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Summary
Background Exercise training protects the heart against pathological cardiac remodeling and confers cardioprotec-
tion from heart failure. However, the underlying mechanism is still elusive.

Methods An integrative analysis of multi-omics data of the skeletal muscle in response to exercise is performed to
search for potential exerkine. Then, CCDC80tide is examined in humans after acute exercise. The role of
CCDC80tide is assessed in a mouse model of hypertensive cardiac remodeling and in hypertension-mediated cell
injury models. The transcriptomic analysis and immunoprecipitation assay are conducted to explore the
mechanism.

Findings The coiled-coil domain-containing protein 80 (CCDC80) is found strongly positively associated with exer-
cise. Interestingly, exercise stimuli induce the secretion of C-terminal CCDC80 (referred as CCDC80tide hereafter)
via EVs-encapsulated CCDC80tide into the circulation. Importantly, cardiac-specific expression of CCDC80tide pro-
tects against angiotensin II (Ang II)-induced cardiac hypertrophy and fibrosis in mice. In in vitro studies, the expres-
sion of CCDC80tide reduces Ang II-induced cardiomyocyte hypertrophy, cardiac microvascular endothelial cell
(CMEC) inflammation, and mitigated vascular smooth muscle cell (VSMC) proliferation and collagen formation. To
understand the cardioprotective effect of CCDC80tide, a transcriptomic analysis reveals a dramatic inhibition of the
STAT3 (Signal transducer and activator of transcription 3) signaling pathway in CCDC80tide overexpressing cells.
Mechanistically, CCDC80tide selectively interacts with the kinase-active form of JAK2 (Janus kinase 2) and conse-
quently inhibits its kinase activity to phosphorylate and activate STAT3.

Interpretation The results provide new insights into exercise-afforded cardioprotection in pathological cardiac
remodeling and highlight the therapeutic potential of CCDC80tide in heart failure treatment.
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Introduction
Heart failure is a leading cause of morbidity and mortal-
ity globally.1 Hypertension contributes significantly to
the incidence of heart failure through pathologic left
ventricular hypertrophy and diastolic dysfunction.2�4

Currently, hypertension is highly prevalent in the heart
failure population and is the major driver of heart fail-
ure in developed countries.5 Therefore, suppressing
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Research in context

Evidence before this study

Hypertensive cardiac remodeling is the leading cause of
heart failure, while effective treatment strategies remain
absent. Exercise training confers cardioprotection from
pathological cardiac remodeling and heart failure. How-
ever, the underlying mechanism is still elusive.

Added value of this study

By performing an integrative analysis of multi-omics
data of the skeletal muscle in response to exercise and
later validation in humans, we found an exerkine
termed CCDC80tide. CCDC80tide protects against
angiotensin II (Ang II)-induced cardiac hypertrophy and
fibrosis in mice and inhibits a cascade of adverse biolog-
ical events driven by Ang II. Notably, CCDC80tide selec-
tively interacts with the kinase-active form of JAK2 and
consequently sequesters its kinase activity to phosphor-
ylate and activate STAT3.

Implications of all the available evidence

Our study provides new insights into exercise-afforded
cardioprotection in pathological cardiac remodeling
and offers a potential therapeutic target for heart
failure.
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hypertensive cardiac remodeling is important in imped-
ing heart failure progression.

The beneficial effects of regular physical activity on
the cardiovascular system are well recognized.6 Physio-
logically, exercise training improves glucose and lipid
homeostasis, which are classic cardiovascular risks.
Exercise training also increases parasympathetic tone to
reduce resting heart rate, augments flow-mediated vaso-
dilation to improve vascular endothelial function, and
triggers vasculogenesis through endothelial progenitor
cells. Exercise may mimic the effects of ischemic pre-
conditioning by increasing the accumulation of several
metabolites (such as adenosine, bradykinin, opioids,
and nitric oxide (NO)) and the antioxidant capacity to
improve myocardial tolerance to ischemia and reperfu-
sion injury.7 In addition, aerobic exercise protects
against chemotherapy-induced cardiotoxicity by regulat-
ing proapoptotic and autophagy signaling and improv-
ing cardiovascular and endothelial function.8,9

The positive effects of physical exercise in suppress-
ing cardiac hypertrophy and improving cardiac function
have been documented in patients with heart
failure.10,11 Exercise could directly trigger intrinsic
myocardial changes, including increased cytosolic anti-
oxidant capacity, mitochondrial biogenesis, and cardio-
protective cardiac growth, by activating signaling
pathways, such as insulin-like growth factor 1/ Phospha-
tidylinositol 3-kinase/protein kinase B (IGF1/PI3K/Akt)
pathway,12,13 and modulating gene expression via micro-
RNAs (miR-17-3p, miR-222, etc.),14�17 which promote
physiological cardiac remodeling and resist pathological
remodeling.18�20

Exercise also orchestrates multisystemic effects, such
as cardiovascular adaptions, by provoking the muscle
and other tissues to exert endocrine effects and release
various signaling molecules named “exerkines” into the
circulation.21�23 Several exerkines including proteins (e.
g., HSP70),24 non-coding RNAs (e.g., miR-342-5p).25,26

have been found to exert cardioprotective functions in
distinct cardiac pathological contexts, such as myocar-
dial ischemia/reperfusion (I/R) and diabetic cardiovas-
cular complications. The majority of exerkines are
considered to originate from the skeletal muscle, given
that this is the organ undergoing contraction and major
disruption to metabolic homeostasis.27 However, the
role and mechanism of exerkines in cardioprotection,
particularly in hypertensive cardiac remodeling, are still
ambiguous.

Signal transducer and activator of transcription 3
(STAT3) plays a complicated role in cardiovascular func-
tion. Canonical phosphorylation at Tyr705 results in
STAT3 dimerization and nuclear translocation, which
impairs mitochondrial bioenergetics, promotes pro-
fibrotic gene expression, and drives cardiac hypertro-
phy.28 STAT3 phosphorylation may also interact with
SMAD3, which synergistically promotes fibrosis in the
heart.29 Selective inhibition of STAT3 phosphorylation
attenuates cardiac fibrosis in a mouse MI model.30 Con-
versely, cardiomyocyte-specific knockout of STAT3
results in aggravated cardiac fibrosis in aged mice.31

STAT3 also protects the heart against I/R injury by pre-
serving mitochondrial function and exerting non-geno-
mic pro-survival functions.32 Several post-translational
modifications of STAT3, including phosphorylation
(Y705 and S727),33 acetylation,34 and oxidation35 impact
STAT3 localization and favor the STAT3-mediated cardi-
oprotective effects. At present, the spatiotemporal
STAT3 dynamics, function, and regulation of STAT3 in
diverse cardiac pathophysiological conditions are not
fully understood and more research is needed to clarify
these issues.

Here, we performed an integrative analysis of multi-
omics databases of skeletal muscle in response to exer-
cise, including transcriptome,36 secreted proteome,37

and plasma peptidome,38 to seek potential exerkines.
Our results identified a exerkine termed CCDC80tide (a
peptide derived from CCDC80, coiled-coil domain-con-
taining protein 80), which can be released into the cir-
culation via extracellular vesicles (EVs) in response to
exercise. Overexpression of CCDC80tide protected
against Angiotensin Ⅱ (Ang II)-induced cardiomyocyte
hypertrophy in vivo and in vitro. This protective effect is
mediated by the selective interaction between
CCDC80tide and kinase-active form of JAK2 (Janus
kinase 2), which in turn blocks JAK2-mediated
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activation of STAT3 (Signal transducer and activator of
transcription 3) signaling pathway. Our findings present
a mechanism underlying exercise-afforded cardioprotec-
tion in hypertension and highlight the therapeutic
potential of CCDC80tide in hypertensive cardiac
remodeling.
Methods

Bioinformatics analysis
For potential exerkine screen, the significantly up-regu-
lated gene lists (Fold change>1.5, P value < 0.05) in
response to exercise from transcriptome, secreted prote-
ome, and plasma peptidome are collected for GO analy-
sis, DisGeNET enrichment analysis, and overlapped
genes analysis using online tool Metascape (www.meta
scape.org) based on multiple independent databases
studying functional enrichment.
Cell culture and treatment
For primary cardiomyocyte isolation, the hearts of 2-
day-old neonatal rats (rats were euthanised by CO2
asphyxiation) were harvested, washed with phosphate
buffer saline (SH30256.01, PBS, Hyclone, USA) and
minced, and digested with digestion solution containing
0.6% pancreatin and 0.4% collagenase type II (C6885,
Sigma-Aldrich, USA) by slow rotation for 30 min at 37°
C. Then, supernatants were collected. The abovemen-
tioned digestion step was repeated once more to maxi-
mize cell isolation. To remove cardiac fibroblasts, the
resulting samples were cultured in dish and incubated
at 37°C for 2 h; then, the supernatant was collected and
centrifuged at 1000 rpm for 5 min. The supernatant
was removed, and the pellet was resuspended in
Dulbecco’s modified Eagle cell culture medium
(SH30243.01, DMEM, Hyclone, USA) containing 10%
horse serum (26050088, Gibco, USA), 5% fetal bovine
serum (10270, FBS, Gibco, USA) and 1% penicillin/
streptomycin (15140122, P/S, Gibco, USA).

Cardiac microvascular endothelial cells (CMECs)
were isolated from 8-week-old male SD rats. Rats were
anaesthetised by isoflurane inhalation (4% in O2 for
induction, 2% in O2 for maintenance). After rats were
anesthetized, hearts were harvested and rinsed with
cold PBS. After the epicardial and endocardial surfaces
and interventricular septum were removed, hearts were
minced and then digested with 0.2% collagenase type Ⅰ
(SCR103, Sigma-Aldrich, USA) and 0.02% trypsin
(25300054, Gibco, USA), respectively, for 30 min at
37°C. After digestion was terminated, the suspension
was filtered through a 100-µm strainer (BD Biosciences,
USA) and then centrifuged at 1000 rpm for 7 min. The
cell pellet was resuspended and cultured in endothelial
cell medium (1001, ScienCell, USA) supplemented with
5% FBS and 1% endothelial cell growth supplement.
www.thelancet.com Vol 82 Month , 2022
After 4 h, the culture medium was exchanged for fresh
medium.

Vascular smooth muscle cells (VSMCs) were isolated
from 6�8-week C57BL/6J mice. The thoracic aortas of
mice were harvested and rinsed. The adventitia of the
thoracic aortas was removed, and vessels were cut into
small pieces. The tissues were spread evenly over the
cell culture dishes and placed upside down in the incu-
bator. The culture medium was added when the dishes
were dry. VSMCs migrated out from tissue fragments
after several days. The cells were obtained and cultured
in DMEM supplemented with 10% FBS and 1% P/S at
an atmosphere of 5% CO2 and 95% air at 37°C.

H9c2, C2C12 and 293T cell lines were cultured in
DMEM supplemented with 10% FBS and 1% P/S.
AC16 cell line was cultured in DMEM/F12 supple-
mented with 10% FBS and 1% P/S. The cell lines were
all cultured at an atmosphere of 5% CO2 and 95% air
at 37°C.
In vivo study
Eight-week-old C57BL/6 male mice (22�25 g) were
obtained from Charles River Laboratory Animal Tech-
nology (Beijing, China). Mice were kept in SPF rooms
with abundant food and water. Mice were anaesthetised
by isoflurane inhalation (4% in O2 for induction, 2% in
O2 for maintenance). Tramadol (20 mg/kg) was admin-
istrated intraperitoneally to mice undergoing surgery
for postoperative analgesia. Mice were euthanised by
CO2 asphyxiation. The random number table method is
used for the grouping of mice and the double-blind
method is used for evaluation. For each experimental
group, there are no exclusions of experimental units or
data points in the analysis. The number of animals was
determined through power analysis and the principle
of 3Rs.

For swim training, the protocol refers to previous
reports.25 Eight-week-old male mice were forced to
swim 5 days per week for 3 months. In the first week,
mice swam for 30 min per day and then gradually
increased to 60 min per day. The water temperature
was 33°C-35°C. Control groups mice were raised nor-
mally without swimming training (n=7 per group, total
number: 14). All mice ate food and drank water freely.
After complete swimming training, the skeletal muscle
of mice were collected for western blot analysis.

For CCDC80tide intervention assay, mice were ran-
domly divided into four groups: vehicle group,
CCDC80tide group, angiotensin II + vehicle (Ang
II + vehicle) group, and Ang II + CCDC80tide group
(n=9 per group, total number: 36). CCDC80tide (AAV9-
cTNT-m-CCDC80tide-HA-EGFP, 1.5 £ 1012 vg/mL) and
vehicle (AAV9-cTNT-EGFP, 1.0 £ 1012 vg/mL) adenovi-
ruses (AAV) were injected through the tail veins
(1 £ 1011 vg/mL per mouse). Eighteen days after injec-
tion, mice were implanted an osmotic pump (model
3
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2004, ALZET, USA) through the subcutaneous route
dorsally to continuously receive Ang II infusion (1.5
mg/kg/day, A9525, Sigma-Aldrich, USA) for 4 weeks.
Then, blood pressure was measured through the Blood
Pressure Meter (BP-2010, Softron, Japan), and the ultra-
sonic Vevo 770 high-resolution imaging system (Visual-
Sonics, Canada) was used to assess cardiac function.
After sacrifice, the hearts were harvested and subjected
for histopathology detection and WB analysis.

Frozen sections of the hearts were obtained, and
fluorescence detection was performed to assess the effi-
ciency of AAV infection. Paraffin sections were sub-
jected for hematoxylin and eosin (H&E) staining,
Masson’s trichrome staining, wheat germ agglutinin
(WGA) fluorescent staining, and immunohistochemis-
try staining (CD31). Cardiomyocyte cross-sectional areas
were measured from randomized images of 100 cells by
ImageJ software. Cardiac fibrotic area was quantified by
blue areas divided by the total areas in each section.
Capillary density was quantified from at least three
fields per slide and two slides in each animal.
Subjects and exercise protocol
All human studies adhered to the Declaration of Hel-
sinki principles. Informed consent was obtained from
all participants. Participants were informed about the
procedures and possible risks with the study. Twenty
healthy subjects, including 10 males and 10 females, in
good health, with no history of cardiovascular diseases,
free of medication and substance abuse, and physically
normal (exercise 2�3 times a week) were recruited. The
characteristics of participants are listed as Table 1. Vol-
unteers fasted overnight (10�12 h) and rested for
30 min. Fasting blood samples were obtained from the
forearm vein and collected in purple tube vacutainers
(K2EDTA, BD, USA). Participants were encouraged to
run at a gradually increasing velocity and run for about
10 min at the maximal exercise capacity. Intravenous
blood samples were collected at baseline (before exer-
cise), the last minute of exercise, and 2 h after exercise.
Blood samples were centrifuged at 1600 g at 4°C for
10 min. The EDTA plasma was transferred to a new
tube and stored at 4 °C for isolation immediately.
Baseline

Variables Males Fe

Age (years) 25.5 § 0.7 25

Body mass index (kg/m2) 22.1 § 1.2 19

Systolic blood pressure (mmHg) 118.7 § 5.7 11

Diastolic blood pressure (mmHg) 74.2 § 7.2 70

Heart rate (min�1) 79 § 5.4 82

Table 1: The characteristics of participants.
Extracellular vesicles (EVs) isolation
The EVs were isolated from C2C12 media as previously
described.39 C2C12 (RRID:CVCL_0188) mouse myo-
blasts were cultured in DMEM supplemented with 10%
FBS and 1% P/S. When the cells reached a density of
100%, the culture medium was exchanged for differen-
tiation medium (DMEM supplemented with 2% horse
serum) for 1 week. Then, the culture medium was
exchanged for differentiation medium with exosome-
depleted FBS (EXO-FBS-50A-1, SBI, USA) for 48 h. The
culture supernatants (10 ml per dish) were harvested for
and centrifuged at 2000 g for 30 min to remove cells
and debris. Then, supernatants were used for EVs isola-
tion immediately using a Total Exosome Isolation Kit
(4478359, Invitrogen, USA) according to the man-
ufacturer’s manual. In brief, the supernatants were
transferred to a new tube and add 0.5 volumes of the
Total Exosome Isolation reagent. Then, mix the culture
media/reagent mixture well by pipetting up and down
until there is a homogenous solution. The mixture sam-
ples were incubated at 4 °C overnight. After incubation,
centrifuge the samples at 10,000 £ g for 1 hour at 4°C.
Discard the supernatant, and EVs are collected by resus-
pending the pellet at the bottom of the tube. The EVs-
derived proteins were extracted using exosome protein
lysate (UR33101, Umibio, China). The obtained protein
was subjected for subsequent Western blot (WB) analy-
sis, Nanoparticle Tracking Analysis (NTA, ZetaView
PMX110, Particle Metrix), and transmission electron
microscope (TEM, G2 Spirit FEI, Tecnai) analysis.

For plasma EVs isolation, EVs was extracted immedi-
ately according to the instructions of Total Exosome Iso-
lation (from plasma) Kit (4484450, Invitrogen, USA).
Plasma samples were centrifuged at 2000 £ g for
20 min at room temperature. Then, transfer the super-
natant to a new tube and centrifuged at 10,000 £ g for
20 min at room temperature. The supernatant was col-
lected and 0.5 volumes of 1 £ PBS and 0.05 volumes of
Proteinase K were added. Then, vortex the sample mix-
ture and incubate at 37°C for 10 min. Then, Exosome
Precipitation Reagent was added to samples and incuba-
tion at 4°C for 30 min. After incubation, centrifuge the
sample at 10,000 £ g for 5 minutes at room tempera-
ture. Discard the supernatant, and EVs are collected by
Post-exercise (3 min)

males Males Females

.2 § 0.8

.5 § 1.1

2.8 § 5.9 132 § 5.9 121.4 § 7.4

.8 § 5.0 82.5 § 6.2 75.6§ 4.9

.4 § 4.5 111.6 § 6.4 120.2 § 6.3
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resuspending the pellet at the bottom of the tube. The
proteins in EVs were extracted using exosome protein
lysate (UR33101, Umibio, China). The concentrations of
CCDC80tide in EVs were measured by ELISA (Human
CCDC80 ELISA Kit, EK1962, Boster Bio, USA) com-
bined with immunoblotting assay.
Western blot analysis
After treatment, cells were washed with cold PBS and
lysed with RIPA buffer (P0013B, Beyotime Biotechnol-
ogy, China) on ice for 30 min and then centrifuged at
12000 rpm at 4°C for 30 min. The supernatant was col-
lected, and the protein concentration was measured by
BCA Protein Assay Kit (23225, Thermo Fisher Scien-
tific, USA). A 30-µg aliquot protein was separated on
Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) gel and transferred to PVDF mem-
branes (Millipore, USA). The membranes were blocked
with 5% skimmed milk and incubated with primary
antibody at 4°C overnight. After washing with TBST,
the membranes were incubated with horseradish perox-
idase-linked secondary antibody at room temperature
for 1 h. The membranes were developed with Immobi-
lon Western HRP Substrate (WBKLS0500, Millipore,
USA) and Amersham Imager 680 (Cell Signaling Tech-
nology, USA)

The antibodies used were as follows: anti-CCDC80
(AF3410, R&D, USA, RRID:AB_2072229), anti-PGC1a
(66369-1-Ig, Proteintech, USA, RRID:AB_2828002),
anti-GAPDH (5174, Cell Signaling Technology, USA,
RRID:AB_10622025), anti-TSG101 (ab125011, Abcam,
USA, RRID:AB_10974262), GM130 (11308-1-AP, Protein-
tech, USA, RRID:AB_2115327), GRP94 (14700-1-AP, Pro-
teintech, USA, RRID:AB_2233347), anti-CD9 (13403, Cell
Signaling Technology, USA, RRID:AB_2732848), anti-
HA Tag (3724, Cell Signaling Technology, USA, RRID:
AB_1549585), anti-HA Tag (HRP conjugate) (2999, Cell
Gene Forward Seuence (50 to 30)

Rat-b-MyHC GAGCCTCCAGAGTTTGCTGAAGGA

Rat-Tgf-b1 AAACGGAAGCGCATCGAA

Rat-Col1a1 TGACCTCAAGATGTGCCACT

Rat-GAPDH ATGGTGGTGAAGACGCCAGTA

Rat-Vcam-1 ATGCCTGGGAGGATGGTCGC

Rat-Icam-1 TGTCGGTGCTCAGGTATCCATCC

Mouse-Pgc-1a TCACACCAAACCCACAGAAA

Mouse-CCDC80 CGTGAGATGGTCCGAGATGA

Mouse-Col1a1 ACATGTTCAGCTTTGTGGACC

Mouse-Fn-1 TTAAGCTCACATGCCAGTGC

Mouse-Mcp-1 AGGTCCCTGTCATGCTTCTG

Mouse-Spp-1 ATTTGCTTTTGCCTGTTTGG

Mouse-b-actin AGGTGACAGCATTGCTTCTG

Table 2: The primers used in this study.
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Signaling Technology, USA, RRID:AB_1264166), anti-
DYKDDDDK (8146, Cell Signaling Technology, USA,
RRID:AB_10950495), anti-MYH7 (22280-1-AP, Protein-
tech, USA, RRID:AB_2736821), anti-collagen type Ⅰ
(14695-1-AP, Proteintech, USA, RRID:AB_2082037), anti-
TGF-b1 (21898-1-AP, Proteintech, USA, RRID:
AB_2811115), anti-STAT3 (9139, Cell Signaling Technol-
ogy, USA, RRID:AB_331757), anti-P-STAT3(Y705) (9145,
Cell Signaling Technology, USA, RRID:AB_2491009),
anti-JAK2 (3230, Cell Signaling Technology, USA, RRID:
AB_2128522), anti-P-JAK2(Y1007/1008) (3771, Cell Sig-
naling Technology, USA, RRID:AB_330403), anti-vascular
cell adhesion molecule-1 (VCAM-1) (ab134047, Abcam,
USA, RRID:AB_2721053), anti-intercellular adhesion mol-
ecule-1 (ICAM-1) (10020-1-AP, Proteintech, USA, RRID:
AB_2121773), anti-MMP9 (2270, Cell Signaling Technol-
ogy, USA, RRID:AB_2144612), anti-a-smooth muscle
actin (ab7817, Abcam, USA, RRID:AB_262054), and anti-
b-tubulin (T0023, Affinity, USA, RRID:AB_2813772).
Real-time fluorescence quantitative polymerase chain
reaction (qPCR) and reverse transcription PCR (RT-PCR)
For qPCR analysis, total RNA was extracted using TRI-
zol (10296028, Invitrogen, USA) and reverse tran-
scribed into cDNA using PrimeScript RT Master Mix
(RR036A, Takara, Japan). Amplification for RT-PCR
was conducted using TB Green (RR420B, Takara, Japan)
and analyzed by the 7300 Plus Real-Time PCR System
(Thermo Fisher Scientific, USA). The primers used in
the study were shown in Table 2. The holding stage
was 95°C for 30 s, followed by 40 cycles of cycling stage
(95°C for 5 s, 60°C for 1 min) and melt curve stage (95°
C for 15 s, 60°C for 1 min, 95°C for 15 s, 60°C for 15 s).

For RT-PCR analysis, total RNA was extracted from
the tissues and reverse transcribed. Then, cDNAs were
amplified using PrimeSTAR Max DNA Polymerase
(R045A, Takara, Japan) and Biometra Thermal Cycler
Reverse Seuence (50 to 30)

TTGGCACGGACTGCGTCATC

GGGACTGGCGAGCCTTAGTT

ACCAGACATGCCTCTTGTCC

GGCACAGTCAAGGCTGAGAATG

CAGGAGCCAAACACTTGACC

TTCGCAAGAGGAAGAGCAGTTCAC

TCTGGGGTCAGAGGAAGAGA

CCAGCTCACAATACACGTCG

TAGGCCATTGTGTATGCAGC

TCGTCATAGCACGTTGCTTC

TCTGGACCCATTCCTTCTTG

TGGCTATAGGATCTGGGTGC

GCTGCCTCAACACCTCAAC
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(Analytik Jena, Germany). The initial step was 98°C for
3 min, 30 cycles of the amplification step (98°C for 10 s,
50°C for 5 s, 72°C for 20 s) and followed by another step
(72°C for 10 min). The PCR products were run on 2%
agarose gel electrophoresis to compare the expression
levels.
Immunoprecipitation (IP)
Total protein was extracted from cells with lysis buffer
(50 mM Tris-HCL, pH 7.5, 150 mM NaCl, 0.5% NP-40)
and then incubated with corresponding tag beads at
4°C overnight. The supernatant was discarded, and the
beads were washed six times with lysis buffer. The
beads were eluted with 2 £ SDS loading buffer at 95°C;
then, the supernatant was collected as immunoprecipi-
tates, which were separated on SDS-PAGE gels.
Cell proliferation assay
Cell proliferation was detected using Cell Counting Kit-
8 (CK04, Dojindo, Japan) according to the introduc-
tions. Briefly, VSMCs were seeded in 96-well micro-
plates. After incubation at 37°C and 5% CO2 for 24, 48,
and 72 h, the culture medium of each well was replaced
with fresh medium containing 10% CCK-8 reagent and
incubated at 37°C for 30 min, the microplate was mea-
sured with absorbance at 450 nm through multimode
microplate reader (Varioskan LUX, Thermo Fisher Sci-
entific, USA).
ROS assay
CellROX Reagent (M36008, Invitrogen, USA) was
added to cells at a final concentration of 5 µM. After
incubation at 37°C for 30 min, the cells were washed
three times with PBS and fixed with 4% paraformalde-
hyde for 10 min and DAPI (C1002, Beyotime, China)
was used to mark the nuclei. Cells were observed and
photographed through a fluorescence microscope
(Leica, Germany).
Gene overexpression and knockdown
The CCDC80, 4DUDES-CCDC80, JAK2, JAK2
(K882E), and PGC-1a were constructed into the pHAGE
vector with Flag, HA, or EGFP tag. Lentivirus produc-
tion using the pHAGE system was used. Briefly,
pHAGE expression vectors were co-transfected with
packaging vectors into 293T cells (RRID:CVCL_0063),
and the resulting supernatants were collected and fil-
tered using a 0.22-um filter (Life sciences, USA) after
48 h. For gene overexpression, lentivirus infection was
performed in targeted cells by supplementation of
8 mg/mL polybrene.

For knockdown studies, primary cardiomyocytes
were transfected with control or STAT3 siRNAs using
Lipo3000 reagent (L3000008, Invitrogen, USA)
according to the instruction. The sequence for the
STAT3 siRNAs are as follows: siRNA1, GACUUU-
GAUUUCAACUAUAAAAC; siRNA2, UUGAAUUAU-
CAGCUUAAAAUUAA; and non-targeting siRNA,
UUCUCCGAACGUGUCACGUTT (Table 2). The siR-
NAs were purchased from TsingKe Biological Technol-
ogy (Shanghai, China).
Supernatant protein extraction
The cell culture medium was changed to DMEM with
1% FBS for 24 h. The supernatant was collected and
centrifuged at 800 g for 2 min and then transferred to a
new tube. The trichloroacetic acid (T0699, TCA,
Sigma-Aldrich, USA) was added to the supernatant to
make a final concentration of 15%. After mixing well,
the mixture was placed on ice for 5 min and then centri-
fuged at 16000 g for 5 min at room temperature. After
the supernatant was discarded, the pellet was resus-
pended with 1% SDS for SDS-PAGE analysis.
Rhodamine-phalloidin staining
After the indicated treatment, cells were fixed with 4%
paraformaldehyde and washed four times with washing
buffer (PBS containing 0.1% Triton X-100). Cells were
incubated in staining solution (5% bovine serum albumin
[ST023, BSA, Beyotime, China], 0.1% Triton X-100 and
1% Actin-Tracker Red-Rhodamine [C2207S, Beyotime,
China]) in the dark at room temperature for 60 min.
Immunocytofluorescence
Cells were seeded on slides and, after the indicated
treatment, were washed with PBS twice and fixed with
4% paraformaldehyde at room temperature for 15 min.
Then, 0.2% Triton-100 was used to permeabilize cells
for 10 min, followed by blocking with 5% BSA for
30 min at room temperature. Cells were incubated with
primary antibodies diluted in 2% BSA at 4°C overnight.
Next day, cells were washed with PBS four times and
incubated with corresponding secondary antibodies
diluted in 2% BSA in the dark for 30 min at room tem-
perature. Then, cells were washed with PBS and stained
with DAPI. The slides were sealed with anti-fluores-
cence quenching sealing tablets, and observations were
performed under microscope.
RNA-sequencing (RNA-seq)
For RNA-seq analysis, total RNA was extracted using
TRIzol and further purified using RNAClean XP Kit
(Beckman Coulter, USA) and RNase-Free DNase Set
(QIAGEN, Germany). RNA was qualified through
NanoDrop ND-2000 spectrophotometry and Agilent
Bioanalyzer 2100 (Agilent Technologies, USA). After
the total RNA was reversed and amplified, transcrip-
tome sequencing libraries were constructed by VAHTS
www.thelancet.com Vol 82 Month , 2022
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mRNA-seq v2 Library Prep Kit for Illumina (Vazyme,
China). Transcriptome sequencing was conducted
using a high-throughput sequencer (Illumina Hiseq
2500). Further analysis was performed using online
tool Metascape (http://metascape.org/).
Statistical analysis
All statistical analyses were performed using SPSS soft-
ware (SPSS Inc.) and the GraphPad Prism 8 (GraphPad
Software). The experiments were repeated indepen-
dently at least three times. The data were shown as
mean § SD. Student’s t-test or one-way ANOVA with
Tukey’s post hoc test was used to assess statistical differ-
ences between each group. A p-value of <0.05 indicated
significance.
Ethics
All human studies were approved by Shanghai Chest
Hospital Ethics Committee (approval number: IS2166).
The study adhered to the Declaration of Helsinki princi-
ples. All animal experiments were conformed to the
National Institutes of Health Research Guidelines on
the Care and Use of Laboratory Animals and approved
by the respective authorities of Shanghai Jiaotong Uni-
versity (approval number: KS(Y)21282).
Role of Funders
The funding sources played no role in study design,
data collection, data analyses, interpretation, or writing.
Results

CCDC80 is a potential exerkine involved in
cardiovascular pathophysiology
Gene Ontology (GO) analyses based on previously
reported transcriptome,36 secreted proteome,37 and
plasma peptidome38 data derived from the exercise-
stimulated skeletal muscle highlighted the enrichments
of several biological pathways involved in the extracellu-
lar matrix (ECM) functions and Insulin-like growth fac-
tor 2 (IGF2) signaling pathway in the cohort of
upregulated genes (Figure 1a�c). According to the anal-
ysis on DisGeNET, upregulated genes show a signifi-
cant association with cardiovascular diseases, such as
thrombophilia, cardiomyopathy, and acute myocardial
infarction (Figure 1d).

Among the upregulated genes, a total of five syn-
chronized genes were identified: including collagen
alpha-1(III) chain (COL3A1), IGF2, vascular endothelial
growth factor C, CCDC80, and collagen alpha-2(V)
chain (COL5A2) (Figure 1e). Of note, CCDC80 has a
particularly high expression in the vessel, heart, and
skeletal muscle (Figure 1f). Moreover, clinical evidence
revealed that CCDC80 expression was significantly
www.thelancet.com Vol 82 Month , 2022
increased in patients with pulmonary arterial hyperten-
sion and heart failure.40�42 This evidence indicates a
close association between CCDC80 and cardiovascular
system.

Then, we determined whether CCDC80 upregula-
tion is a response to exercise. Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a)
is induced by physical activity in the skeletal muscle,
and its level increase is responsible for many of the best
known benefits of endurance training, such as fiber-
type switching, mitochondrial biogenesis, and resis-
tance to muscle atrophy.43�45 Thus, we adopted a previ-
ously described method that overexpresses PGC-1a to
mimic the biological events induced by exercise.37 Sig-
nificantly, C2C12 cells overexpressing PGC-1a showed a
CCDC80 level of about eightfold higher than in control
cells (Figure 1g�h). To further assess the association
between muscle CCDC80 expression and exercise train-
ing in vivo, mice were subjected to 3-month swim exer-
cise and then the level of CCDC80 in skeletal muscle
was determined. Consistently, the content of CCDC80
increases simultaneously with that of PGC-1a in skeletal
muscle in exercised mice, suggesting muscle CCDC80
responds tightly to exercise stimuli. Thus, these find-
ings suggested that CCDC80 may be a exerkine
involved in cardiovascular pathophysiology.
CCDC80 generates a peptide encapsulated in EVs in
response to PGC-1a overexpression
CCDC80 is located at the ECM and could be secreted
into the medium.46�48 To determine the distribution of
CCDC80 after exercise, PGC-1a was overexpressed, and
the intracellular and secreted CCDC80 levels were
determined respectively. For the intracellular part,
PGC-1a-overexpressing C2C12 cells showed a dramatic
increase in the full-length CCDC80 protein levels, while
both of the full-length CCDC80 and 45-kDa truncated
CCDC80 were detected in the culture medium
(Figure 2a). The supernatant full-length and truncated
CCDC80 were totally erased by the administration of
brefeldin A (HY-16592, BFA, MCE), an inhibitor of pro-
tein secretion49 (Figure 2a). We observed that the band
for CCDC80 from the medium is shifted up compared
with the band for CCDC80 from cell lysates. This may
be due to glycosylation during CCDC80 secretion,48

which is required for protein folding and secretion. To
monitor the behavior mode of secreted CCDC80, C-ter-
minal GFP tagged CCDC80 (to circumvent the signal
peptide located at the N-terminus) was transfected into
C2C12 cells, and the supernatant was collected and
added into the culture of H9c2 cells (RRID:
CVCL_0286). Interestingly, fluorescent signals were
widely detected within H9c2cells (Figure 2b). To moni-
tor instinct distribution of CCDC80, the C-terminal
GFP tagged CCDC80 was overexpressed into H9c2
cells, and the fluorescence was distributed in the
7
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Figure 1. CCDC80 is a potential exerkine involved in cardiovascular pathophysiology.
a. Circos plot visualizes the overlap between upregulated gene lists from three databases, and the blue curves link genes that

belong to the same enriched GO term.
b. Pie charts represent the network of enriched terms in upregulated genes. Each circle node represents an enriched term and is

clustered by its identity, where the size of a slice represents the percentage of genes under the term that originated from the corre-
sponding database.

c. Heatmap of enriched terms across the three upregulated gene lists, colored by p-values.
d. Heatmap of enrichment analysis in DisGeNET, colored by p-values.
e. Circos plot displays the overlap between upregulated gene lists, and the purple curves link identical genes. The five genes

within the black box represent the genes with significant upregulation throughout the three databases.
f. RT-PCR analysis of the expression levels of CCDC80 in various tissues of mice.
g, h. After overexpression of PGC-1a in C2C12 cells, the expressions of Pgc-1a (g) and Ccdc80 (h) was determined by qPCR.
i, j and k. Eight-week-old male mice were forced to swim 5 days per week for 3 months. Control groups mice were raised nor-

mally without swimming training. After complete swimming training, the skeletal muscles of mice were collected for western blot
analysis of CCDC80 and PGC-1a (n=7).

Data are presented as the average of four biological replicates (n = 4) § SD.
Statistical significance was determined using Student’s t-test, ***p < 0.001.
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Figure 2. CCDC80 generates a peptide encapsulated in EVs in response to PGC-1a overexpression.
a. The cell lysates and culture supernatants collected from vehicle- or Flag-PGC-1a-overexpressing C2C12 cells (treated or not

with BFA, 1 mg/mL, 16 h) were prepared and analyzed for CCDC80 protein levels by WB. N=3
b. The supernatants of CCDC80-EGFP-overexpressing C2C12 cells were harvested and filtered through a sterile 0.22-mm filter and

then added to H9c2 cells. After 12-h incubation, the cell fluorescence was detected. The fluorescent spots indicated by white arrows
were supposedly EVs. N=3

c, d, e. The supernatants of CCDC80-overexpressing C2C12 cells were collected, and EVs were extracted for TEM (c), NTA (d), and
EVs markers (e) determinations. N=3. WCL: whole cell lysates.

f. The cell lysates and EVs isolated from the supernatants of vehicle- or CCDC80-HA-overexpressing C2C12 cells were prepared
and analyzed for CCDC80 protein levels by WB.

g. The schematic diagram of CCDC80tide in CCDC80.
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cytoplasm and nucleus (Supplemental figure 1). The
perinuclear region was also stained in a pattern sugges-
tive of the endoplasmic reticulum and/or Golgi appara-
tus, the place for CCDC80 processing and
secretion.48,50

Since naked proteins could not penetrate into cells
directly, we speculated that secreted CCDC80 may be
encapsulated into extracellular vesicles, especially possi-
ble in EVs. This is because the supernatants were fil-
trated through a 0.22-mm membrane filter before
utilization. To confirm this possibility, we collected the
supernatants of CCDC80-overexpressed C2C12 cells
and extracted EVs for identification. The morphology,
diameter, and number of EVs were examined using a
Transmission electron microscope (TEM) and Nanopar-
ticle Tracking Analysis (NTA), respectively. As shown in
Figure 2c�d, EVs displayed a spherical shape, approxi-
mately 111.7 nm (94.6%) in diameter. EVs were also ver-
ified by detecting EVs markers CD9 and TSG101, and
negative markers GRP94 and GM130 (Figure 2e). Next,
the EVs were subjected to WB analysis using CCDC80
antibody. Surprisingly, there is an apparent enrichment
of the 45 kDa truncated CCDC80 in EVs (Figure 2f). To
dissect this fragment, the amino acid sequences of this
fragment were identified by mass spectrometric analy-
sis and revealed that it was located in the range of the
C-terminal 554-950 aa of CCDC80 (Figure 2g, supple-
mental figure 2a). The sequence alignments revealed
high identity (96.24%) in human, mouse, and rat,
indicating the crucial evolutionarily conserved func-
tions of this fragment (Supplemental figure 2b). Col-
lectively, exercise-related PGC-1a activation leads to
the secretion of the C-terminal fragment of CCDC80
through EVs. To facilitate a subsequent study, this
fragment was named as CCDC80tide (CCDC80-
derived peptide).
Acute exercise stimulates the rapid release of
CCDC80tide into the circulation in humans
Acute physical activity triggers the rapid release of EVs
that leads to several changes in metabolic and cardiovas-
cular pathways.51 We speculated whether CCDC80tide
concentration could be provoked in response to acute
exercise in humans. Ten healthy male and ten healthy
female volunteers were recruited (Table 1), and the par-
ticipants were abstained from strenuous exercise for
2 days and fasted overnight before the experiment. The
venous blood samples were collected before (rest),
immediately after (exercise), and 2 h after (recovery) an
acute treadmill exercise (Figure 3a). Plasma EVs were
isolated and identified (Figure 3b-3d), and the contained
proteins were extracted for WB analysis using an anti-
CCDC80 antibody. Consistently, there is a clear band at
approximately 45 kDa, which was in accordance with
the molecular size of CCDC80tide (Figure 3d). ELISA
assay showed that the concentration of EVs-derived
CCDC80tide in exercise samples (men: 13.11§
1.97 pg/mL, women: 14.71§1.58 pg/ml) was elevated
compared with that of the remaining samples, whereas,
in recovery samples (men: 10.94§2.48pg/ml, women:
13.02§1.92 pg/ml), it declined to the level a slightly
higher than baseline (men: 9.37§1.98 pg/ml, women:
11.04§1.49 pg/ml) (Figure 3e-3f). Thus, these results
suggest that circulating CCDC80tide could be rapidly
provoked in response to acute exercise in humans.
CCDC80tide protects against angiotensin II (Ang II)-
induced cardiac remodeling
To assess the role of CCDC80tide in pathological car-
diac remodeling, an AAV of serotype 9 expressing
CCDC80tide under the control of the cardiac-specific
cardiac troponin T (cTNT) promoter (AAV9-cTNT
CCDC80tide-HA) was intravenously injected into mice.
The equal amounts of AAV vehicle was also injected as
a control. Eighteen days after injection, mice were
chronically treated with Ang II pump for 4 weeks to
induce hypertensive cardiac remodeling. After the
experiment, we first checked the expression efficiency
of CCDC80tide. As expected, the highest expression of
CCDC80tide was detected in the heart and the overex-
pression of CCDC80tide was detected throughout the
Ang II treatment. (Figure 4a, Supplemental Figure 3).
Visibly, CCDC80tide mitigated Ang II-induced cardiac
hypertrophy and increase of heart weight (HW) by mea-
suring HW-to-body weight ratios (HW/BW)
(Figure 4b�c). Meanwhile, the systolic blood pressure
was lower in CCDC80tide-treated mice compared with
that in vehicle-treated mice 1 month after Ang II infu-
sion (Figure 4d). Echocardiography examination
revealed that CCDC80tide protected against Ang II-
induced loss of cardiac function by inhibiting an
increase in left ventricular (LV) mass, left ventricular
posterior wall (LVPW), and ventricular wall thickness
(Figure 4e�h). Histologically, there was not only promi-
nent concentric change in LV mass but also exacerba-
tion of perivascular and interstitial fibrosis in Ang II-
treated mice compared to those in control mice as mea-
sured with H&E and Masson staining (Figure 4i�j). In
contrast, these unfortunate changes in the hearts of
Ang II-treated mice were reversed by CCDC80tide
intervention (Figure 4i�j). Moreover, membrane dye
WGA staining and quantitative analysis of cardiac myo-
cyte dimensions in sections revealed a significant inhi-
bition of Ang II-induced cardiac myocyte hypertrophy
upon CCDC80tide administration, concomitant with
the improvement of capillary rarefaction as examined
by an anti-CD31 immunohistochemistry (Figure 4k�l).
Consistently, Ang II-increased contents of hypertrophic
(MYH7) and profibrotic (COL-1, TGF-b1) markers were
reversed by CCDC80tide administration (Figure 4m).
Taken together, these results demonstrate that
www.thelancet.com Vol 82 Month , 2022



Figure 3. Acute exercise stimulates a rapid release of CCDC80tide into the circulation.
a. Schematic illustration of the experimental design for acute exercise. Twenty subjects (n = 20, males (n=10) and female (n=10))

were included, and the plasma were obtained before, immediately after, and 2 h after exercise; then, EVs were purified.
b, c. Plasma EVs were extracted for NTA (b) and TEM (c) determinations.
d. The EVs proteins were extracted and analyzed for CCDC80tide and EVs markers by WB.
e, f. The EVs-derived CCDC80tide level was measured by ELISA and represented separately by gender.
Data are presented as mean § SD, n = 20. Statistical significance was determined using one-way ANOVA with Tukey’s post hoc

test, *p < 0.05.
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CCDC80tide alleviates Ang II-induced hypertension,
cardiac hypertrophy, and fibrosis.
CCDC80tide opposes Ang II-induced cardiac
hypertrophy-related biological events
The pathophysiology of cardiac remodeling is complex
and involves numerous biological processes. To explore
the biological basis of CCDC80tide-afforded cardiopro-
tection, CCDC80tide was overexpressed in cardiomyo-
cytes and treated with Ang II. The results showed that
CCDC80tide dose-dependently reduced the transcrip-
tions of Myh7, Col1a1, and Tgf-b induced by Ang II, and
www.thelancet.com Vol 82 Month , 2022
the same trend was observed for the protein contents
(Figure 5a�d). Furthermore, rhodamine-phalloidin
staining was performed to visualize cardiomyocyte mor-
phology and found that CCDC80tide decreases the
enlarged cell size elicited by Ang II (Figure 5e). To check
the role of CCDC80tide in human originated cardio-
myocytes, AC16 (RRID:4U18) human cardiomyocyte
cell line was overexpressed with CCDC80tide and then
treated with Ang II. Consistently, as the CCDC80tide
content increases, the elevated p-STAT3 and MYH7
induced by Ang II are decreased gradually (Figure 5f).
These results suggest that CCDC80tide ameliorates
11



Figure 4. CCDC80tide protects against angiotensin II (Ang II)-induced cardiac remodeling.
AAV9-cTNT CCDC80tide-HA-EGFP was intravenously injected into mice, and the equal amount of AAV9-HA-EGFP vehicle was

injected as a control, n = 9 mice per group. Eighteen days after the injection, mice were chronically infused with Ang II (1.5 mg/kg/
day) for 4 weeks. Mice were subjected to the following detections upon the termination of the experiment.

a. Left panel, frozen heart tissue sections from AAV9-treated mice were prepared for the detection of EGFP fluorescence. Right
panel, the relative quantification of fluorescence intensity. Statistical significance: *** p < 0.001 Student t-test.

b. Mice were sacrificed and hearts were dissected, weighed, and photographed.
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Ang II-induced hypertrophy in cultured cardiomyo-
cytes.

Vascular endothelial cells (VECs) are the most abun-
dant cell type in the heart in terms of absolute num-
bers.52 The disruption of VEC function is involved in
the pathogenesis of myocardial hypertrophy.53 There-
fore, we surveyed the role of CCDC80tide in VEC func-
tion. The primary CMECs were isolated from rats and
identified by staining of von Willebrand factor (Supple-
mental Figure 4). Endothelial cell adhesion molecules
(ECAMs) play crucial roles in the development of chronic
inflammation by supporting leukocyte pro-inflammatory
behaviors, such as leukocyte rolling, adherence, and emi-
gration in vessels.54 Our results showed that the expres-
sion of CCDC80tide significantly diminished the Ang II-
induced expressions of ECAMs, including Vascular cell
adhesion molecule-1 (VCAM-1) and Intercellular adhesion
molecule-1 (ICAM-1) (Supplemental Figure 5, a�c).
Furthermore, CCDC80tide also contributed to redox
homeostasis by decreasing the excess accumulation of
mitochondrial reactive oxygen species (mtROS) in Ang II
exposure (Supplemental Figure 5, d).

Ang II promotes VSMC proliferation and migration
and deposition of collagen, which results in vascular
injury and remodeling. This plays critical roles in the
development of hypertension and cardiac remod-
eling.55�57 Proliferation analysis showed a dramatic
reduction in Ang II-induced primary VSMC prolifera-
tion in CCDC80tide expressing VSMCs (Supplemental
Figure 6, a). Moreover, CCDC80tide attenuated the
induction of Col1a1 and Fn-1 genes in Ang II-treated
cells, indicating a decrease in collagen formation (Sup-
plemental Figure 6, b�c). The CCDC80tide treatment
also inhibited the increase in Mcp-1and Spp-1 levels,
which were important promoters of inflammation and
fibrosis (Supplemental Figure 6, d�e). Moreover, the
MMP9 level after Ang II exposure decreased along with
increase in CCDC80tide level (Supplemental Figure 6,
f). Taken together, these data suggest that CCDC80tide
protects against a cascade of pathophysiologic processes
of hypertensive cardiovascular remodeling in vitro.
c. Heart weight (HW), body weight (BW), and heart and body w
same as below.

d. Before sacrifice, systolic blood pressure was determined by tai
e, f, g, h. Echocardiography (e) was performed to calculate left

and LV wall thickness (LVAW) (h).
i. HE-stained heart transverse sections of mice treated as indicate
j. Left panel, heart tissue sections were stained with Masson s

panel) and interstitial fibrosis (IF, left lower panel). Right panel, fibro
rounding the vessel plus interstitial fibrosis to the total tissue area.

k. Left panel, wheat germ agglutinin (WGA)-stained heart sections.
l. Left panel, immunohistochemical staining for CD31 was perfo

capillaries stained with CD31.
m. Left panel, heart lysates were collected and analyzed by WB w

fication of WB.
Data are presented as mean § SD. Statistical significance (c, d

Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.
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CCDC80tide ameliorated Ang II-induced hypertrophy
through the regulation of STAT3 signaling
To dissect the biological mechanism underlying the car-
dioprotection effect of CCDC80tide, CCDC80tide-initi-
ated transcriptional programs were surveyed. We
performed RNA sequencing using primary cardiomyo-
cytes transiently overexpressed with CCDC80tide to
analyze the gene-expression profiles. To minimize the
artificial influence and compensative effects, overex-
pression of CCDC80tide was kept at a low level (four-
fold vs. control), and overexpression time was limited to
12 h. Compared to vehicle-overexpressed cells,
CCDC80tide-overexpressed cells showed upregulation
of 1016 genes and downregulation of 1019 genes (p <

0.01) (Figure 6a). Of note, the expressions of S100A4
and collagen genes (Col1a1, Col6a1), all of which play
important roles in cardiac fibrosis,58,59 were signifi-
cantly downregulated in CCDC80tide-overexpressing
cells (Figure 6a). The functional enrichment analysis of
differentially expressed genes (DEGs) showed an obvi-
ous alteration in cellular metabolism processes, particu-
larly in the lipid metabolism (Supplemental Figure 7).
The gene network analysis of DEGs highlighted a con-
siderable downregulation of STAT3 signaling
(Figure 6b). Gene-set enrichment analysis (GSEA) also
revealed a negative correlation between CCDC80tide
overexpression and STAT3 signaling pathway (NES,
�1.115, p = 0.09) (Figure 6c). To further characterize
the dynamic changes of gene expressions at the global
level, the DEGs were grouped into six clusters (Supple-
mental Figure 8, a). Clusters 5 and 6 exhibited a sub-
stantial decrease in gene expressions upon
CCDC80tide expression. Among these genes, we found
a series of genes that are governed by STAT3-mediated
transcription, including MMP2 and CCL2, which con-
tribute to cardiac fibrosis (Supplemental Figure 8, b).

Mounting evidence suggests that STAT3 directs
remodeling processes in cardiac physiology and patho-
physiology through a broad range of cellular and molec-
ular mechanisms, and abnormal activation of STAT3 is
involved into cardiac hypertrophy.60�62
eight ratio (HW/BW). Each dot represents a single animal, the

l-cuff plethysmography.
ventricular (LV) mass (f), LV posterior wall diastolic (LVPWd) (g),

d.
taining to permit detection of perivascular fibrosis (left upper
tic area (%) was quantified as the ratio of the fibrosis area sur-

Right panel, quantification of cardiomyocyte cross-sectional area.
rmed in sections of mice hearts. Right panel, quantification of

ith the indicated antibodies. Right panel, densitometric quanti-

, f, g, h, j, k, i, m) was determined using one-way ANOVA with
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Figure 5. CCDC80tide ameliorates Ang II-induced hypertrophy in cultured cardiomyocytes.
a, b, c. Rat neonatal primary cardiomyocytes were infected with increasing levels of CCDC80tide-overexpressed lentivirus or

empty lentivirus for 36 h, followed by 1-mM Ang II treatment for 6 h. Total RNA was extracted for qPCR analysis of Myh7 (a), Col1a1
(b), and Tgfb1 (c) mRNA levels. The results are a representative of four biological repetitions.

d. Left panel, primary cardiomyocytes were infected with indicated lentivirus for 36 h and treated with 1 mM Ang II for 24 h. The
total proteins were extracted and subjected to analysis of above mentioned three protein levels by WB. Right panel, densitometric
quantification of WB. N=3

e. Left panel, representative images showing cultured primary cardiomyocytes stained with rhodamine phalloidin. Right panel,
quantification of cardiomyocyte area. The results are representative of three biological repetitions (approximately 100 cells were ran-
domly selected for calculation of mean value in each biological replicate, the same as below).

f. Left panel, AC16 cells were infected with increasing levels of CCDC80tide-overexpressed lentivirus or empty lentivirus for 36 h,
followed by 1-mM Ang II treatment for 24 h. The total proteins were extracted and subjected to analysis of indicated protein levels
by WB. Right panel, densitometric quantification of WB. N=3

Data are presented as mean § SD. Statistical significance was determined using one-way ANOVA with Tukey’s post hoc test.
*p < 0.05, **p< 0.01, ***p < 0.001.
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Figure 6. CCDC80tide ameliorated Ang II-induced hypertrophy through the regulation of STAT3 signaling.
Rat neonatal primary cardiomyocytes were infected with CCDC80tide-overexpressed lentivirus or empty lentivirus for 12 h; then,

total RNA was extracted and subjected for RNA-seq analysis. Three biological replicates were used for RNA-seq analysis.
a. Volcano plot representing significant DEGs, p < 0.01 (CCDC80tide-overexpression group versus vehicle-overexpression group,

upregulated in red and downregulated in blue). The top 10 ranked genes were labeled.
b. Establishing DEG network using a text mining approach based on GenCLiP 3. Red, the upregulated genes. Green, downregu-

lated genes.
c. GSEA showing negative correlation between CCDC80tide overexpression and STAT3 signaling pathway.
d. Left panel, primary cardiomyocytes were infected with CCDC80tide-overexpressed lentivirus or empty lentivirus for 36 h, fol-

lowed by 1-mM Ang II treatment for 24 h. The total proteins were extracted and subjected to analysis of STAT3 and p-STAT3
(Tyr705) protein levels by WB. Right panel, densitometric quantification of WB.

e. Left panel, mice were treated as described in Figure 5. The heart tissue protein was collected for WB analysis of STAT3 and
p-STAT3 (Tyr705). Right panel, densitometric quantification of WB.
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Phosphorylation of STAT3 Try705 was used as a molec-
ular marker to monitor STAT3 activity. Consistent with
previous studies,62 Ang II caused a time-dependent
increase in STAT3 Try705 phosphorylation in primary
cardiomyocytes, and this effect was partially reversed by
the expression of CCDC80tide (Supplemental Figure 9,
Figure 6d). To confirm the effect of CCDC80tide on
STAT3 activity in vivo, the cardiac tissue lysates extracted
from mice challenged with Ang II or infected with
CCDC80tide AAV were subjected to WB analysis.
Encouragingly, CCDC80tide robustly inhibited Ang II-
provoked p-Try705 of STAT3 (Figure 6e). Immunocyto-
fluorescence staining showed that STAT3 was distrib-
uted throughout the cytoplasm and nucleus in the
vehicle-treated cells (Figure 6f). However, Ang II-
treated cells showed a prominent nuclear distribution of
STAT3, and this effect was reversed by CCDC80tide
overexpression (Figure 6f). The above mentioned find-
ings suggest that CCDC80tide inhibits STAT3 activa-
tion excited by Ang II.

To explore the role of STAT3 signaling in
CCDC80tide function, cardiomyocytes were transfected
with two different siRNAs targeting STAT3. Knockdown
of STAT3 decreased the content of MYH7, and the level
of MYH7 was associated with the efficiency of STAT3
depletion (Supplemental Figure 10). Meanwhile,
CCDC80tide has a potentiation effect on decreased
STAT3 phosphorylation in STAT3 siRNAs-transfected
cells, together with an enhanced inhibition on MYH7 in
the presence of Ang II (Supplemental Figure 10). Of
note, in the absence of Ang II, CCDC80tide did not
reinforce the impact of STAT3 siRNA-2 on MYH7, in
line with its little impact on p-STAT3 (Supplemental
Figure 10, lane 3 and 9). To further prove CCDC80tide
functions via JAK2/STAT3, we examined whether JAK2
overexpression could rescue CCDC80tide’s effect
(Figure 6g). As expected, JAK2 overexpression increases
JAK2 phosphorylation, combined with elevated STAT3
phosphorylation. Under Ang II treatment, JAK2 overex-
pression restores the decreased p-STAT3 content caused
by CCDC80tide overexpression, concomitantly with the
recovery of MYH7 amount (lane 6 and 8).
f. H9c2 cells were infected with CCDC80tide-overexpressed l
1 mM Ang II for 2 h. The nuclear translocation of STAT3 was examine

g. Left panel, H9c2 cells were infected with CCDC80tide-overexp
tivirus as indicated for 36 h and then treated with 1 mM Ang II for 2
of indicated protein levels by WB. Right panel, densitometric quanti

h. Experimental condition is the same as that of Figure 4. After
The heatmap displays differentially expressed genes with p value <

i. To characterize the dynamic changes of gene expressions a
grouped into ten clusters using k-Means Clustering (KMC).

j. The DEGs (Clusters 4, 6, and 9) were subjected for analysis of tr
Database TRRUST. The top 5 transcriptional factors (ranked by p -val

k. The DEGs (Clusters 4, 6, and 9) were subjected for GO analy
presented.

Data in D, E, F and G are mean § SD; n = 3. P-values were determ
To confirm the CCDC80tide/JAK2/STAT3 axis in
vivo, RNA-seq was performed on mouse heart tissues
after in vivo cardiac CCDC80tide overexpression. Dra-
matically, Ang II leads to a substantial transcriptome
change while CCDC80tide treatment partially reverses
it (Figure 6h). To further characterize the dynamic
changes of gene expressions at the global level, we
grouped differentially expressed genes (DEGs) into ten
clusters using k-Means Clustering (KMC) (Figure 6i).
The DEGs (Clusters 4, 6, and 9), whose expressions
increase under Ang II treatment and decreased upon
CCDC80tide overexpression, should be the key players
regulated by CCDC80tide. Interestingly, transcriptional
regulatory relationships of these DEGs are analyzed
using the TRRUST website and reveal that STAT3 is
one of the top enriched transcription factors (Figure 6j).
Further GO analysis of these DEGs shows that extracel-
lular matrix organization is the most significantly
enriched biological process, which is the crucial molecu-
lar and cellular base of myocardial fibrosis (Figure 6k).
Taken together, these data suggested that CCDC80tide
ameliorated Ang II-induced hypertrophy through the
regulation of STAT3 signaling.
CCDC80tide interacts with JAK2 and suppresses Ang II-
induced activation of STAT3 signaling pathway
We then proceeded to elucidate the molecular mecha-
nism by which CCDC80tide inhibits STAT3 signaling.
A previous study demonstrated that CCDC80 is a bind-
ing partner for JAK2, the upstream signaling protein
known to activate STAT3.48 Given that CCDC80tide
preserved more than half the structure of CCDC80, we
speculated if CCDC80tide could interact with JAK2 and
suppress its kinase activity. When 293T cells were co-
transfected with CCDC80tide-HA and JAK2-Flag, IP of
CCDC80tide-HA results in a clear coprecipitation of
JAK2-Flag (Figure 7a). Similarly, JAK2-Flag could also
precipitate CCDC80tide-HA (Figure 7b). JAK2 kinase
activity is dependent on Try1007/1008 phosphorylation,
which can be blocked by the catalytically mutation
(K882E).63 To examine whether JAK2 Try1007/1008
entivirus or empty lentivirus for 36 h and then treated with
d by immunofluorescence staining using STAT3 antibody.
ressed lentivirus or empty lentivirus or JAK2-overexpressed len-
4 h. The total proteins were extracted and subjected to analysis
fication of WB.
the experiment, RNA-seq is performed on mouse heart tissues.
0.05.
t the global level, differentially expressed genes (DEGs) were

anscriptional regulatory relationships using Transcription Factor
ues) are shown.
sis. The top 5 transcriptional factors (ranked by p -values) are

ined by one-way ANOVA with Tukey’s post hoc test.
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Figure 7. CCDC80tide interacts with kinase-active JAK2 dependent on DUDES domain.
a, b. 293T cells were co-transfected with HA-tagged CCDC80tide and Flag-tagged JAK2. Cell lysates were collected 48 h after

transfection and immunoprecipitated with anti-HA magnetic beads (a) or anti-Flag agarose beads (b). The immunoprecipitates were
probed by WB.

c. 293T cells were co-transfected with HA-tagged CCDC80tide and Flag-tagged JAK2 or catalytically inactive JAK2 (K882E). Cell
lysates were collected 48 h after transfection and immunoprecipitated with anti-HA magnetic beads and analyzed by WB.

d. Schematic diagram of the DUDES domains of CCDC80tide.
e. 293T cells were co-transfected with Flag-tagged JAK2 and HA-tagged CCDC80tide or DUDES domain-deleted CCDC80tide

(CCDC80tide/4DUDES). Cell lysates were collected 48 h after transfection and immunoprecipitated with anti-HA magnetic beads
and analyzed by WB.
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phosphorylation is required for JAK2 and CCDC80tide
interaction, CCDC80tide-HA was co-transfected with
either JAK2-Flag or JAK2 (K882E)-Flag. IP of
CCDC80tide-HA resulted in coprecipitation of JAK2-
Flag but not JAK2 (K882E)-Flag (Figure 7c). Moreover,
the Try1007/1008 phosphorylation could be detected in
precipitated JAK2 (Figure 7c), suggesting that the inter-
action of CCDC80tide and JAK2 is dependent on
JAK2 Try1007/1008 phosphorylation.

Sequence analysis revealed that CCDC80tide con-
tained two highly conserved domains: DRO1-URB-DRS-
Equarin-SRPUL(DUDES) domains (616-757 aa, 767-
910 aa) (Figure 7d). To determine whether DUDES
domain is required for the interaction between
CCDC80tide and JAK2, HA-tagged WT CCDC80tide or
DUDES domain (616-757 aa)-depleted CCDC80tide
(CCDC80tide/4DUDES-HA) was co-transfected with
JAK2-Flag and then precipitated using anti-HA mag-
netic beads. The results showed that deletion of DUDES
domain apparently reduced the interaction of JAK2 and
CCDC80 (Figure 7e). The residual ability of
CCDC80tide/4DUDES to bind JAK2 may be due to the
remaining DUDES domain.

To investigate the contribution of JAK2 in
CCDC80tide-afforded cardioprotection, the cardiomyo-
cytes were overexpressed with CCDC80tide-HA or
CCDC80tide/4DUDES-HA and then exposed to Ang
II. Interestingly, the overexpression of CCDC80tide/
4DUDES reduced STAT3 activation, coupled with the
levels of myocardial hypertrophy and fibrosis markers
(MYH7, TGF-b), to a less extent than CCDC80tide,
although the expression of the mutant form was at a
comparable level with that of intact form (Figure 7f).
However, both of the two constructs had no effect on
JAK2 activation induced by Ang II (Figure 7f). Further-
more, CCDC80tide/4DUDES exhibited a reduced abil-
ity to reverse cardiomyocyte hypertrophy compared with
that of intact CCDC80tide (Figure 7g). These data sug-
gest that the interaction between CCDC80tide and
JAK2 is essential for CCDC80tide conferred cardiopro-
tection under Ang II pressure.
Discussion
Diverse mechanisms have been reported to implicate in
the interplay between physical activity and cardiovascu-
lar system. However, the mechanisms underlying cardi-
oprotective effects afforded by exercise, particularly in
pathological cardiac remodeling, remain unclear. Our
f. Left panel, rat primary cardiomyocytes were infected with CCD
virus for 36 h and then treated with 1 mM Ang II for 24 h. The tota
protein levels by WB. Right panel, densitometric quantification of W

g. Left panel, representative images showing cultured primary c
quantification of cardiomyocyte area. The results are a representativ

Data are represented as mean § SD; Data in a, b, c, e, f and g
ANOVA with Tukey’s post hoc test (right panel in f and g).
work reveals a mechanism of exercise conferred protec-
tion against hypertensive cardiac remodeling. We iden-
tified exercise-derived CCDC80tide as a new
cardioprotective molecule that ameliorates Ang II-
induced cardiac remodeling in mice. Furthermore,
CCDC80tide interacts with JAK2 through the DUDES
domain and restricts pro-remodeling JAK2/STAT3 sig-
naling activity, which inhibits cardiomyocyte hypertro-
phy. Our study provides new insights into
understanding the mechanism underlying exercise-
afforded protection against pathological cardiac remod-
eling.

Multiple roles of STAT3 have been revealed in car-
diovascular diseases. Evidence from cardiac-specific
transgenic mice suggested that STAT3 activation pro-
tects against cardiac I/R injury by promoting cell prolif-
eration and inhibiting apoptosis.64 Moreover, mice with
cardiac-specific deletion of STAT3 are more susceptible
to inflammation-induced heart damage and age-related
cardiac fibrosis.31 In contrast, STAT3 activation
(p-Tyr705) contributes to Ang II-induced cardiac fibro-
sis,65 and inhibition of JAK2/STAT3 activation by S3I-
201 or celastrol ameliorates intermittent hypoxia or Ang
II-induced cardiac fibrosis and remodeling.29,62 Consis-
tently, our work showed that restriction of STAT3 activa-
tion ameliorates cardiac remodeling induced by Ang II.
The discrepancy may probably be due to the important
role of STAT3 in heart development and cardiomyogen-
esis, which could influence the cardiac development
and function in transgenic mice. Another possible
explanation is the dominant biological events that
STAT3 trigger differed due to the distinct pathophysio-
logical contexts. These findings indicate that targeting
the pathologic activation of STAT3 may hold promise as
a potentially effective approach in preventing hyperten-
sive cardiac remodeling.

CCDC80 (also known as URB, DRO1, and SSG1)
contains a putative N-terminal secretory signal peptide.
Indeed, CCDC80 was reported to be secreted in diverse
types of cells,46�48 except for dermal papilla cells, which
only possess intracellular CCDC80.66 Interestingly,
once CCDC80 is secreted, it could be cleaved into sev-
eral fragments between 50 and 120 kDa.47,50,67 The
secreted form and cleaved fragments of CCDC80 differ
as physiopathological conditions change.68 Previous
studies focused more on CCDC80 and its fragments as
secreted naked proteins . The EV encapsulation of the
CCDC80 fragment during exercise has not been well
characterized. The secretion of CCDC80 may determine
C80tide-overexpressed lentivirus or CCDC80tide/4DUDES lenti-
l proteins were extracted and subjected to analysis of indicated
B.
ardiomyocytes stained with rhodamine phalloidin. Right panel,
e of three biological repetitions.
n = 3. Data in f and g, p-values were determined by one-way
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its behavior patterns and targets. Extracellular CCDC80
may act as an adipokine68 and influence Wnt/b-catenin
signaling to stimulate adipogenesis.67 Intracellular
CCDC80 may target JAK2 and ERK signals.48,69 Thus,
CCDC80 secretion and action is complicated and more
evidence is needed to clarify the underlying regulatory
mechanisms. Notably, the secretion of CCDC80 frag-
ments was abolished upon the addition of protease
inhibitors, concomitantly with increased amount of
the full-length CCDC80,67 suggesting a cell surface-
anchored or extracellular protease-dependent genera-
tion of CCDC80 fragment. However, the detail mecha-
nism by which CCDC80tide is selectively generated and
encapsulated into EVs needs to be further researched.
Our present study suggested that CCDC80tide interacts
with kinase-active JAK2 through DUDES domain and
affects STAT3 activation, without influencing tyrosyl-
phosphorylation of the JAK2. We are curious about the
mechanism underlying this biological process. Surpris-
ingly, the DUDES domain itself is sufficient to bind to
the tyrosine kinase domain (JH1) of JAK2.48 Therefore,
we speculated that CCDC80tide-DUDES may exclu-
sively bind to JAK2-JH1 that hampers p-JAK2 to activate
STAT3. Given the importance of DUDES domain in
this process, exploring whether DUDES domain alone is
sufficient to inhibit STAT3 signaling and following fibro-
sis phenotypes is an interesting line of research for future
work, and this would contribute to CCDC80tide optimi-
zation and increase the potential for drug discovery.

An interesting question arising from our study is
“What is the physiological significance of exercise-
induced CCDC80tide release?” Physical exercise is a
critical physiological stress that increases blood pressure
and hemodynamic stimuli (e.g., increased shear stress)
that presents a challenge to the cardiovascular system.
The cardiovascular system has evolved several mecha-
nisms to adapt to these changes, such as elevated nitric
oxide (NO) bioavailability to improve vascular func-
tion.70 Notably, physiological cardiac hypertrophy
occurs in response to exercise stress to improve cardiac
function and promote full adaptation of contractility to
increased wall stress, whereas pathological hypertrophy
occurs with volume or pressure overload. Additionally,
the type of hypertrophic stimuli and nature of the down-
stream signaling largely determine the fate of cardiac
hypertrophy, toward physiological or pathological.71

Therefore, CCDC80tide release during exercise may be
an important mechanism to combat pathological hyper-
trophy that helps the heart adapt to the exercise stress.

The current study has several limitations. First,
although our data indicate that the skeletal muscle may
be a source of CCDC80tide during exercise, validation
of the origin of circulating CCDC80tide requires further
investigations using a trace peptide in vivo or employing
a skeletal muscle-specific knockout mice. Second, due to
a technological limitation of the modulation of
CCDC80tide within EVs specifically, it is currently
www.thelancet.com Vol 82 Month , 2022
difficult to conduct in vivo loss-of-function studies on
circulating EVs in exercise-initiated cardioprotection.
Third, only the level of CCDC80tide in healthy people
was assessed. Further investigations in patients with
cardiovascular risk factors are needed to characterize
CCDC80tide in pathological conditions. Finally, the
role of CCDC80tide in chronic exercise has not been
well clarified. Although the myokine profile and muscle
proteome overlap between acute and chronic exercise,
the exerkines in response to these two types of exercises
are not completely consistent.72,73 Our data suggest that
the amount of CCDC80 in skeletal muscle is increased
after 3 months of swimming exercise (Figure 1J). Mean-
while, the literature showed that CCDC80 transcription
is enhanced after 12 weeks of training.36 These data
indicate that CCDC80tide may also respond to chronic
exercise. However, more evidence is needed to support
this point.

Hypertensive cardiac hypertrophy is the leading
cause of cardiac remodeling and heart failure. However,
treatment and prevention strategies are still limited.
Peptides are highly selective, efficacious, and relatively
safe and well tolerated.74 Our study indicates that
CCDC80tide may be a potential therapeutic agent for
treating hypertensive cardiac remodeling. Combined
with our findings and previous report,48 our results
show that the DUDEs domain can interact with JAK2
and may be sufficient to mimic the function of
CCDC80tide. Thus, the translational significance of
CCDC80tide should be examined, including identifica-
tion of the core functional sequence and optimal peptide
modifications, such as a penetrated peptide linked to
increased cell uptake and a cardiac tissue-specific target-
ing peptide linked to increased specificity.

In summary, we identified exercise-derived exosomal
CCDC80tide as a new cardioprotective molecule that
ameliorates Ang II-induced cardiac pathological hyper-
trophy. Our findings provide new insights into exercise-
related cardioprotection and offer a potential therapeutic
target for hypertensive cardiac remodeling.
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