
to promote exon circularization of circRNAs, output of the Repeat-
Masker program performed on the mm10 DDX60 gene (chr8:619
79256–61983943) was detected by the UCSC Genome Browser
(https://genome.ucsc.edu) (Fig. S2C). C-Ddx was transcribed from
exons 19 to 21 of the DDX60 gene, and the mouse ortholog of c-
Ddx exhibited 80.7% and 92.1% nucleotide identity with its human
and rat counterpart respectively (Fig. 1F). The full-length sequence
of c-Ddx was determined by Sanger sequencing (Fig. 1G). Using an
improved bioinformatics analysis method, we also determined that
the full length of c-Ddx can be constructed from Illumina paired-
end sequencing reads, from which 1 end of each paired-end read
contains the back-splice junction. The resulting consensus
sequence was comprised of three exons without introns (Fig. S2D).

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://genome.ucsc.edu
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Fig. 1. Identification of mouse c-Ddx, a novel circRNA most significantly up-regulated by exercise hypertrophic preconditioning. (A), Distinct circRNAs identified through
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Characterization of c-Ddx

Expression of c-Ddx was significantly more abundant in left
ventricular tissue than in other tissues as shown by quantitative
PCR (Fig. 2A). We investigated the expression level of c-Ddx in left
ventricular tissue among various time points of exercise in mice.
After 21 days of exercise training, the c-Ddx levels were signifi-
cantly increased relative to the Sedenary group. The level of c-
Ddx continued to increase after the termination of exercise and
peaked at one week, then gradually decreased with time, and
approached the level of the Sed group after 4 weeks (Fig. 2B). We
further investigated the expression of c-Ddx in the sedentary,
EHP and transverse aortic constriction (TAC) groups of mice. The
c-Ddx level was higher in the EHP mice than in the sedentary
group. At 5 weeks after TAC, c-Ddx was significantly lower than
in the sedentary group (Fig. S3). We then investigated the stability
and localization of c-Ddx in neonatal mouse cardiomyocytes
(NMCMs). Despite digestion with RNase R exonuclease treatment
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Fig. 2. The properties of mouse c-Ddx. (A), Abundance of c-Ddx expression determined b
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for 15 or 30 min, the enrichment of c-Ddx was apparent, whereas
the abundance of linear glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) decreased, indicating this RNA species is circular
in form (Fig. 2C). Divergent primer amplification of c-Ddx in cDNA
but not in genomic DNA confirmed that c-Ddx doesn’t arise from
genomic rearrangement (Fig. 2D). Quantitative PCR analysis of
nuclear and cytoplasmic c-Ddx (Fig. 2E) and fluorescence in situ
hybridization for c-Ddx (Fig. 2F) demonstrated that c-Ddx localized
preferentially in the cytoplasm rather than in the nucleus, while U6
used as control for nuclear fraction almost localized in nucleus
(Fig. S4A-S4B).
Silencing c-Ddx attenuates the inhibitory effect of EHP on
pathological cardiac hypertrophy

Three small intervention c-Ddx (si) were designed according to
the back-splice junction of c-Ddx. The silencing efficiency was
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tested in NMCMs (Fig. S5A). Si-1 sequences were used to construct
short hairpin of c-Ddx (Sh-c-Ddx) carried by adeno-associated
virus type 9 (AAV9). Four weeks after in situ injection of AAV9 car-
rying plasmids of Sh-c-Ddx in the mouse myocardium, the trans-
fection efficiency was confirmed by GPF fluorescence (Fig. S5B).
Treatment with Sh-c-Ddx for 4 weeks resulted in an approximately
half down-regulation of c-Ddx (Fig. S5C). Then mice were con-
ducted to swimming exercise for 21 days. After rest for 1 week,
mice subjected to TAC surgery. Quality control of TAC surgery
was evaluated by both Doppler blood flow velocity at the banding
site (Fig. 3A) and the aortic pressure gradient calculated from the
flow velocity (Fig. 3B). The aortic pressure gradient (PG) is an indi-
cator of LV pressure overload which can be calculated from the
Doppler velocity of blood flow (V) across the aortic stenosis:
PG = 4 � V2. Five weeks after TAC, echocardiography indicated that
the EHP group had significantly decreased LV posterior wall thick-
ness and LV diameter and significantly increased left ventricular
Sed+TSed EHP Sh-NA

Sed+T EHP+TSed EHP Sh-N
C

M
 m

od
e

Ve
lo

ci
ty

LV
 p

re
ss

ur
e

LV volume

SSed EHP 
J

Sed
EHP

Sed
+T

EHP+T

Sh-N
C +EHP+T

Sh+EHP+T
0.0

0.4

0.8

1.2

1.6

L
V

PW
;d

(m
m

)

E

Sed
EHP

Sed
+T

EHP+T

Sh-N
C +EHP+T

Sh+EHP+T
0

2

4

6

L
V

E
Sd

(m
m

)

F

Sed
EHP

Sed
+T

EHP+T

Sh-N

0

2

4

6

L
V

ED
d

(m
m

)

G

Sed
EHP

Sed
+T

EHP+T

Sh-N
C +EHP+T

Sh+EHP+T
0

10

20

30

40

LV
FS

(%
)

Sed
EHP

Sed
+T

EHP+T

Sh-N
C+EHP+T

Sh+EHP+T
0

5000

10000

15000

20000

M
ax

dP
/d

t(
m

m
H

g/
s)

K

Sed
EHP

Sed
+T

EHP+T

Sh-N
C +EHP+T

Sh+EHP+T
0

5000

10000

15000

20000

-M
in

dP
/d

t(
m

m
H

g/
s)

L

Sed
EHP

Sed
+T

E

0

50

100

150

200

250

CI
(μ
l/m
in
×g
)

M N

* #&#& *
*

* #&

#& #&* * *

EHP+T

†
† †††

† †

† † † †

Fig. 3. Effect of silencing of c-Ddx on the antihypertrophic effect of EHP in mice. (A), Do
Aortic pressure gradient calculated from Doppler flow velocity, *P < 0.01 vs. Sed group;
thickness; (E), LV posterior wall diastolic thickness; (F), LV end-systolic diameter; (G)
fraction; (J), LV fractional shortening; n = 8 in each groups. (K), Representative LV pres
pressure (dp/dt max); (M), Maximum descending rate of LV pressure (dp/dt min); (N),
pressure volume relationship as a measure of LV diastolic stiffness. For panels K-P, n = 6–7
*P < 0.05 vs. Sed group, yP < 0.05 vs. Sed + T group, &P < 0.05 vs. EHP + T group, #P <
hypertrophic preconditioning; LV, left ventricle; Sed, sedentary group; Sh, short hairpi
weight (g).

117
ejection fraction and left ventricular fractional shortening com-
pared with the sedentary group, these changes were blocked by
pretreatment with Sh-c-Ddx (Fig. 3C-J). Pressure-volume loop
measurements indicated that the EHP group had a significantly
increased LV dp/dt max, dp/dt min and cardiac index (CI) and sig-
nificantly decreased s and slope of end-diastolic pressure volume
relationship (EDPVR) compared with the sedentary group; pre-
treatment with Sh-c-Ddx canceled the hemodynamic improve-
ments attributed to EHP (Fig. 3K-P).

EHP significantly attenuated TAC-induced myocardial hypertro-
phy and fibrosis, as reflected by lower heart weight/body weight
and heart weight/tibia length ratios (Fig. 4A-B), smaller cardiomy-
ocyte area (Fig. 4C), less myocardial fibrosis (Fig. 4D), smaller lung
weight/body weight and lung weight/tibia length ratios (Fig. 4E-F),
and lower expression of fatal natriuretic peptide type A (NPPA) and
myosin heavy chain 7 (MYH7) genes (Fig. 4G). These changes were
blocked by pretreatment with Sh-c-Ddx (Fig. 4G).
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Fig. 4. Effect of silencing of c-Ddx on myocardial hypertrophy, cardiac fibrosis and pulmonary congestion in EHP mice with pressure overload. (A), Representative mouse
hearts (scale bar = 2 mm); (B), HW:BW ratio and HW:TL ratio; (C), Representative myocardial cross-sections stained with wheat germ agglutinin (scale bar = 25 lm) and
quantization of cardiomyocyte cross-sectional area; (D), Representative myocardial cross-sections stained with masson trichrome (scale bar = 50 lm) and quantization of
myocardial fibrosis; (E), LW:BW ratio; (F), LW:TL ratio; (G), Silencing of c-Ddx blocked the EHP-induced downregulation of Myh7 and ANP. For all data panels, n = 8 in each
groups. *P < 0.05 vs. Sed group, yP < 0.05 vs. Sed + T group, &P < 0.05 vs. EHP + T group, #P < 0.05 vs. Sh-NC + EHP + T group. Abbreviations: c-Ddx, circ-Ddx60; EHP, exercise
hypertrophic preconditioning; BW, body weight (g); HW, heart weight (mg); LW, lung weight (mg); TL, tibial length (mm); Sed, sedentary group; EHP, exercise hypertrophic
preconditioning; Sh, short hairpin of c-Ddx; T, transverse aortic constriction. NC, negative control.
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c-Ddx activates eEF2 and AMPK to attenuate cardiac hypertrophy

We performed comprehensive identification of RNA-binding
proteins by mass spectrometry (ChIRP-MS) to clarify the interac-
tion between c-Ddx and proteins (Fig. S6). The ChIRP-MS proce-
dures are presented in Fig. S6A. The quality control report
confirmed that the products of the probes could be used for subse-
quent mass spectrometry (Table S5, Fig. S6B-S6C). Mass spectrom-
etry identified 182 proteins capable of binding c-Ddx. Filtered by
fold change > 1.5 (ie, fold change relative to a linear RNA control)
and unique peptide number � 2, the number of proteins specifi-
cally enriched in the ChIRP lysate ranged from 33 among Sham
mice to 26 among TAC mice (Tables S6-7). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis showed
that most of these proteins are involved in cardiomyopathy and
metabolism (Fig. S6D-S6E).

We believe that proteins that bind with c-Ddx in both groups
have higher specificity. Six proteins (Flnc, Ttn, Pfkm, Aldh6a1,
Vcl, eEF2) were coincidentally enriched in the ChIRP lysate of
mouse myocardial tissue in both the sham and TAC groups. Func-
tions of these proteins were predicted using KEGG pathway enrich-
ment analysis (Fig. 5A), we focused on eukaryotic elongation factor
2 (eEF2), a protein involved in the adenosine 50-monophosphate–
activated protein kinase (AMPK)-mediated signal pathway for car-
diac antihypertrophy. Using RNA immunoprecipitation (RIP)-
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Western blot, we validated that c-Ddx binds to eEF2 (Fig. 5B).
Molecular-docking analysis indicated that c-Ddx is folded to form
a DNA-like double helix structure, which makes the RNA have high
stability. The folded c-Ddx- wraps the eFF2 protein and fits the pro-
tein very well, which is conducive to the formation of a stable com-
plex between RNA and protein (Fig. 5C). We noted that EHP (c-Ddx
up-regulated) increased the protein expression of phosphorylated
AMPK (p-AMPK) and phosphorylated eEF2 (p-eEF2) in pressure-
overloaded mice, however this change was blocked by pretreat-
ment with Sh-c-Ddx (Fig. 5D). To further explore the effect of c-
Ddx on the activation of eEF2 and AMPK, we constructed aden-
ovirus (Ad) overexpressing mouse c-Ddx without affecting the
expression of its parent gene. We found that c-Ddx overexpression
significantly upregulated p-eEF2 and p-AMPK proteins (Fig. S7A-
S7B), and markedly attenuated PE-induced hypertrophy in cul-
tured cardiomyocytes (Fig. S7C).

The RIP-Western blot and IP-Western blot showed that c-Ddx
did not bind AMPK and no combination between eEF2 and AMPK
(Fig. S8A-S8B). After silencing eEF2 (Fig. S9A), we found that c-
Ddx-induced phosphorylation of eEF2 and AMPK was significantly
blocked in neonatal rat cardiomyocytes (Fig. S9B). When co-
cultured with dorsomorphin (Compound C, CC), an AMPK chemical
inhibitor, c-Ddx induced phosphorylation of AMPK but not eEF2 in
cardiomyocytes was abolished (Fig. S10A).



Fig. 5. Identification of proteins bound by c-Ddx and the influence of c-Ddx on the activity of eEF2 and AMPK in mice. (A), Gene ontology analysis of 6 functional proteins
bound by c-Ddx in Sham and TAC groups; (B), Verification of the combination of eEF2 and c-Ddx by RNA binding protein immunoprecipitation; (C), Verification of the
combination of eEF2 and c-Ddx by molecular docking analysis. The binding score of RNA to eFF2 protein was �325.38 kcal/mol. Right picture represented the electrostatic
surface of eEF2 and c-Ddx. (D), The Effects of c-Ddx kncokdown on EHP-induced phosphorylation of eEF2 and AMPK. *P < 0.05 vs. Sed group, yP < 0.05 vs. Sed + T group,
&P < 0.05 vs. EHP + T group, #P < 0.05 vs. Sh-NC + EHP + T group. Abbreviations: c-Ddx, circ-Ddx60; AMPK, adenosine 50-monophosphate activated protein kinase; eEF2,
eukaryotic elongation factor 2; Sed, sedentary group; EHP, exercise hypertrophic preconditioning; NC, negative control; Sh, short hairpin of c-Ddx; TAC, transverse aortic
constriction.
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Discussion

Previous studies have found former athletes are likely to live
longer than nonathletic counterparts and leisure time physical
activity is associated with reduced risk of cardiovascular disease
and all-cause mortality. These findings suggest beneficial memory
of exercise can be sustained [17,18], although the specific mecha-
nisms of this effect are poorly understood. Our recent report also
demonstrated that people with a habit of optimal exercise dose
(vigorous physical activity group) had the best risk reduction effect
of chronic HF (OR 0.443, 95% CI: 0.286–0.658) [19]. Several inves-
tigations have confirmed that myocardial hypertrophic precondi-
tion is cardioprotective which manifested by its inhibitory effect
on pathological cardiac hypertrophy and myocardial ischemia as
well as its protection on HF induced by cardiac hypertrophy and
myocardial ischemia [7,20–23].

CircRNA can act as an endogenous miRNA sponge, interact with
functional proteins, regulate gene transcription or even have cod-
ing potential [24,25]. While investigators have attempted to clarify
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the role of circRNAs in pathological cardiac hypertrophy, the influ-
ence of circRNAs on physiological cardiac hypertrophy and EHP
remains unclear. Due to their unique circular structure, circRNAs
are more stable than linear RNA resulting in resistance to exonu-
clease degradation and the capacity to accumulate in non-
proliferating cells such as cardiomyocytes [26,27]. The function
of circRNAs is inconsistent with their associated linear isoforms,
and often is expressed in a tissue-specific and disease-specific
manner [10,28]. In this study, we identified and characterized a
novel circRNA named c-Ddx, and clarified its contribution to the
antihypertrophic effect of EHP.

We found that silencing c-Ddx in EHP mice, which lead to c-Ddx
levels closer to sedentary, significantly inhibited the antihyper-
trophic effect of EHP on pathological myocardial hypertrophy.
These findings suggest that the antihypertrophic effect of EHP is
mediated through up-regulation of c-Ddx.

To clarify the potential mechanisms by which c-Ddx mediates
the antihypertrophic effect of EHP, we performed ChIRP-MS and
found that c-Ddx could bind eEF2 in myocardial tissues of both
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sham and TAC mice. eEF2 is a GTPase capable of translocating
peptidyl-transfer RNA from the A-site to the P-site of the ribosome,
thereby promoting translation elongation of protein [29]. We
noted that EHP up-regulated the phosphorylation of eEF2 and
AMPK proteins in TAC mice but these protective effects were
blocked by pre-treatment of silencing c-Ddx, which suggests that
c-Ddx may be a mechanism for the antihypertrophic memory of
EHP. We did not detect a combination between c-Ddx and AMPK.
It is well known that the AMPK/eEF2 pathway is closely associated
with myocardial hypertrophy [30,31]. Phosphorylation of eEF2
inhibits the activity of eEF2 leading to suppression of myocardial
hypertrophy [31]. AMPK activation has been shown to inhibit car-
diac hypertrophy by reducing O-GlcNAcylation of proteins [32] or
affecting downstream targets such as the mammalian target of
rapamycin/p70 ribosomal S6 protein kinase [33]. It seems interest-
ing that Compound C blocked c-Ddx-induced AMPK activation but
not eEF2 activation, suggesting AMPK does not severe as an
upstream of eEF2 in the presence of a combination of c-Ddx and
eEF2. It is likely that AMPK activation by c-Ddx may exert its anti-
hypertrophic role through other signal pathways.

Many other factors-mediated mechanisms contribute to the
antihypertrophic effect of EHP. We previously reported that the
long noncoding RNA Mhrt779 contributes to the antihypertrophic
effect of EHP by inhibiting the Brg1/Hdac2/Akt/GSK3b pathway
[7]. Interestingly, the promoter of eEF2 has been shown to bind
Brg1 [34], eEF2 can bind Hdac5 [35], and Hdac5 has been demon-
strated to interact with Hdac2 [36]. These findings suggest that c-
Ddx may exert an antihypertrophic effect through the eEF2/Brg1/
Hdac2/5/Akt/GSK3b pathway. Since many proteins bind c-Ddx, fur-
ther studies are needed to clarify whether additional mechanisms
are involved in the antihypertrophic memory of c-Ddx.

There are some limitations in this study which need further
investigation. (1) It is completely unknown whether c-Ddx also
exerts antihypertrophic role in patients with pathological hyper-
trophy. (2) Due to the gender difference existing in cardiovascular
disease, our conclusions from male mice are not necessary appro-
priate for female mice. (3) We only elucidate the role of c-Ddx in
cardiac hypertrophy by affecting the activity of eEF2 and AMPK,
but did not further analyze its effect on metabolic pathway by act-
ing on AMPK.
Conclusion

This study is a first attempt clarifying the effect of a circRNA on
EHP. We identified a novel circRNA, named c-Ddx that was prefer-
entially expressed in myocardial tissue and significantly up-
regulated in EHP mice. We confirmed that c-Ddx promotes antihy-
pertrophic memory of EHP, evidenced by our finding that silencing
c-Ddx suppresses the inhibitory effect of EHP on pathological
myocardial hypertrophy and heart failure. Furthermore, we found
that EHP activated while silencing c-Ddx inhibited the phosphory-
lated of eEF2 and AMPK in mice underwent TAC, which suggests c-
Ddx contributes to the antihypertrophic memory of EHP by bind-
ing and activating eEF2 (Graphical abstract). These findings would
provide opportunity to search new therapeutic targets for patho-
logical cardiac hypertrophy.
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