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Conclusion

Cardiac remodelling is a common pathophysiological process in the development of various cardiovascular diseases, but there s still
a lack of effective interventions. Tumour necrosis receptor-associated factor 7 (TRAF7) belongs to the tumour necrosis factor
receptor-associated factor family and plays an important role in biological processes. Previous studies have shown that TRAF7 mu-
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tations lead to congenital defects and malformations of the heart. However, the molecular mechanisms of TRAF7 in the underlylng
pathogenesis of pathological cardiac hypertrophy remain unknown. We aim to study the molecular mechanisms and effects of @
TRAF7 in cardiac remodelling and whether it has the potential to become a therapeutic target for cardiac remodelling.
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The pressure overload—induced cardiac hypertrophy model in mice was established via transverse aortic constriction (TAC) sur-
gery, and cardiomyocytes were treated with phenylephrine (PE) to induce hypertrophic phenotype. Levels of cardiac dysfunction ™
and remodelling were measured with echocardiography and tissue or cell staining. RNA sequencing, western blot, gqRT-PCR, 3‘.
co-immunoprecipitation, and in vivo ubiquitination assays were used to explore the molecular mechanisms. The results showed %
that the expression of TRAF7 increased gradually during the development of hypertrophy. Accordingly, TRAF7 significantly§
exacerbated the PE-induced enlargement of primary neonatal Sprague-Dawley rat cardiomyocytes, whereas TRAF7 knockdown &
alleviated the hypertrophic phenotype in primary cardiomyocytes. Cardiac-specific overexpression of TRAF7 accelerated hyper-
trophic phenotype in mice and cardiac-specific Traf7 conditional knockout mice improved hypertrophic phenotype induced by %
TAC. Mechanistically, TRAF7 directly interacted with apoptosis signal-regulating kinase-1 (ASK1) and promoted ASK1 phosphor- ¢,
ylation by mediating the K63-linked ubiquitination of ASK1 in response to PE stimulation, which then promoted ASK1 activation 8
and downstream signalling during cardiac hypertrophy. Notably, the pro-hypertrophic effect of TRAF7 was largely blocked by c
GS4997 in vitro and cardiac-specific Ask1 conditional knockout in vivo.

In summary, we identified TRAF7 as an essential regulator during cardiac hypertrophy, and modulation of the regulatory axis
between TRAF7 and ASK1 could be a novel therapeutic strategy to prevent this pathological process.
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A schematic diagram of the molecular mechanisms underlying tumour necrosis receptor-associated factor 7 (TRAF7)-regulated cardiac hypertrophy.

Under hypertrophic stimulation, reactive oxygen specices (ROS)-triggered TRAF7 expressing binds to the apoptosis signal-regulating kinase-1 (ASK1)

through its WD40 repeats domain and applies the ring domain to promote the ubiquitination of lys1064 in ASK1 via the K63 ubiquitin chain, thereby

promoting ASK1 phosphorylation and then activating JNK/p38 axis in cardiomyocytes.
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1. Introduction

Cardiac hypertrophy is a maladaptive change in cardiomyocytes in re-
sponse to adverse stimulation that occurs in the process of many cardio-
vascular diseases such as hypertension, myocardial infarction/ischaemic
disease, and congenital heart disease and eventually develops into severe
arrhythmia and heart failure (HF)."? Numerous studies have confirmed
the role of the mitogen-activated protein kinase (MAPK) in the progression
of cardiac hypertrophy, in which P38MAPK and JNK promote the develop-
ment of cardiac hypertrophy by regulating inflammation, oxidative stress,
and apoptosis.>* Therefore, inhibiting the MAPK signalling pathway may ef-
fectively improve or delay the procession of cardiac hypertrophy.

As an important component of tumour necrosis factor (TNF) superfam-
ily signal transduction, TNF receptor-associated factors (TRAFs) are mainly
involved in the activation of the MAPK and NF-«B signalling pathways and
play important roles in the regulation of inflammation, proliferation, differ-
entiation, and apoptosis.” To date, seven TRAFs have been identified in
mammals. It has been reported that some of the TRAFs play a role in car-
diac hypertrophy. Transgenic mice overexpressing TRAF2 driven by major
histocompatibility complex (MHC) promoter showed the symptoms of
progressive cardiac hypertrophy with increased myocardial fibrosis.®

Overexpressing TRAF3 or TRAF6 in the heart developed exaggerated car-
diac hypertrophy in response to pressure overload.”® Traf5 knockout mice
showed the substantially aggravated cardiac hypertrophy compared with
fibrosis.” TRAF1-6 each have a conserved amino acid structure at the C
terminus called the TRAF domain.'® TRAF1-6 participate in the activation
of MAPK through the binding of the classic TRAF domain and signalling mo-
lecules. In addition, TRAF2, TRAFS5, and TRAF6 can also enhance the ubi-
quitination and autophosphorylation of apoptosis signal-regulating kinase-1
(ASK1), a member of the mitogen-activated protein kinase kinase kinase
(MAP3K) family that can directly activate JNK and P38MAPK by binding
its ring domain."" Similar to other TRAFs, TRAF7 has a ring finger domain
and several adjacent zinc finger domains at the N terminus. However,
TRAF7 does not contain the TRAF domain structure, and its C terminus
has seven specific WD40 repeats,'> which are associated with down-
stream molecular signal transduction. A previous study showed that the
activation of MAPK by TRAF7 depends on its seven C-terminal WD40
repeats, which can bind to MEKK3 to activate P38MAPK and JNK in
resp??se to tumour necrosis factor alpha (TNF-a) stimulation in tumour
cells.

Several studies have confirmed that congenital defects and malforma-
tions of the heart, such as ventricular septal defects, patent ductus
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arteriosus, and coarctation of the aorta, have been observed in patients
with TRAF7 mutations.*"® However, the role of TRAF7 in the cardiovas-
cular system remains largely unknown. In the present study, we found that
the expression of TRAF7 was significantly increased in hypertrophic car-
diomyopathy induced by pressure overload in mice, indicating that
TRAF7 may affect in this process. We hypothesized that TRAF7 exacer-
bated cardiac hypertrophy by inducing the phosphorylation of ASK1 and
subsequently activating the MAPK signalling cascade. In this study, we
used adeno-associated virus (AAV9)-mediated overexpression of TRAF7
mice, cardiac-specific Traf/ conditional knockout mice, cardiac-specific
Ask1 conditional knockout mice, and TRAF7-deficient or overexpressed
neonatal rat ventricular myocytes to investigate the role of TRAF7 in pres-
sure overload—induced cardiac hypertrophy.

2. Methods

2.1 Reagents

Phenylephrine (PE, P6126) was purchased from Sigma-Aldrich (Missouri,
USA). The BCA Protein Assay Kit (23225) was procured from Thermo
Fisher Scientific (Massachusetts, USA). The DMEM/F12 medium
(C11330500BT) and foetal calf serum (FCS, 22011-8612) were obtained
from Gibco (California, USA) and Tianhang Biotechnology Co., Ltd
(Hangzhou, China), respectively.

GS-4997 is a highly selective ASK1 inhibitor that competes with ATP in
the ASK1 catalytic kinase domain."®

2.2 Experimental animals

Male C57BL/6 mice, 8 weeks old, were obtained from the Institute
of Laboratory Animal Science, Chinese Academy of Medical Sciences
(Beijing, China) and kept under constant environmental conditions with
12 hlight/dark cycles and allowed free access to food and water. The inves-
tigation conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH publication
no. 85-23, revised 1996). The Institutional Animal Care and Use Committee
of the Institute of Model Animals of Wuhan University and the Animal Care
and Use Committee of Renmin Hospital of Wuhan University approved all
animal protocols.

To further verify the role of TRAF7 in vivo, the mice were subjected to
AAV9-Traf7 or AAV9I-GFP injection 4 weeks before TAC or sham opera-
tions to overexpression TRAF7. AAV9-Traf7 and AAV9-GFP were con-
structed and generated by Vigene Biosciences (Shandong, China). Briefly,
recombinant adeno-associated virus-9 (AAV9) harbouring full-length mouse
TRAF7 gene with the cardiac troponin T (cTNT) promotor (AAV9-cTNT-
Traf7) and control vectors (AAV9-cTNT-GFP) were prepared and delivered
as described before."” Viral particles [1 x 10" vector genomes per animal in a
total of 100 pL phosphate buffered saline (PBS)] were administered to 4- to
5-week-old mice through tail injection.'®

Besides, under the background of C57BL/6, the Traf/ conditional knock-
out (Traf7-CKO) mice were generated. Briefly, sgRNA and the donor vec-
tor containing loxP were designed by using the CRISPR design tool (http:/
chopchop.cbu.uib.no/). The mixture of the Cas9 mRNA, sgRNA, and do-
nor vector was microinjected into the single fertilized eggs of C57BL/6
by using the Femtolet 5247 microinjection system. Genotyping was carried
out on the DNA extracted from tail biopsies with the following primers:
F: 5'-TGGGTCTCACACGGCATTCC-3'; R: 5-CATCCAGCAGCCAATC
ATGG-3'. Mice carrying the recombinant allele (Traf7™" were subsequently
obtained via the generation of Traf7".

Then, the Traf7"" mice were crossed with Myhé-cre/Esr1 (Jackson
Laboratory, 005650, Maine, USA) to generate Trafﬂ/ﬂ/(x-MHC-MerCreMer
mice. To activate Cre recombinase, tamoxifen (25 mg/kg/d, Sigma-Aldrich,
T5648, Missouri, USA) was administered to all experimental Traf"/a-MHC-
MerCreMer mice via intraperitoneal injection for 5 consecutive days.
Traf7" mice were also treated with equal doses of tamoxifen injection
as the controls.

Ask1™ mice were gifted from the Institute of Model Animal of Wuhan
University (Wuhan, China), and Ask7-CKO mice were obtained after
crossbreeding according to the above method.

2.3 Transverse aortic constriction and

echocardiography

Pressure overload—induced cardiac hypertrophy model was established
by transverse aortic constriction (TAC) surgery. In short, the mice were
first anaesthetized with pentobarbital sodium (intraperitoneal injection,
80 mg/kg, Sigma-Aldrich, P3761) or isoflurane inhalation and kept on a heat-
ing pad to maintain the body temperature as close as 37°C. For isoflurane
inhalation, the mice were connected to a ventilator and 4-5% were used for 5
induction and 2-3% were used for maintenance of general anaesthesia 2
throughout the TAC surgery and echocardiography. To expose aortic &
arch, a small incision was made after the animal was deeply anaesthetized.
Then, a 7-silk suture was placed around the transverse aorta between 3.
the brachiocephalic and left carotid artery and ligated with a 26-gauge nee- o
dle, which was then removed. Finally, the chest was sutured closed and'_%
the postoperative mice were kept in a 37°C incubator until recovery. 8
The sham group was only induced by chest open and close without ligation.

The mice were subjected to echocardiography 4 weeks after TAC op-
eration by using a MyLab 30CV ultrasound system (Maryland, USA) with a
10-MHz phased array transducer. Parameters of cardiac function as left
ventricular end-systolic diameter (LVEDs) and left ventricular end-diastolic
diameter (LVEDd) were measured from M-mode short-axis images at the
level of the papillary muscles for a time period of more than five consecu-
tive cardiac cycles. Left ventricular fraction shortening (FS) was assessed by
B-mode long-axis images. The ejection fraction (EF) was calculated based
on LVEDs and LVEDd. The mice were euthanized by performing cervical
dislocation under deep anaesthesia caused by pentobarbital sodium (intra-
peritoneal injection, 80 mg/kg, Sigma-Aldrich, P3761, Missouri, USA) or
2.5% isoflurane inhalation. The heart tissue was fixed in 4% paraformalde-
hyde or frozen in liquid nitrogen for subsequent pathological and molecular
analyses.
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2.4 Cell culture and adenoviral infection

Neonatal Sprague-Dawley rat cardiomyocytes (NRCMs) and neonatal rat r
cardiac fibroblasts (NRCFs) were enzymatically isolated from 1- to 3-day- 3“
old Sprague-Dawley rat heart. Briefly, the rats were anaesthetized using ©
isoflurane and sacrificed. Then, heart tissues were harvested and digested &,
with PBS containing 0.03% trypsin and 0.4% collagenase Type Il. NRCMs &
were seeded at a density of 2 x 10° cells per well in six-well culture plates. £
Both NRCMs and NRCFs were cultured in 10% foetal bovine serum
(Gibco; Thermo Fisher Scientific Inc, Grand Island, NY, USA) and =
Dulbecco’s modified Eagle’s medium/F12 medium for 24 h before beingnaJ
used in the subsequent experiments. NRCMs were infected with adeno- 2
virus shRNA-control, shRNA-Traf7, Ad-Con, or Ad-Traf7 [multiplicity of 5
infection (MOI) =50] for 12 h and keep culturing for 12 h, followed by S
the subsequent experiments.
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2.5 Western immunoblotting

Protein samples from cells and tissues were lysed in buffer containing pro-
tease and phosphatase inhibitors before being separated by 8—10% sodium
dodecy! sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride (PVDF) membranes. After blocking,
the membranes were incubated with primary antibodies at 4°C overnight.
On the next day, after washing with PBS, the membranes were incubated )
with appropriate secondary antibodies for 1 h at room temperature before 3
being washed three times with Tris Buffered Saline Tween. The blot =
signals were detected by using an enhanced chemiluminescence (ECL) de-
tection system after incubating with ECL reagents (Bio-Rad 170-5061).
Densitometric quantification was analysed with ChemiDoc XRS + System
(Bio-Rad, California, USA). GAPDH or total protein levels were used as
control in cell and tissue samples. The antibodies used in this study are listed

in Supplementary material online, Table S1.
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2.6 Quantitative real-time PCR

Total mMRNA was isolated from the left ventricular tissues or cells using TRI
reagent (Sigma, T9424) and was reverse-transcribed with Transcriptor
HiScript Ill RT SuperMix for gPCR (+gDNA wiper) (Vazyme, R323-01).
Then, by using a LightCycler480 system (Roche, Basel, Switzerland) and
SYBR gPCR Master Mix (2X) (Vazyme, Q311-03, Nanjing, China), target
MRNA expression levels were measured. The relative mRNA levels
were normalized against GAPDH mRNA levels. The primer sequences
used are provided in Supplementary material online, Table S2.

2.7 RNA-seq

Total RNA was extracted from NRCMs infected with Ad-con or Ad-Traf7
treated with PE for 24 h using TRIzol reagent. RNA library preparation was
then prepared using MGIEasy RNA Library Prep Kit following the manufac-
turer’s instructions. A gene expression analysis was performed by mRNA
sequencing on a BGISEQ-500 (MGl Tech Co., Ltd, Shenzhen, China) with a
single-end 50 bp module.

2.8 In vivo ubiquitination assays

Cells or heart tissues were lysed in 100 pL IP lysis buffer with 1% SDS and
then were denatured via heating for 15 min at 95°C. The supernatants
were diluted 10-fold with IP buffer. After sonication, the lysates were cen-
trifuged at 12 000 rpm for 15 min at 4°C. The supernatants were subjected
to immunoprecipitation with the indicated antibodies. After adding pro-
tein G agarose (11719416001; Roche), equal amounts of lysate were in-
cubated with the indicated antibodies for 4 h at 4°C with gentle rotation.
Subsequently, immunoprecipitates were washed three times with IP buf-
fer. Proteins eluted from beads were used for western blots.

2.9 Immunofluorescence staining

To better position TRAF7, we double-strained with a-actinin and TRAF7 using
paraffin sections of heart tissues. Briefly, the sections were antigen repaired
and blocked as described above and then incubated with diluted primary anti-
body (TRAF7, Proteintech, 1:100 dilution; a-actinin, CST, 1:1000 dilution) at
4°C overnight. After washing the slices three times with PBS , the slides
were incubated with an appropriate fluorescent secondary antibody (anti-
rabbit IgG (H+L), CST, #4412, 1:1000 dilution, CoraLite594-conjugated
Goat Anti-Mouse IgG(H + L), Proteintech, SA00013-3, 1:200 dilution) for
1 h. After washing three times with PBS, DAPI was used to label the nuclei.
Finally, images were acquired by using a fluorescence microscope.

To evaluate the cell surface size, the NRCMs were assessed by immuno-
fluorescent straining. Cardiomyocytes were treated with PE for 24 h after
infection with corresponding adenovirus for 24 h. For straining, the
NRCMs were first fixed with 4% formaldehyde for 15 min at room tem-
perature and washed with PBS three times. Then, the cells were permea-
bilized with 0.2% Triton X-100 in PBS for 10 min at room temperature
before being stained with primary antibody of a-actinin (Sigma, A78811,
1:100 dilution) at 37°C for 2 h. Finally, after washing three times with
PBS, the cell slides were incubated with the appropriate fluorescent
secondary antibody (goat anti-mouse IgG (H+L) secondary antibody,
Invitrogen, A11029, 1:200 dilution). Images were obtained by using a con-
focal laser scanning microscope (TCS SP8, LEICA, Wetzlar, Germany). The
quantitative digital image analysis system (Image-Pro Plus 6.0) was used to
quantify the cell surface size.

For colocalization experiments, NRCMs were co-transfected with plas-
mids encoding HA-tagged ASK1 and Flag-tagged TRAF7 for 36 h. Then, the
cells were double-stained as previous described with anti-Flag and anti-
HA antibodies. After incubating with the corresponding fluorophore-
conjugated secondary antibody, images were acquired by using a confocal
microscope. Besides, heart tissues were double-stained with anti-TRAF7
(Proteintech, 11780-1-AP, 1:100 dilution) and anti-ASK1 (Proteintech,
67072-1-lg, 1:100 dilution) antibodies as previous described, and images
were obtained by using the confocal laser scanning microscope.

2.10 Cardiac morphology and histological
analysis

Tissue sections were obtained as previous described, and haematoxylin—
eosin (HE) staining was used to count cell surface area and picrosirius
red (PSR) staining was used to count LV collagen volume. The quantifica-
tion of cross-sectional area (CSA) of the cells and LV collagen volume were
analysed with a quantitative digital analysis imaging system (Image-Pro
Plus 6.0).

2.11 Immunoprecipitation assays

HEK293T cells were collected with ice-cold PBS after 24 h transfection and
then lysed in ice-cold IP buffer (20 mM Tris—HCI pH 7.4, 150 mM NaCl,
1 mM EDTA, and 1% Triton X-100) containing protease inhibitor cocktail
and phosphatase inhibitor PhosStop. After being treated by ultrasonic, the
lysates were centrifuged at 12 000rpm at 4°C for 10 min. Then, the super-
natants were incubated with protein G Bestarose 4FF beads (Bestchrom,
AA304307) and antibodies for 4 h. The beads were washed three times
with ice-cold IP buffer. Finally, the beads were heated in loaded buffer at
95°C and analysed by western blot.

To better show the interaction between endogenous TRAF7 and ASK1,
we performed co-immunoprecipitation (Co-IP) using cardiac tissue.
Briefly, fresh left ventricular tissue was extensively lysed in immunopre-
cipitation buffer supplemented with protease/phosphatase inhibitors
(Beyotime, PO013J). Subsequently, the heart tissue was fully broken in a
grinder precooled at 4°C, lysed for 10 min, and centrifuged, and the super-
natant containing total protein was collected. The total protein concentra-
tion was measured by usinga BCA protein concentration measurement kit,
and the quantified protein was used for Co-IP. The samples were incu-
bated with specific primary antibodies or IgG at 4°C for 4 h by rotation.
Afterwards, protein A/G agarose beads were added to the mixed samples
and incubated at 4°C for 2 h by rotation. After incubation, the samples
were washed three times with immunoprecipitation buffer and the protein
mixture was boiled and analysed by western blot.

2.12 GST pulldown assay

In order to analyse the interaction between ASK1 and TRAF7, ASK1- and
TRAF7-glutathione S-transferase (GST) fusion proteins were synthesized
in Escherichia coli DH5a cells. Transformed bacteria were grown at
37°C until Aggo up to 0.6 and then induced with isopropyl 1-thio-f-p-
galactopyranoside at a concentration of 1 mm for 3 h. Cells were lysed
with five freeze—thaw cycles and then treated with 1 min of sonication.
After centrifugation, the soluble fraction combined with glutathione—
Sepharose beads in an EconoPac chromatography column (Bio-Rad) over-
night on a rotating wheel at 4°C. The beads were then washed twice with
PBS and resuspended in lysis buffer with protease and phosphatase inhibi-
tors. Flag-TRAF7 and Flag-ASK1 were purified from HEK294T cells expres-
singindicated protein using protein G agarose beads, Flag-tagged antibodies.
The purified GST-HA-TRAF7 or GST-HA-ASK1 was incubated with gluta-
thione—Sepharose 4B beads for 1 h before incubation with Flag-ASK1 or
Flag-TRAF7 for 4 h at 4°C, respectively. After washing three times with
GST buffer, samples were boiled for 5 min at 95°C, and supernatants
were separated by SDS-PAGE and tested by western blotting.

2.13 Plasmids construction and adenoviral

vectors

The PCR-amplified segments of full-length and truncated human ASK1 or
TRAF7 were inserted into pcDNADS vectors or pGEX-6p-GST vectors ac-
cording to the following method."

As for obtaining a series of variant ASK1 constructs with lysine mutated
to arginine, first primers for mutation sites of ASK1 were designed, and
after PCR and digesting by Dpnl, the enzymatic cleavage products were
transformed using 100 pL JM109 receptive bacteria. Mutants of ASK1 plas-
mids were cultured by loading buffer with 100 pg/mL ampicillin and

$20Z 1800190 60 UO Jasn AlIsIaAlUN YINOS [esjua) AQ 9861 18/// | ZOBAD/IAD/SE0 L 0 L /I0P/3|o1lIB-00UBAPER/S8I0SEAOIPIED/WOoo dNoolwepeoe//:sdiy Woll papeojumod


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae217#supplementary-data

TRAF7 aggravates cardiac hypertrophy

obtained after being sequenced. The primer sequences used are provided
in Supplementary material online, Table S3.

To generate adenoviral vectors for overexpressing Traf7 and Ask1 or its
mutant, we utilized the shuttle plasmid pENTR-U6-CMV-flag-T2A along
with the adenoviral expression system (V493-20; Invitrogen, CA, USA).
The recombinant adenoviral vector was linearized using Pacl and
co-transfected into 293A cells using polyethyleneimine (PEl; 24765-1,
Polysciences Inc., Warrington, PA, UK). After 1 week of culture, the cells
were collected and purified by caesium chloride density gradient
centrifugation.

2.14 Statistical analysis

All data were expressed as mean + SD from three independent experi-
ments and analysed using the appropriate statistical analysis methods.
Student’s two-tailed t-test was used to compare the mean values between
two groups. One-way analysis of variance (ANOVA) was used to compare
multiple groups of samples and then followed by the Bonferroni analysis for
data meeting homogeneity or Tamhane’s T2 analysis for data demonstrat-
ing heteroscedasticity. Statistical Package for the Social Sciences (SPSS)
21.0 software was used for all statistical analysis. P values < 0.05 were con-
sidered significant.

3. Results

3.1 TRAF7 expression is increased in

experimental hypertrophic models

Western blot analysis showed that TRAF7 protein expression was signifi-
cantly increased in a mouse cardiac hypertrophy model established by
TAC, which was consistent with the levels of the prohormone atrial natri-
uretic peptide (ANP) (Figure 1A and B). Immunohistochemistry staining fur-
ther confirmed that TRAF7 protein levels were increased after TAC
(Figure 1C). Similarly, the protein levels of TRAF7 were up-regulated in
PE- or angiotensin Il (Angll)-induced NRCMs which occurred in parallel
with the up-regulation of the foetal gene ANP (Figure 1D). The mRNA
levels of TRAF7 were also up-regulated in PE-induced NRCMs and
TAC-induced overload models in mice (see Supplementary material
online, Figure STA and B). However, the protein levels of TRAF7 were
not significantly changed in PE- or Angll-induced NRCFs although the
Collagen Type | Alpha 1 Chain (COL1A1) level increased markedly
(Figure 1E). Furthermore, the majority of TRAF7 expression was detected
in cardiomyocytes, where it could be colocalized with the marker protein
of cardiomyocytes, a-actinin (Figure 1F). In addition, we assessed the pro-
tein and mRNA levels of TRAF7 and ANP at 3 days, 5 days, and 1 week
after TAC, and our results showed that TRAF7 protein and mRNA expres-
sion were already up-regulated at 3 days after TAC, while ANP did
not exhibit significant differences compared with the sham group. This in-
dicates that the TRAF7 up-regulation occurs prior to hypertrophy and
remodelling processes (see Supplementary material online, Figure S1C-E).
Overall, these results suggest that increased TRAF7 expression in
NRCMs may play a critical role in regulating cardiac hypertrophy and
function.

As ROS is an important factor in stress overload and G-protein-coupled
receptor agonist (PE/Angll)-induced cardiac remodelling signalling pathway
and ROS is required for many TRAFs activation, we investigated whether
ROS is the factor that causes an increase in TRAF7. In in vitro studies, we
found that TRAF7 can be activated by ROS (see Supplementary material
online, Figure S3A), and ROS scavenger N-acetyl-cysteine can inhibit TRAF7
expression in cell models induced by PE/Angll (see Supplementary material
online, Figure S3B).

3.2 TRAF7 promotes cardiomyocyte
hypertrophy in vitro

To determine whether TRAF7 regulates the development of cardio-
myocyte hypertrophy, we generated cardiomyocytes with TRAF7

overexpression or down-regulation by infecting the cells with adenovirus
or shRNA and inducing hypertrophy with PE. First, we confirmed TRAF7
overexpression and down-regulation by western blotting (Figure 2A and
B, see Supplementary material online, Figure S2A and B). The immunofluor-
escence staining of a-actinin revealed a notable rise in the morphology area
of cardiomyocytes in Ad-Traf7-infected NRCMs compared with control o
cells. Conversely, Traf7 knockdown prevented PE-induced cardiac 2
hypertrophy (Figure 2C). In parallel, Ad-Traf7 exhibited a heightened le- Z
vel of ANP compared with the control group, signifying that TRAF7 &
overexpression fostered the expression of cardiac hypertrophic pro-
tein, whereas TRAF7 knockdown had inverse effects (Figure 2F).
Furthermore, the overexpression of TRAF7 promoted the elevation Z.
of genes that participate in the stimulation of cardiac hypertrophy-c
(e.g. Anp, Bnp, and Myh7) in response to PE treatment, whereas the re- :
duction of TRAF7 expression curbed the expression of these hyper-
trophic genes (Figure 2D and E).
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3.3 Cardiac-specific overexpression of

TRAF7 accelerates cardiac remodelling

To better examine the phenotype associated with TRAF7 and pressure &
overload—induced cardiac hypertrophy, we used AAV vectors to deliver 3
genes driven by the proximal promoter of cardiomyocyte-specific cTNT &
to overexpress TRAF7 in mouse hearts, and the schematic diagram of &
the animal experiment is shown in Figure 3A. A vector dose of 1x 10"
led to TRAF7 eight—nine-fold overexpression at the protein level in the
heart tissue (Figure 3B, see Supplementary material online, Figure S2C).
At 2 weeks after injection, we performed TAC and evaluated cardiac func-
tion after 4 weeks. Consistent with the in vitro findings, overexpression of &
TRAF7 exacerbated TAC-induced cardiac hypertrophy. Compared with =
those of control AAV-GFP-injected mice after TAC, heart weight and &
the HW/BW, LW/BW, and HW/TL ratios were increased (Figure 3C).
Moreover, TRAF7 markedly deteriorated left ventricular contractile func- o
tion compared with that of control AAV-injected mice after TAC, as evi- 5
denced by the decreases in LVEDd, LVESd, EF%, and FS$% (Figure 3D). HE g
staining showed a notable increase in the CSAs of myocytes in mice with %
cardiac TRAF7 overexpression compared with control AAV-GFP-injected &
mice at 4 weeks after TAC (Figure 3E). PSR straining showed that TAC- %
induced cardiac interstitial fibrosis and perivascular fibrosis were both =
worsened by TRAF7 overexpression (Figure 3E). Consistently, the g
mRNA levels of hypertrophic genes (e.g. Anp, Bnp, and Myh7) and cardiac = N
fibrosis-related genes (e.g. Col1a1, Col3a1, and Ctgf) were significantly in- oo
creased in the AAV9-Traf/7 group compared with the AAV9-GFP TAC o o
group (Figure 3F). Overall, TRAF7 overexpression accelerates heart dys—\<
function, cardiac hypertrophy, and heart remodelling.

Then, we generated a knockout mouse model, Traf7-CKO mice, to as- &
sess the TRAF7 function in vivo. The efficiency of Traf7-CKO in the heart is &
demonstrated in Figure 4A and B by western blot. The outcomes of Traf7 =
knockout are exactly opposite to those observed in TRAF7 overexpres- <
sion (Figure 4C—F). As apoptosis plays a significant role in cardiac fibrosis, 2
we assessed the apoptosis level in TRAF7 overexpression and Traf7-
CKO mice. The results of both WB and TUNEL staining indicated that
TRAF7 overexpression fosters apoptosis induced by stress overload, &
whereas Traf/ knockout significantly diminishes apoptosis (see Supplementary
material online, Figure S4A-C).
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3.4 TRAF7 promotes cardiac hypertrophy
via the MAPK signalling pathway

To investigate the involvement of cardiac Traf7-mediated changes in
the regulation of cardiac hypertrophy, we performed RNA-seq analysis
of PE-induced NRCMs infected with control or Traf/ adenovirus.
Hierarchical clustering showed that Traf7 was the main factor that influ-
enced clustering (Figure 5A). Differentially expressed genes (DEGs) were
identified via the volcano plot, which showed that 1571 genes were up-
regulated, while 2198 genes were down-regulated by Traf7 (Figure 5B).
The results of gene set enrichment analysis (GSEA) of the cardiac
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Figure 1 TRAF7 expression is increased in experimental hypertrophic models. (A) Representative western blots and (B) quantitative results of ANP and
TRAF7 expression in cardiac left ventricle tissues from mice subjected to sham or TAC surgery for the different time periods (n =5). GAPDH served as in-
ternal control. (C) Representative images and quantitative results showing immunofluorescence staining for TRAF7 of heart tissue sections from mice at sham
or subjected to TAC surgery for the different time periods (n = 10). Scale bar: 20 ym. (D) TRAF7 and ANP expression in NRCMs treated with or without PE
(50 uM) or Angll (1 uM) for 12 and 24 h compared with PBS-treated controls (n = 5). (E) Representative western blots and quantitative results of TRAF7 and
COL1A1 expression in CFs treated with or without PE or Angll for 12 and 24 h compared with PBS-treated controls (n =5). (F) Representative images of
immunofluorescence staining for TRAF7 and a-actinin in mice heart tissues sections at 4 weeks after sham or subjected to TAC surgery. Nuclei were labelled
with DAPI. Scale bar: 20 pm (n=5). All data are shown as the mean + SD. Significance analysed by one-way ANOVA with the Bonferroni analysis for data
meeting homogeneity or Tamhane’s T2 post hoc analysis. ¥P < 0.05, **P < 0.01.
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Figure 2 TRAF7 promotes cardiomyocytes hypertrophy in vitro. (A) Western blot analysis of TRAF7 protein expression in NRCMs infected with adenovirus 3
Traf7 (Ad- Traf7) or Ad-con as control (n = 6). (B) Western blot analysis of TRAF7 protein expression in NRCMs infected with Adsh-Traf7 or Adsh-con as §
control (n = 6). (C) Representative images and quantitative results of immunofluorescence straining of a-actinin (100 cells were counted per group). Scale bar: g
20 um. (D) the relative mRNA expression of cardiac hypertrophy-related foetal gene (Anp, Bnp, and Myh7) in the NRCMs infected with ad-Traf7 or ad-conas
control (n=7). Gene expression was normalized to the mRNA levels of Gapdh. (E) The relative mRNA expression of cardiac fibrosis-related genes (Col7af, 5
Col3a1, and Ctgf) in the NRCMs infected with Adsh-Traf7 or Adsh-con as control (n = 6). Gene expression was normalized to the mRNA levels of Gapdh. s
(F) ANP expression in neonatal rat cardiomyocytes (NRCMs) overexpress or down express TRAF7 treated with PE (50 pM) 24 h compared with correspond- (é)
ing control (n =5). All data are shown as the mean =+ SD. Significance analysed by one-way ANOVA with the Bonferroni analysis for data meeting homogeneity =
or Tamhane’s T2 post hoc analysis. *P < 0.05, **P < 0.01. S
2
7}
<
phenotype showed that the DEGs were significantly associated with the results indicated that through in vitro overexpression of TRAF7, there was é

following biological processes: positive regulation of RAS protein signal
transduction, N-terminal protein amino acid modification, intracellular
protein transmembrane transport, fibre development, heart contraction,
heart rate, the force of heart contraction, and cardiac muscle hyper-
trophy (Figure 5C). Gene heatmaps for cardiac phenotypes are shown
in Figure 5D and E.

To explore the underlying mechanisms by which Traf7 influences patho-
logical cardiac hypertrophy, we performed a Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis based on RNA-seq
datasets from PE-induced NRCMes infected with control or Traf7 adeno-
virus. The data showed that MAPK signalling was the most significantly en-
riched pathway after TRAF7 overexpression (Figure 5F).

We subsequently conducted experiments to determine whether
TRAF7 had any effect on the activation of MAPK-related proteins. The

a notable activation in ASK1, JNK, and p38 phosphorylation in PE-induced
NRCMs, whereas the p-ERK1/2 level remained unaffected by TRAF7 over- 2
expression (Figure 5G). In parallel, in vivo experiments demonstrated that the ©
phosphorylation levels of ASK1, JNK, and P38 were significantly increased in &
TAC-induced TRAF7-overexpressing mice compared with the control %
group. Furthermore, TRAF7 overexpression did not affect ERK1/2
(Figure 51). Conversely, TRAF7 down-regulation in NRCMs reduced the ac- 3
tivation of ASK1, JNK and P38 after PE administration and in heart tissues of =
Traf7-CKO mice detected a lower level of activation of ASK1, JNK, P38, but
not ERK compared with the control group 4 weeks after TAC (Figure 5H and
J). All WB strips of Figure 5F—f are quantified in Supplementary material
online, Figure S5A-D. These results indicated that TRAF7 could regulate
the ASK1-JNK1/2/p38 axis by promoting the phosphorylation of ASK1, as
ASK1 can regulate the activation of JNK and P38, but not ERK.
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Figure 3 Cardiac-specific overexpression of TRAF7 exacerbates HF progression in vivo. (A) Schematic outline of the experimental work plan for
AAV9-mediated overexpression of TRAF7 in mice. (B) Western blots further confirm the up-regulation of TRAF7 in mouse hearts harvested from mice in-
jected with TRAF7 compared with the AAV9-GFP as control (n=15). (C) Statistical analysis of heart weight, HW/BW, LW/BW, and HW/TL ratios in
AAV9-Traf7 and AAV9-GFP at 4 weeks after the sham or TAC surgery (n=10 in each group). (D) Cardiac function of mice with overexpression of
TRAF7 compared with AAV9-GFP, including LVEDd, LVESd, FS, and EF (n =10 in each group). (E) Representative images of HE staining and PSR staining
in the ventricular sections from AAV9-GFP- or AAV9-Traf7-treated mice following sham or TAC (n = 6). The quantification of the average CSA and statistical
results of the left ventricular interstitial collagen volume are shown in the right of these images. The quantification of the average CSA was analysed by count-
ing100 cells in per group. Scale bar: 50 pm. (F) The relative mRNA expression of hypertrophic genes (Anp, Bnp, and Myh7) (left) and cardiac fibrosis-related
genes (ColTal, Col3at, and Ctgf) (right) in the heart tissues from the indicated mice (n = 5). Gene expression was normalized to the mRNA levels of Gapdh.
Significance analysed by one-way ANOVA with the Bonferroni analysis for data meeting homogeneity or Tamhane’s T2 post hoc analysis. *P < 0.05, #*¥P < 0.01.
All data are shown as the mean + SD.
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Figure 4 Cardiac-specific Traf7 knockout (Traf7-CKO) inhibits TAC-induced cardiac hypertrophy in vivo. (A) Western blots of TRAF7 expression in different
tissues (n = 5). (B) Western blots of TRAF7 expression in heart (n = 5). (C) Statistical analysis of heart weight, HW/BW, LW/BW, and HW/TL ratios in Flox and
Traf7-CKO mice at 4 w after sham or TAC surgery (n = 10). (D) Cardiac function comparison between Flox and Traf7-CKO mice, including LVEDd, LVESd, FS,
and EF (n = 10). (E) Representative images of HE staining and PSR staining in the ventricular sections from Flox and Traf7-CKO mice following sham or TAC
(n = 6). The quantification of the average CSA and statistical results of the left ventricular interstitial collagen volume are shown in the right of these images. The
quantification of the average CSA was analysed by counting100 cells in per group. Scale bar: 50 ym. (F) The relative mRNA expression of hypertrophic genes
(Anp, Bnp, and Myh7) (left) and cardiac fibrosis-related genes (ColTa1, Col3a1, and Ctgf) (right) in the heart tissues from the indicated mice (n = 5 in each group).
Gene expression was normalized to the mRNA levels of Gapdh. Significance analysed by one-way ANOVA with the Bonferroni analysis for data meeting homo-
geneity or Tamhane’s T2 post hoc analysis. *P < 0.05, #*¥P < 0.01. All data are shown as the mean + SD.
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Figure 5 TRAF7 promotes cardiac hypertrophy via MAPK signalling pathway. (A) Hierarchical gene cluster analysis of PE-treated NRCMs infected by con or
Traf7 adenovirus (n =4). (B) Volcano plot of DEGs (n =4). (C) GSEA of cardiac phenotype of biological process (n =4). (D) Heatmap showing cardiac phe-
notypes of muscle fibre development and cardiac muscle fibre development (n = 4). (E) Heatmap showing cardiac phenotypes of cardiac muscle hypertrophy,
regulation of the force of heart contraction, regulation of heart rate, regulation of heart contraction and heart contraction (n = 4). (F) KEGG pathway enrich-
ment analysis of the identified DEGs based on RNA-seq data set from PE-treated NRCMs infected by GFP or Traf7 adenovirus (n =4). (G) Western blots of
total and phosphorylated levels of MAPK signalling-related proteins at 24 h after PBS or PE treatment in NRCMs infected with Ad-Traf7. Ad-con used as a
control (n =5). (H) Western blots of total and phosphorylated levels of MAPK signalling-related proteins at 24 h after PBS or PE treatment in NRCMs infected
with Ad-shTraf7. Ad-shRNA was used as a control (n=5). (I) Western blots of total and phosphorylated levels of MAPK signalling-related proteins from
AAV9-GFP or AAV9-Traf7-treated mice at 4 weeks after the sham or TAC surgery (n=15). (J) Western blots of total and phosphorylated levels of MAPK
signalling-related proteins from Flox or Traf7-CKO mice at 4 weeks after the sham or TAC surgery (n=>5). Significance analysed by one-way ANOVA
with the Bonferroni analysis for data meeting homogeneity or Tamhane’s T2 post hoc analysis. *P < 0.05, **P < 0.01. All data are shown as the mean + SD.

$20Z 1800190 60 UO Jasn AlIsIaAlUN YINOS [esjua) AQ 9861 18/// | ZOBAD/IAD/SE0 L 0 L /I0P/3|o1lIB-00UBAPER/S8I0SEAOIPIED/WOoo dNoolwepeoe//:sdiy Woll papeojumod



TRAF7 aggravates cardiac hypertrophy 11

A B
2937 293T Flag-TRAF + + FlagASKI 4 +
GST-HA + - GSTHA + -
: + o+ Flag-TRAF7 + +
iy " GSTHA-ASKT - + KDa  GST-HATRAF7,_ - * KDa
Flag-TRAF7 - + KDa HA-ASK1 - + KDa L ,0_3 = -
IB:Fla 0] L :Flag
g — IB: HA b3 bl . 1B: Flag g ]—70 9 . 130
- - 1% a - IB: HA | 180 =100
o L 70 IB: Flag == 130 'B* 4 -_
S — : —— IB: Fla —
a g (B2-HA 3} - 70 . = IBHA = e
= ., B oFeg = -], 1B HA - |
o o 130 IB:Flag
C
Flag-TRAF7 HA-ASKA1 DAPI Merge
— ASK1
TRAF7
.
3
distance(um)
D IF F Sham TAC G
Input 1gG TRAF7 < = =
put lg AAVO-GFP  + + HAASKI + 4 s
Flag-TRAF7 - - + KDa
T IB:Ubi 4 IB:Myc
E 2 s 130
PBS + - 5 2 1
[P o ] 130 25
o 130
3 b [===lr e
i 0 130 1B:M
. g | EEm== o mpask ve
— w130 IB:ASK1 , |
[ malrso 1BpaSKS e
— .
= 130 BASK ™ . BFlag
- e= - |B.GAPDH ,
o~ BHA

Figure 6 TRAF7 regulates the activation of ASK1 through promoting its ubiquitination. Representative western blots of Co-IP assays in 293T cells trans-
fected with Flag-tagged TRAF7 and HA-tagged ASK1. Flag and HA antibodies were used as western blot probes (n = 5). (B) GST precipitation assays showing
direct TRAF7—-ASK1 binding in vitro. GST-HA was used as control (n =5). (C) Representative confocal images of NRCMs co-transfected with Flag-tagged
TRAF7 and HA-tagged ASK1. Nuclei were labelled with DAPI (blue). Scale bar: 5 um (n = 5). (D) Representative western blots of Co-IP assays in cardiac tissue.
TRAF7 and ASK1 were used as western blot probes. The input group was the positive control, IgG was the negative control. (n =5). (E) Representative west-
ern blots of ubiquitinated ASK1 and total ASK1 protein after IP of ASK1 (top) and representative western blots of total ASK1 and p-ASK1 in the WCL of
NRCMs treated with PE (50 mM) or PBS for 24 h. Ub, ubiquitin; WCL, whole cell lysate (n =5). (F) Representative western bolt of the ubiquitination and
phosphorylation levels of ASK1 in WT and AAV9-Traf7 mice subjected to sham or TAC surgery. AAV9-GFP sham group was used as control (n=5).
(G) Representative western blot of 293T cells transfected with HA-ASK1 and Myc-Ub along with Flag-TRAF7 plasmids which were subjected to immunopre-
cipitation with anti-HA antibody and tested by HA-tagged, Myc-tagged, HA-tagged, and p-ASK1 antibodies (n = 5). Student’s two-tailed t-test was used to
compare the mean values between two groups. Significance analysed by one-way ANOVA with the Bonferroni analysis for data meeting homogeneity or
Tamhane’s T2 post hoc analysis. ¥P < 0.05, **#P < 0.01. All data are shown as the mean =+ SD.

ASK1. To investigate this question, immunoprecipitation (IP) of TRAF7
and ASK1 was performed, and the results showed that TRAF7 could inter-
act with ASK1 (Figure 6A). In addition, the GST pulldown assay further va-
lidated the direct interaction between TRAF7 and ASK1 (Figure 6B).
Moreover, double immunofluorescence staining showed that TRAF7 and

3.5 TRAF7 regulates the activation of ASK1
by promoting ASK1 ubiquitination

In order to delve deeper into the mechanisms responsible for TRAF’s regu-
lation of ASK1, we first examined whether TRAF7 could interact with
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Figure 7 Exploration of the domain, ubiquitination type, and sites of TRAF7-mediated ASK1 ubiquitination. (A) Top, schematic of full-length or truncated
TRAF7. Bottom, representative western blots with Flag-tagged or HA-tagged antibody after Co-IP of full-length and truncated forms of TRAF7 (n =5). (B) Top,
schematic of full-length or truncated ASK1. Bottom, representative western blots with Flag-tagged or HA-tagged antibody after Co-IP of full-length and trun-
cated forms of ASK1 (n=15). (C) Representative western blot of 293T cells transfected with HA-ASK1 and Myc-Ub along with Flag full-length or truncated
TRAF7 plasmids which were subjected to immunoprecipitation with anti-HA antibody and tested by ubiquitin, ASK1, and p-ASK1 antibodies (n = 5). (D) The
quantification of the ubiquitin/ASK1 in (C) (n=15). (E) The quantification of the p-ASK1/ASK1 in (C) (n=5). (F) Representative western blot of 293T cells

(continued)
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Figure 7 Continued

transfected with HA-ASK1 and Myc-K480O Ub along with or without Flag-TRAF7 plasmids which were subjected to immunoprecipitation with anti-HA anti-
body and tested by HA-tagged, Myc-tagged, Flag-tagged, and p-ASK1 antibodies (n=15). (G) Representative western blot of 293T cells transfected with
HA-ASK1 and Myc-K630O Ub along with or without Flag-TRAF7 plasmids which were subjected to immunoprecipitation with anti-HA antibody and tested
by HA-tagged, Myc-tagged, HA-tagged, and p-ASK1 antibodies (n=5). (H) Representative western blot of 293T cells transfected with Flag-TRAF7,

Myc-K63O Ub, and HA-ASK1 or ASK1 mutants which were subjected to immunoprecipitation with anti-HA antibody and tested by HA-tagged,
Myc-tagged, Flag-tagged, and p-ASK1 antibodies (n=15). (/) Representative western blot of p-ASK1 and ASK1 in neonatal rat cardiomyocytes (NRCMs)
infected by Ad-Traf7 and Ad-ASKT or Ad-K1064R and stimulated with PE for 24 h (n =5). (/) Representative images and quantitative results of immunofluor-
escence straining of a-actinin in NRCMs infected by Ad-Traf7 and Ad-ASK1 or Ad-K1064R and stimulated with PE for 24 h (100 cells were counted per group).
Scale bar: 20 pm. Significance analysed by one-way ANOVA with the Bonferroni analysis for data meeting homogeneity or Tamhane’s T2 post hoc analysis.

*P < 0.05, *¥*P < 0.01. All data are shown as the mean + SD.

ASK1 were colocalized in NRCMs (Figure 6C). We also performed Co-IP
using heart tissue of mice, and the results showed that ASK1 and TRAF7
were detected in Input group, indicating the presence of these two pro-
teins. The IgG group in the IP group did not show bands, which ruled
out the possibility of non-specific binding, while the anti-TRAF7 group
showed bands of both ASK1 and TRAF7, that is, the presence of both pro-
teins in the precipitation complex, indicating the interaction between ASK1
and TRAF7 (Figure 6C, see Supplementary material online, Figure S6F). As
TRAF7 has E3 ubiquitin ligase activity, next we investigated how the ubiqui-
tination of ASK1 changed in response to PE exposure and whether TRAF7
influenced ASK1 activity via its E3 ubiquitin ligase activity. Our findings in-
dicated that PE obviously triggered ASK1 ubiquitination and elevated the
level of ASK1 phosphorylation in NRCMs (Figure 6E, see Supplementary
material online, Figure S6A). The ubiquitination and phosphorylation
of ASK1 were also examined in vivo ubiquitination assay in wild-type
(WT) and AAV9-Traf7 mice subjected to sham or TAC surgery. The re-
sults showed that TRAF7 overexpression up-regulated the ubiquitination
and phosphorylation of ASK1, which is in parallel with the results in
NRCMs (Figure 6F, see Supplementary material online, Figure S6B). In add-
ition, the increase in ASK1 ubiquitination and phosphorylation was also ob-
served in 293T cells overexpressing TRAF7 (Figure 6G, see Supplementary
material online, Figure S6C). The results indicated that the ASK1 ubiquitina-
tion and phosphorylation were related and that TRAF7 could facilitate
both processes.

We then explored how TRAF7 affected the ASK1 ubiquitination. IP ana-
lysis of ASK1 and the N-terminal and C-terminal regions of TRAF7 showed
that the C-terminal region of TRAF7 (277-670 aa) played a crucial role in
the interaction between these proteins (Figure 7A). In addition, both the
C-terminal and the N-terminal regions of ASK1 could bind to TRAF7
(Figure 7B). In order to investigate which region of TRAF7 is essential for
ASK1 activation, we performed IP analysis of ASK1 and the N-terminal
and C-terminal regions of TRAF7, followed by monitoring the ubiquitina-
tion and phosphorylation level of ASK1 in 293T cells. The results showed
that both the C-terminal region and the N-terminal region of TRAF7 are
indispensable for the activation of ASK1 (Figure 7C-E).

Then, we analysed the types of ubiquitin modifications on ASK1 that
were induced by TRAF7. It has been reported that K48-linked and
K63-linked ubiquitination of ASK1 influences the ASK1 activation, and
our results showed that K63-linked but not K48-linked ubiquitination of
ASK1 was affected by TRAF7 (Figure 7F and G, see Supplementary
material online, Figure S6D and E).

In order to identify the ubiquitination sites responsible for
TRAF7-mediated Lys63-linked ubiquitination of ASK1, a series of ASK1
mutants (K134R, K290R, K465R, K730R, K785R, K792R, K819R, K860R,
K893R, K912R, K1003R, K1064R) were constructed according to Bai’s re-
port,?® and the level of K63-linked ubiquitination modification in the pres-
ence or absence of TRAF7 was measured by in vivo ubiquitination assays.
We found that, in comparison with WT ASK1, most of the mutants of
ASK1 had no effect on ASK1 activation influenced by TRAF7 except for
K1064R (Figure 7H). To further confirm the impact of the K1064R muta-
tion on ASK1 in cardiomyocytes, we infected cardiomyocytes with

olLuapeer:sduq wioJ} pepeojumoq

adenovirus of TRAF7 and ASK1 or K1064R and stimulated cells with PE.
[t showed that K1064R of ASK1 inhibited the ASK1 phosphorylation acti- °
vation (Figure 7). The resulting cells were then assessed for hyper‘trophy'fJ
using a-actinin staining (Figure 7). These findings showed that K1064R 8
had a significant inhibitory effect for ASK1 phosphorylation and cardio-
myocyte hypertrophy in TRAF7 overexpression under PE stimuli.

In summary, the results indicated that overexpressing TRAF7 resulted &
in an elevated level of K63-linked polyubiquitination of ASK1, and K1064 &
of ASK1 is the ubiquitination site responsible for TRAF7-mediated Lys63-
linked ubiquitination, and consequently triggering ASK1 phosphorylation
activation.

AOIPJEO/WOD

3.6 ASK1 is the target by which TRAF7

induces cardiac hypertrophy
To further explore whether TRAF7 regulates cardiac hypertrophy through <
ASK1 activation, we established rescue experiments in vitro by inhibiting ©
ASK1 activation with the ASK1-specific inhibitor GS4997, in the presence Q
of TRAF7 overexpression. The results showed that the CSA of the cell £
was rescued by GS4997 compared with TRAF7 overexpression after PE S
stimulation (see Supplementary material online, Figure S7A). In addition, é
the mRNA levels of Anp, Bnp and Myh7 were up-regulated by TRAF7 over- {2,
expression and reduced by GS4997 treatment upon PE stimulation (see <
Supplementary material online, Figure S7B). Furthermore, TRAF7-induced &
activation of the ASK1/JNK/p38 axis after PE stimulation was inhibited by % N
GS4997 (see Supplementary material online, Figure S7C). °°

Then, we carried out the rescue experiment using Ask1-CKO mice in 2 g
vivo. After proven ASK1 was knocked out in cardiac tissues, we explored Q
the cardiac function, cardiac remodelling, apoptosis level, and signalling 2.
pathway influenced by Ask1-CKO and TRAF7 overexpression. The results £
showed that Ask1-CKO could remarkably rescue cardiac remodelling in- (é)
duced by pressure overload, while also being capable of suppressing the se- =
vere cardiac remodelling induced by TRAF7 overexpression (Figure 88-D). &
When Ask 1 was cardiac-specific knockout in mice, the signalling pathway of 5'
ASK1 and apoptosis level were significantly down-regulated compared &.
with the control group after TAC (see Supplementary material online, =
Figure S8A-E). Although overexpression of TRAF7 led to a higher level E
of apoptosis after TAC, the Ask1-CKO managed to rescue a portion 9
of the heart tissue death, which has a significant difference compared 3
with Flox + AAV9-Traf/ group (see Supplementary material online, o
Figure S8C-E). It is worth noting that on numerous evaluation dimensions, &
there was no significant difference observed between Ask 1-CKO mice with @ &
or without AAV9-Traf7 injection 4 weeks after TAC, which indicated that B
ASK1 is the crucial downstream target of TRAF7 during TAC-induced car- Y
diac hypertrophy.

op/3|oIe-80UBAPE/S2IOSE

4. Discussion

Previous studies have confirmed that TRAF7 is closely related to the acti-
vation of MAPKs, especially JNK and P38MAPK during TNF-a. signalling in
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Figure 8 Ask1-CKO inhibited TRAF7 overexpression-induced serious cardiac hypertrophy in vivo. (A) Western blots of ASK1 expression in heart.
(B) Statistical analysis of heart weight, HW/BW, LW/BW, and HW/TL ratios in Flox and Ask7-CKO mice at 4 weeks after sham or TAC surgery injected
with or without AAV9-Traf7 (n=8). (C) Cardiac function comparison between Flox and Ask1-CKO after sham or TAC surgery injected with or without
AAV9-Traf7, including LVEDd, LVESd, FS, and EF (n=8). (D) Representative images of HE staining and PSR staining in the ventricular sections from Flox
and Ask1-CKO mice following sham or TAC injected with or without AAV9-Traf7 (n = 6). The quantification of the average CSA and statistical results of
the left ventricular interstitial collagen volume are shown below these images. Significance analysed by one-way ANOVA with the Bonferroni analysis for
data meeting homogeneity or Tamhane’s T2 post hoc analysis. *P < 0.05, **P < 0.01. All data are shown as the mean + SD.
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tumour cells, but the evidence showed that this is due to the activation
of MKK3."? In this study, we revealed a novel mechanism by which
TRAF7 promoted cardiac hypertrophy induced by pressure overload by
regulating the important MAPK factor ASK1. Remarkably, overexpressing
TRAF7 resulted in an elevated level of Ké3-linked polyubiquitination
of ASK1, and K1064 of ASK1 is the ubiquitination site responsible for
TRAF7-mediated Lys63-linked ubiquitination, and consequently triggering
ASK1 phosphorylation activation during cardiac hypertrophy. In addition,
the application of the ASK1 inhibitor G54997 and Ask1-CKO effectively re-
versed cardiac hypertrophy induced by TRAF7 overexpression. Therefore,
it is reasonable to conclude that TRAF7 is an important factor in regulating
cardiac hypertrophy by activating ASK1.

Several studies have confirmed that patients with TRAF7 mutations have
varying degrees of congenital heart defects, suggesting that TRAF7 may be
related to heart disease.'*"> However, we did not observe these malfor-
mations in Traf7-CKO mice during our research. We conjectured that
even in the absence of Traf/, the occurrence of heart malformations
is a probability event. In this study, we measured the expression of
TRAF7 in cardiomyocytes and fibroblasts, and TRAF7 protein expression
in cardiomyocytes was positively correlated with cardiac hypertrophy.
Up-regulation and knockdown of TRAF7 in vitro or in vivo showed that
TRAF7 played an important role in pressure overload—induced cardiac
hypertrophy. Further RNA-seq analysis indicated that the overexpression
of TRAF7 led to increased expression of genes involved in cardiac muscle
fibre development and cardiac muscle hypertrophy. Remarkably, although
we did not observe changes in TRAF7 in fibroblasts under hypertrophic
stimulation in vitro, cardiac fibrosis in TRAF7-overexpressing mice was sig-
nificantly increased. Besides, cardiac fibrosis in Traf7-CKO mice was signifi-
cantly decreased. Then, we tested the apoptosis level in heart tissues,
which is a very important factor influencing cardiac fibrosis.”' The results
showed that TRAF7 overexpression aggravated TAC-induced apoptosis
in heart tissues, while Traf7-CKO significantly improved the degree of car-
diomyocyte apoptosis. In addition, we found that TRAF7-induced cardiac
hypertrophy was related to the activation of JNK and P38 MAPK through
the regulation of ASK1.

ROS is an important factor in the stress overload and G-protein-coupled
receptor agonist (PE/Angll)-induced cardiac remodelling signalling path-
way.22 In in vitro studies, we found that TRAF7 can be activated by ROS,
and scavenging ROS can inhibit TRAF7 expression caused by G-protein-
coupled receptor agonist. Although the specific mechanism is not clear
yet, it also helps us understand how TRAF7 is activated.

ASK1, a MAP3K, has been shown to promote pressure overload—
induced cardiac hypertrophy and fibrosis.”> The activation of ASK1 is
regulated by oxidative stress, TNF-a, hypertrophic stimulation, and other
factors, and ASK1 is typically activated by autophosphorylation.****
Subsequently, Thr838-phosphorylated ASK1 further phosphorylates P38
and JNK.2*?’ It has been proven that the phosphorylation of ASK1 can
be mediated by ubiquitinating2>*® ASK1 has a C-terminal coiled-coil do-
main and an N-terminal coiled-coil (NCC) domain. Protein modification
at the N terminus determines ASK1 activation or inhibition of ASK1.2
Except for TRAF1, all other TRAFs have the ring domain with E3 ubiquitin
ligase activity, which is necessary for the activation of downstream path-
ways. TRAF2 could bind to the ASK1 through TRAF domain and applied
ring domain to promote the phosphorylation of ASK1.3% In our study,
although TRAF7 lacks the TRAF domain, it still promoted the phosphoryl-
ation of ASK1. Our further studies showed that ASK1 could bind to the
C-terminal region of TRAF7 (277-670 aa) and lead to endogenous ubiqui-
tination. Then, we examined which ubiquitin ligase mediates the polyubi-
quitination of ASK1 in the presence of TRAF7. It is currently known that
K48 and K63 are related to the ubiquitination of ASK1. WD40 repeats do-
main is a highly conserved protein and is reported as protein interaction
scaffolds containing several B-propeller domains.>' Up to now, WD40 re-
peats have not been found to have catalytic activity.>> In our study, it is
WD40 repeats that combined TRAF7 and ASK1 together and ring do-
mains participate in the ubiquitination modification of ASK1. Both N ter-
minus and C terminus are essential for phosphorylation of ASK1
through ubiquitination modification. Different types of ubiquitination

lead to different cellular outcomes, and K48-mediated polyubiquitination
leads to the hydrolysis of proteins by the proteasome system, which is con-
sidered the classic ubiquitination mode. Unlike the ubiquitin chain of at
K48, the polyubiquitin chain of K63 does not target a substrate for degrad-
ation but influences signalling transport. This effect may be beneficial to the
combination of various receptor proteins, especially multidomain adaptor o
proteins, which allows these proteins to recruit signalling molecules to fa- g
cilitate downstream signalling pathways Previous studies have shown = ]
that Ké3-linked polyubiquitination promotes ASK1 activation by causing o_
conformational changes in the NCC domain of ASK1 or by recruiting sig-

nalling factors.>** Our study showed that TRAF7 promoted the polyubi- 3
quitination of ASK1 via the K63 ubiquitin chain, indicating that TRAF7 may i
participate in the activation of kinases by mediating ASK1 ubiquitination, &
thereby promoting downstream signalling. Furthermore, the ubiquitination =
of lys1064 in ASK1 that TRAF7 mediated is the key to connecting ubiqui- g
tination and phosphorylation when facing hypertrophic stimuli. o)

In addition, to further verify whether TRAF7 regulates cardiac hyper- 3
trophy in an ASK1-mediated manner, we treated cells with the ASKT in- o
hibitor GS54997. GS4997 (also known as selonsertib) has been shown to'O
have antifibrotic and anti-inflammatory effects and has been studied in 8
phase Il and Il clinical trlals for treating non-alcoholic steatohepatitis and & S
diabetic kidney diseases.'*3® Our results showed that GS4997 inhibited 3 3
the activation of ASK1 and its downstream JNK/P38MAPK even in the &
presence of TRAF7 overexpression, which indicated that the negative ef-
fects of TRAF7 on the regulation of cardiac hypertrophy could be elimi-
nated by inhibiting the activation of ASK1. In vivo rescue experiments o
using Ask1-CKO further illustrate that ASK1 is the downstream target of <
TRAF7.

There are several limitations in this study, such as how ROS mediates ¢,
TRAF7 activation. However, we reveal a new mechanism by which TRAF7 =
regulates the MAPK signalling pathway during the development of cardiac E
hypertrophy through regulating the activation of ASK1 in an ubiquitination-
dependent manner, and this will provide a new strategy for the treatment of
cardiac hypertrophy.
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