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ORIGINAL RESEARCH

TRAF Family Member 4 Promotes Cardiac 
Hypertrophy Through the Activation of the 
AKT Pathway
Jian Li, MSc*; Chang-Quan Wang, MSc*; Wen-Chang Xiao , PhD; Yun Chen, PhD; Jun Tu, BA;  
Feng Wan , MSc; Ke-Qiong Deng , PhD; Huo-Ping Li , MSc

BACKGROUND: Pathological cardiac hypertrophy is a major cause of heart failure morbidity. The complex mechanism of inter-
molecular interactions underlying the pathogenesis of cardiac hypertrophy has led to a lack of development and application 
of therapeutic methods.

METHODS AND RESULTS: Our study provides the first evidence that TRAF4, a member of the tumor necrosis factor receptor–
associated factor (TRAF) family, acts as a promoter of cardiac hypertrophy. Here, Western blotting assays demonstrated that 
TRAF4 is upregulated in cardiac hypertrophy. Additionally, TRAF4 deletion inhibits the development of cardiac hypertrophy in 
a mouse model after transverse aortic constriction surgery, whereas its overexpression promotes phenylephrine stimulation-
induced cardiomyocyte hypertrophy in primary neonatal rat cardiomyocytes. Mechanistically, RNA-seq analysis revealed that 
TRAF4 promoted the activation of the protein kinase B pathway during cardiac hypertrophy. Moreover, we found that inhibition 
of protein kinase B phosphorylation rescued the aggravated cardiomyocyte hypertrophic phenotypes caused by TRAF4 over-
expression in phenylephrine-treated neonatal rat cardiomyocytes, suggesting that TRAF4 may regulate cardiac hypertrophy 
in a protein kinase B–dependent manner.

CONCLUSIONS: Our results revealed the regulatory function of TRAF4 in cardiac hypertrophy, which may provide new insights 
into developing therapeutic and preventive targets for this disease.

Key Words: AKT pathway ■ cardiac hypertrophy ■ heart failure ■ phenylephrine 
■ primary neonatal rat cardiomyocytes ■ TRAF4 ■ transverse aortic constriction

Cardiac hypertrophy is a compensatory response 
to various mechanical and neurohormonal stimuli, 
such as hypertension, chronic pressure overload, 

valvular heart diseases, myocardial infarction, and en-
docrine disorders.1–3 However, sustained or excessive 
cardiac hypertrophy can progress to a decompen-
sated state, which induces ventricular contractile dys-
function. This eventually leads to heart failure, one of 
the most common causes of mortality, and currently 
lacks efficient therapy.4 During this intricate transition, 

cardiac hypertrophy is accompanied by fibrosis, ar-
rhythmia, and valvular dysfunction owing to the in-
ability to meet the biomechanical load.5 Although the 
molecular mechanism involved in cardiac hypertrophy 
has been elucidated at multiple levels, effective phar-
macological targets for treatment are still lacking.6

Tumor necrosis factor receptor–associated factor 
(TRAF) family members, characterized by the TRAF ho-
mologous structural domain at the C-terminus, RING 
structure at the N-terminus, and zinc-finger domains, 
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are a group of linker molecules in the tumor necrosis 
factor superfamily and the Toll-like receptor/interleu-
kin-1 receptor superfamily.7 The regulatory function of 
the TRAF family is involved in a wide range of biological 
processes, including cell proliferation, differentiation, 
apoptosis, survival, and immune response.8 TRAF4, 
an E3 ubiquitin ligase and member of the TRAF family, 
plays a crucial role in individual development.9 Unlike 
other TRAF family members, TRAF4 migrates between 
the cytomembrane, cytoplasm, and nucleus through 
indirect action or formation of complexes to participate 
in the transduction of multiple signaling pathways, such 
as NF-κB (nuclear factor kappa-B), c-Jun N-terminal 
kinase, and AKT (protein kinase B).10–12 However, the 
role of TRAF4 in cardiac hypertrophy has not yet been 
reported.

In this study, we identified that the expression of 
TRAF4 was increased in cardiac hypertrophy models 
both in vitro and in vivo. Genetic ablation of TRAF4 at-
tenuated transverse aortic constriction (TAC)–induced 
cardiac hypertrophy in mice. In contrast, TRAF4 over-
expression aggravates the hypertrophic phenotype in-
duced by phenylephrine in neonatal rat cardiomyocytes 

(NRCMs). Furthermore, the AKT signaling pathway was 
confirmed to be strongly associated with the regulatory 
function of TRAF4 in cardiac hypertrophy process via 
systematic investigation. Importantly, inhibition of the 
AKT pathway reversed the exacerbated hypertrophic 
phenotype resulting from TRAF4 overexpression. Our 
results showed that TRAF4 activates the AKT signaling 
pathway to aggravate cardiac hypertrophy.

MATERIALS AND METHODS
Data Availability
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Traf4-KO Mice Construction
The guide sequences of the target DNA region-guide 
RNA1 (GGGTA​CTA​AAC​GAC​CCA​CAAA) and RNA2 
(CACCA​GGC​CAG​TTT​GCA​AACGC) were predicted 
using the CRISPR online design tool (http://chopc​
hop.cbu.uib.no/) and constructed into TRAF4-sgRNA 
expression vectors with a skeleton vector of pUC57-
sgRNA (51132, Addgene). After mixing the purified 
products of in vitro transcription of the Cas9 expres-
sion vector pST1374-Cas9 (Addgene 44758) and 
TRAF4-sgRNA expression vector, the mixture was in-
jected into a single cell of fertilized eggs from C57BL/6 
mice using a FemtoJet 5247 microinjection system. 
Surrogate female mice were transplanted with the in-
jected fertilized eggs and gave birth to F0 generation 
after ≈19 to 21 days of pregnancy. Genomic DNA was 
extracted from the toe tissue of 2-week-old mice and 
used for genotype identification using the following 
primers.

TRAF4-check F1: 5′-CAGCA​TGC​CTG​TTT​CTTTCA-3′,
TRAF4-check R1: 5′- GCCCT​CGT​GAC​TCT​GAAA​

TC-3′.

Mice TAC Surgery
TAC surgery was used to establish a pressure, overload-
induced cardiac hypertrophy model. Considering the 
protective effect of estrogen on myocardial hypertro-
phy, we selected male mice for the following study. 
Randomly selected male mice aged 9 to 11 weeks with 
body weights of 25.5 to 27 g were anesthetized. After 
the toe contractile reflex disappeared and the mice 
breathed smoothly and evenly, they were placed in the 
supine position on the automatic adjusting heating pad 
at 37 °C and fixed. After thoracotomy at the junction 
of the clavicle and thoracic vertebra, cutting open and 
using forceps to penetrate the incision and tear the 
muscles on both sides, separating the thymus glands 
on both sides and exposing the aortic arch, 7-0 silk 
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thread was passed through the aortic arch. The 26-G 
cushion needle was placed parallel to the top of the 
aortic arch. After threading the cushion needle with silk 
thread and ligating the aortic arch, the cushion needle 
was pulled out to narrow the aortic arch. Mice in the 
sham group underwent identical operations in paral-
lel without ligation. After the operation, the skin at the 
opening was sutured and the mice were placed in a 37 
°C incubator to wake up.

All animal protocols were approved by the Animal 
Care and Use Committee of Zhongnan Hospital of 
Wuhan University.

Mice Echocardiography
Mice were anesthetized by inhalation of isoflurane 
(1.5%–2%) and then fixed in a supine position on a 
thermostatic plate. Echocardiography was performed 
using a small-animal ultrasound imaging system 
(VEVO2100, FUJIFILM VISUALSONICS, Canada) with 
a 30-MHz probe (MS400). Echograms of left ventric-
ular volume and left ventricular wall thickness were 
obtained at the papillary muscle for 3 consecutive 
cardiac cycles, and parameters including left ventricu-
lar end-systolic diameter, left ventricular end-diastolic 
diameter, left ventricular ejection fraction, and fraction 
shortening were measured.

Mice Dissection
The mice were euthanized and weighed 4 weeks after 
TAC or sham surgery. Then, the hearts of mice were 
excised and placed in a 10% KCl solution to stop in 
the diastolic phase. The heart was weighed and pho-
tographed before placing in 10% formalin or liquid ni-
trogen. Subsequently, the tibia was isolated, and its 
length was measured.

Histological Staining
After fixation in 10% formalin for 72 hours, left ventri-
cles of mice were embedded in paraffin. The paraffin-
embedded mouse heart was cut into 5-μm sections. 
After hematoxylin and eosin (hematoxylin, G1004, 
Servicebio; eosin, BA-4024, Baso) and picrosirius red 
(PSR, 26357-02, Hedebiotechnology) staining, the car-
diomyocyte cross-sectional areas and fibrotic collagen 
areas were calculated using a digital image analysis 
system (Image-Pro Plus Version 6.0).

Western Blotting
The left ventricular tissues or cells were lysed with RIPA 
lysis solution (720 μL RIPA buffer, 20 μL phenylmethyl-
sulfonyl fluoride, 100 μL complete protease inhibi-
tor cocktail, 100 μL Phos-stop, 50 μL NaF, and 10 μL 
Na3VO4 in a final volume of 1 mL), and centrifuged at 
high speed to obtain the supernatant containing total 

protein. After quantification using a BCA kit (Pierce), 
the equal quantities of protein were separated by 10% 
sodium dodecyl sulfate polyacrylamide gel electropho-
resis and then transferred to 0.45-μm polyvinylidene 
difluoride membrane (IPVH00010, Millipore). The poly-
vinylidene difluoride membrane was incubated with 
indicated primary antibodies at 4 °C overnight after 
blocking with 5% skim milk for 1 hour at room tempera-
ture, followed by washing with Tris buffered saline with 
Tween 20 three times, 5 minutes each. After washing 
with Tris buffered saline with Tween 20 and incuba-
tion with secondary antibodies of the corresponding 
species (Jackson ImmunoResearch) for 1 hour at room 
temperature, protein signals were detected using a 
Bio-Rad gel imaging system (ChemiDoc XRS+). Image 
Lab software (version 5.1) was used to analyze the 
Western blotting (WB) images. The antibodies used 
are listed in Table S1.

Quantitative Polymerase Chain Reaction
For the quantitative polymerase chain reaction (qPCR) 
assay, total RNA was extracted from the left ventricu-
lar tissues or cells using TRIzol reagent (15596–026, 
Invitrogen) and reverse-transcribed into cDNA using 
the Transcriptor First Strand cDNA Synthesis Kit 
(04896866001, Roche). Subsequently, SYBR Green 
PCR Master Mix (04887352001, Roche) was used to 
detect the expression levels of the genes in the qPCR 
instrument (Roche), with GAPDH as the internal refer-
ence. Primers used for qPCR are listed in Table S2.

Identification of Adenovirus
The adenovirus used for TRAF4 overexpression in car-
diomyocytes was purchased from Hanbio Technology 
Co., Ltd. (Shanghai, China). Using green fluorescent 
protein expression adenovirus as a control, cardio-
myocytes were infected with adenovirus with a multi-
plicity of infection of 50 particles per cell for 12 hours, 
followed by identification.

Primary NRCM Isolation and Culture
After removing the blood vessels of isolated hearts, heart 
tissue from 1- to 2-day-old Sprague–Dawley neonatal 
rats were finely minced into 1 to 2 mm3 fragments and 
digested with 0.125% trypsin to obtain NRCMs. NRCMs 
were cultured in the DMEM/F12 (C11330500BT, Gibco) 
medium containing 10% fetal bovine serum (10099141C, 
GIBCO), 1% penicillin/streptomycin (15140-122, GIBCO), 
and 5-bromodeoxyuridine (0.1 mM, B5002, Sigma) to 
inhibit fibroblast proliferation. After 24 hours, the cells 
were infected with adenoviruses and cultured with 
serum-free medium for 12 hours. Then, 50 μM phenyle-
phrine (PHR1017, Sigma) or phosphate-buffered saline, 
and the inhibitor of phosphorylated AKT (iAKT-mk-2206, 
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1 μmol/L, MedChemExpress) to inhibit phosphorylated 
AKT were added for 24 hours. The whole process of cell 
culture was under conditions of 37.0 °C and 5% CO2.

Immunofluorescence Staining of α-Actinin
After NRCM were incubated with serum-free medium 
for 12 hours and then stimulated with phenylephrine for 
24 hours, NRCMs were fixed with 4% formaldehyde for 
30 minutes, permeabilized with 0.2% Triton X-100 for 
5 minutes, and blocked with 8% goat serum at 37 °C. 
Next, NRCMs were incubated with primary antibodies 
against α-Actinin (05-384, Merck Millipore, 1:100 dilution) 
and secondary antibody (donkey anti-mouse IgG [H + L] 
secondary antibody, A21202, Invitrogen, 1:200 dilution), 
respectively. Finally, the NRCMs were sealed with an anti-
fade mounting medium containing DAPI. The images were 
analyzed using a digital image analysis system (Image-Pro 
Plus Version 6.0) to calculate the cell surface area.

RNA Sequencing and Transcriptome 
Analysis
For RNA sequencing, total RNA extracted from the 
heart tissues of Traf4-KO and wild-type (WT) mice 
4 weeks after TAC surgery was used to construct 
cDNA libraries. MGISEQ-2000 RS was used for RNA 
sequencing of a single-ended library with a reading 
length of 50 bp. HISAT2 software was used to map the 
sequence fragments to the mouse reference genome 
(MM10/GRCm38), and SAMtools then transformed the 
resulting files into Binary Alignment Map format that 
can store the comparison information. The fragments 
per kilobase of exon model per million mapped frag-
ments value of each identified gene was calculated 
using StringTie with default parameters. DESeq2 was 
used to identify differentially expressed genes based 
on the following 2 criteria: (1) a fold change larger than 
2, and (2) the corresponding adjusted P values <0.05.

Hierarchical Clustering Analysis
In the hierarchical clustering analysis, the unweighted 
pair group method with arithmetic mean algorithm was 
used to establish a hierarchical nested clustering tree 

by calculating the similarity between different samples, 
and the hclust function of the R package was used for 
visualization.

Gene Set Enrichment Analysis
In the Gene Set Enrichment Analysis, genes were 
sorted according to the level of differential expression, 
and gene sets based on the Gene Ontology database 
pathway were examined to determine whether they 
were concentrated at the top or bottom of the sorting 
list to investigate the overall expression changes. Java 
Gene Set Enrichment Analysis was used to perform 
Gene Set Enrichment Analysis with the Signal2Noise 
metric. Gene sets with P values <0.05 and false discov-
ery rate <0.25 were considered statistically significant.

The Kyoto Encyclopedia of Genes and 
Genomes Enrichment Analysis
The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) is a comprehensive database that integrates 
genomic, chemical, and phylogenetic functional in-
formation. KEGG pathway enrichment analysis was 
performed for all differentially expressed genes using 
Fisher exact test, and KEGG pathway annotations for 
all genes in the reference genome were downloaded 
from the KEGG database, with P<0.05 defined as sig-
nificantly enriched pathways.

Statistical Analysis
All data statistics in this study are expressed as 
mean±SEM. When the data were normally distributed, 
a 2-tailed t test was used for data comparison between 
2 groups, 1-way or 2-way ANOVA was used for data 
comparison between multiple groups with 1 or 2 fac-
tors, and the Bonferroni test (assumed homogeneity 
of variance) or Tamhane’s T2 (assumed heterogeneity 
of variance) was used for correction. Nonparametric 
tests were conducted by using Mann–Whitney test for 
2 groups and Kruskal–Wallis test for multiple groups. 
Statistical analysis was performed by Statistical 
Package for the Social Sciences (SPSS) software 
(version 25.0).

Figure 1.  TRAF4 expression is upregulated in cardiac hypertrophy models.
A, Representative immunofluorescence images of α-actinin (red)- and DAPI (blue)-stained NRCMs treated with phosphate buffered 
saline (PBS) or phenylephrine (PE) for 24 h, respectively. B, qPCR analysis of the mRNA levels of hypertrophic markers (atrial natriuretic 
peptide [Anp] and brain natriuretic peptide [Bnp]) and tumor necrosis factor receptor–associated factor 4 (Traf4) in NRCMs treated 
with PBS or PE for 24 h. C, WB analysis for protein levels of TRAF4 in NRCMs treated with PBS or PE for 24 h. D, Representative 
echocardiographic images and left ventricular fraction shortening (LVFS) and left ventricular ejection fraction (LVEF) statistics of mice 
at 4 weeks after sham or transverse aortic constriction (TAC) surgery (n=5 mice in each group). E, qPCR analysis of the RNA levels of 
hypertrophic markers and Traf4 in left ventricular tissues of mice at 4 weeks after sham or TAC surgery (n=4 mice in each group). F, 
WB analysis for protein levels of TRAF4 in the myocardium of mice at 4 weeks after sham or TAC surgery (n=3 mice in each group), 
and GAPDH served as a loading control. G, Immunohistochemistry images of TRAF4 in mice heart tissues of the sham and TAC 
group (n=4 mice in each group). Statistical analysis was carried out with 2-tailed Student t test. **P<0.01 vs PBS or sham group. DAPI 
indicates 4,6-diamidino-2-phenylindole; NRCMs, neonatal rat cardiomyocytes; n.s., not significant; qPCR, quantitative polymerase 
chain reaction; TAC, transverse aortic constriction; and WB, Western blotting.
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RESULTS
TRAF4 Expression Is Upregulated in 
Cardiac Hypertrophy Models
To investigate the role of TRAF4 in the development 
of cardiac hypertrophy, we determined the expression 

levels of TRAF4 in experimental cardiac hypertrophy 
models. First, we established a hypertrophic myocyte 
model through phenylephrine treatment of NRCMs, 
verified by enlarged cell size and upregulated RNA 
levels of cardiac hypertrophy markers, ANP (atrial 
natriuretic peptide) and brain natriuretic peptide, 
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using immunofluorescence and qPCR, respectively 
(Figure  1A and 1B). In NRCMs, the protein level of 
TRAF4 was increased remarkably by phenylephrine 
but showed no significant difference at the RNA level 
(Figure  1B and 1C). Furthermore, a mouse model of 
TAC-induced cardiac hypertrophy was developed. Four 
weeks after TAC surgery, TAC-treated mice showed 
reduced left ventricular fraction shortening and left 
ventricular ejection fraction on echocardiographic as-
sessments and increased RNA levels of ANP and brain 
natriuretic peptide in the myocardium tissue (Figure 1D 
and 1E). Consistently, compared with the sham group, 
the expression of TRAF4 was upregulated at the pro-
tein level, but not at the RNA level, in TAC-treated mice 
(Figure  1E and 1F). In addition, immunohistochem-
istry was conducted on mice heart tissues between 
the sham and TAC group. The result showed that the 
protein level of TRAF4 was significantly upregulated 
in hypertrophic mice hearts induced by TAC surgery 
compared with the sham group, and TRAF4 mainly 
located in cardiomyocytes (Figure  1G). These results 
demonstrate that TRAF4 was upregulated in hyper-
trophic models, suggesting that TRAF4 might be in-
volved in the development of cardiac hypertrophy.

TRAF4 Deficiency Ameliorates  
TAC-Induced Cardiac Hypertrophy
To investigate the role of TRAF4 in the regulation of car-
diac hypertrophy, we established Traf4 knock-out (KO) 
mice, and WB was performed to confirm the generated 
mice (Figure  2A). During surgery, the heart rate and 
pressure data were monitored and recorded to ensure 
the effectiveness of TAC (Table S3). Four weeks after 
surgery, echocardiograms of TAC-treated WT and KO 
mice and their control sham groups were assessed. 
Under basal conditions (sham), Traf4-KO mice did not 
exhibit apparent abnormalities compared with the WT 
group (Figure 2B through 2E). However, 4 weeks after 
TAC surgery, Traf4-KO mice showed improved myo-
cardial contractile function, as evidenced by reduced 

left ventricular end-diastolic dimension and left ventric-
ular end-systolic dimension, accompanied by elevated 
left ventricular fractional shortening and left ventricular 
ejection fraction (Figure 2B). Subsequently, parameters 
of cardiac remodeling, including heart weight, heart 
weight/body weight, and heart weight/tibia length ra-
tios, decreased in Traf4-KO mice compared with WT 
mice after 4 weeks of TAC surgery (Figure 2C through 
2E). Moreover, TAC-treated Traf4-KO mice had a de-
creased size of both the gross heart and cardiomy-
ocytes. The quantitative cell surface area based on 
hematoxylin and eosin staining of left ventricle sections 
from KO TAC mice was significantly lower than that of 
WT TAC mice (Figure  2F). Consistently, Traf4-KO di-
minished the abnormally elevated RNA expression lev-
els of cardiac fetal and prohypertrophic genes (Anp, 
Bnp, and Myh7) induced by TAC surgery (Figure 2G). 
In addition, relieved cardiac fibrosis was observed in 
TAC-treated Traf4-KO mice, as identified by picrosirius 
red staining and quantitative left ventricle collagen vol-
ume (Figure 2H). The RNA levels of collagen synthesis–
related genes, including Collagen Iα1, Collagen IIIα1, 
and Ctgf, were also reduced in Traf4-KO mice com-
pared with WT controls after TAC surgery (Figure 2I). In 
a mouse model, Traf4-KO exhibited protective effects 
against myocardial contractile dysfunction, cardiac re-
modeling, and fibrosis induced by TAC surgery.

Overexpression of TRAF4 Exacerbates 
Phenylephrine-Induced Cardiomyocyte 
Hypertrophy
Given that TRAF4 deficiency protected against cardiac 
hypertrophy in a mouse model, to further evaluate the 
effects of TRAF4 on cardiomyocytes during cardiac hy-
pertrophy, we constructed Traf4-overexpressed NRCMs 
using adenovirus vector (AdTraf4) infection and confirmed 
the elevated RNA and protein levels of TRAF4 through 
qPCR and WB (Figure 3A and 3B). Subsequently, a model 
of cardiomyocyte hypertrophy was established by phe-
nylephrine stimulation. Results of immunofluorescence 

Figure 2.  TRAF4 deficiency ameliorates TAC-induced cardiac hypertrophy.
A, WB analysis for protein levels of TRAF4 (tumor necrosis factor receptor–associated factor 4) in myocardium tissues from wild-type 
(WT) and Traf4-knock-out (KO) mice (n=3 mice/group), and GAPDH served as a loading control. B, Echocardiogram parameters (left 
ventricular end-diastolic dimension [LVEDd], left ventricular end-systolic dimension [LVESd], fraction shortening [FS] ejection fraction 
[EF]) of WT and Traf4-KO mice 4 weeks after sham or transverse aortic constriction (TAC) surgery (n=10 mice/group). Heart weight 
(C), heart weight (HW)/body weight (BW) ratio (D), and HW/tibia length (TL) ratio (E) in WT and Traf4-KO mice 4 weeks after sham or 
TAC surgery (n=10 mice/group). F, Representative images of gross hearts, hematoxylin and eosin (H&E)–stained sections from the left 
ventricle (LV) (left) and quantitative cross-sectional area based on H&E staining (right) of WT and Traf4-KO mice 4 weeks after sham or 
TAC surgery (n=6 mice/group). G, The mRNA levels of hypertrophic markers (atrial natriuretic peptide [Anp], brain natriuretic peptide 
[Bnp], and myosin heavy chain 7 [Myh7]) in myocardium of WT and Traf4-KO mice 4 weeks after sham or TAC surgery (n=4 mice/group). 
H, Representative images of perivascular and interstitial PSR-stained LV sections (left) and quantitative LV collagen volume base on 
PSR staining (right) of WT and Traf4-KO mice at 4 weeks after sham or TAC surgery (n=6 mice/group). I, qPCR analysis of mRNA levels 
of collagen synthesis–related genes (collagen type I alpha 1(Col1a1), collagen type III alpha 1(Col3a1), and connective tissue growth 
factor (Ctgf )) in myocardium tissues from WT and Traf4-KO mice at 4 weeks after sham or TAC surgery (n=4 mice/group). Statistical 
analysis was carried out by 2-way ANOVA. ##P<0.01 vs WT sham; *P<0.05 or **P<0.01 vs WT TAC. PSR indicates picrosirius red; qPCR, 
quantitative polymerase chain reaction; and WB, Western blotting.
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with anti-α-actinin showed that NRCMs infected with 
AdTraf4 had enlarged cell size under the condition of 
phenylephrine treatment compared with adenoviruses 
expressing the empty vector (AdVector) (Figure 3C). The 

AdTraf4- and AdVector-infected phosphate-buffered 
saline–treated control NRCMs showed no apparent dif-
ferences (Figure 3C). These results were accompanied 
by upregulated RNA and protein levels of ANP, brain 
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natriuretic peptide, and MYH7, induced by TRAF4 over-
expression in phenylephrine-treated NRCMs (Figure 3D 
and 3E). Overall, these in vitro data validated that TRAF4 
promotes cardiomyocyte hypertrophy induced by phe-
nylephrine treatment.

TRAF4 Promotes the Activation of the 
AKT Pathway During Cardiac Hypertrophy
To further investigate the mechanism of TRAF4 function 
in the development of TAC-induced cardiac hypertro-
phy, the left ventricular tissues from Traf4-KO and WT 
mice 4 weeks after TAC surgery were subjected to RNA-
sequence analysis to profile the gene expression dif-
ferences. The original analysis data of RNA-sequence 
was uploaded to the National Center of Biotechnology 
Information with an account number of PRJNA905727. 
Hierarchical cluster analysis showed that the WT and 
Traf4-KO mice were clearly divided into 2 clusters accord-
ing to their gene expression characteristics (Figure 4A). 
In order to further elucidate the regulatory role of TRAF4 
on cardiac hypertrophy at the gene level, we performed 
Gene Set Enrichment Analysis on the RNA sequence 
data set. The results revealed that protein processing, 
heart function, and fibrosis process were all suppressed 
in Traf4-KO samples (Figure 4B). Heart function, protein 
processing, and fibrosis-related genes that were signifi-
cantly downregulated in Traf4-KO samples are shown 
in heat maps (Figure 4C). These results demonstrated 
the protective effect of TRAF4 deficiency on myocardial 
hypertrophy. Subsequently, to analyze the underlying 
signaling pathways that may be regulated by TRAF4, we 
performed KEGG signaling pathway enrichment analy-
sis. The analysis revealed that molecules related to the 
AKT signaling pathway were the most altered, indicat-
ing that the AKT signaling pathway was the most sig-
nificantly affected by TRAF4 deficiency during cardiac 
hypertrophy (Figure 4D).

To confirm the regulatory effect of TRAF4 on the AKT 
pathway in cardiac hypertrophy, we monitored the cor-
relation between TRAF4 and AKT pathway proteins. WB 
results showed that the phosphorylation levels of AKT, 
mTOR, GSK3β, and p70S6K were attenuated in the 
myocardial tissues of Traf4-KO mice compared with WT 
sham (Figure 5A). However, the phosphorylation of AKT, 
mTOR, GSK3β, and p70S6K was enhanced in AdTraf4 
infected NRCMs compared with AdVector-infected con-
trols (Figure 5B). Altogether, our results demonstrate that 
TRAF4 promotes the activation of the AKT pathway in 
the development of cardiac hypertrophy.

Inhibition of AKT Eliminates the Promotive 
Function of TRAF4 in Cardiac Hypertrophy
It has been reported that TRAF4 is required for the re-
cruitment of AKT to the cell membrane for its activa-
tion by mediating the Ub-Lys63 ubiquitination of AKT.9 

Therefore, we investigated the functional correlation 
between TRAF4 and AKT in the regulation of cardiac 
hypertrophy. In the phenylephrine-induced hyper-
trophic cardiomyocyte model, NRCMs infected with 
AdTraf4 and AdVector were treated with inhibitors of 
AKT phosphorylation (iAKT) or dimethyl sulfoxide as 
a control. WB results showed that the effectiveness of 
iAKT was evidenced by the suppressed phosphoryla-
tion level of AKT, whereas the basal and overexpressed 
protein levels of TRAF4 remained unaffected by iAKT 
(Figure 6A). To evaluate the hypertrophic phenotypes 
of each group, immunofluorescence and qPCR assays 
were performed to investigate the cell size and the ex-
pression of cardiac fetal and prohypertrophic genes. 
The results showed that iAKT reversed the relative cell 
surface area decrease and downregulated RNA levels 
of ANP, brain natriuretic peptide, and Myh7 promoted 
by TRAF4 overexpression (Figure  6B and 6C). The 
overexpression of TRAF4 promoted cardiomyocyte 
hypertrophy, which could be reversed by iAKT, indicat-
ing that TRAF4 might regulate cardiac hypertrophy in 
an AKT-dependent manner.

DISCUSSION
Pathological cardiac hypertrophy has become one 
of the major causes of heart failure, which affects 1% 
to 2% of the adult population worldwide.13 The heavy 
public health burden of heart failure demands effective 
therapeutic and preventative treatments emergently.14 
However, the pathogenesis of cardiac hypertrophy is 
extremely complex, comprising extensive alterations 
in various processes and functions, including colla-
gen synthesis and fibrosis, cell volume enlargement, 
contractile function, protein synthesis, and inflamma-
tion, and involves a wide range of cell types, such as 
fibroblasts, vascular smooth cells, and leukocytes.15–17 
Suppression or reversion of cardiac hypertrophy is 
considered a promising approach for preventing the 
occurrence of heart failure.5 Several signaling path-
ways and proteins have been identified as potential 
targets, including oxidative stress, serine/threonine 
phosphatases, nongated Ca2+ influx/Ca2+ signaling, 
downstream effectors of rapamycin or G-protein-
coupled receptors, protein kinases, and chromatin 
remodeling agents.18 This study identified TRAF4 as 
a stimulative regulator of pressure overload–induced 
cardiac hypertrophy. The effect of TRAF4 overexpres-
sion on cardiac hypertrophy depends on the AKT 
pathway. In our study, we found that the protein ex-
pression of TRAF4 upregulated significantly, but its 
mRNA levels were not changed in heart tissues of mice 
that undergo TAC surgery or cardiomyocytes stimu-
lated by phenylephrine. This suggested that the altered 
expression of TRAF4 in hypertrophy is mediated by 
posttranslational modification rather than regulation in 
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RNA level. The upregulation of TRAF4 may be due to 
increased protein stability or decreased degradation. 
Studies have shown that TRAF4 can be degraded by 
Smurf1 ubiquitination,19 but whether the upregulation 
of TRAF4 in myocardial hypertrophy is caused by the 

downregulation of Smurf1-induced ubiquitination still 
needs further study.

TRAF family members are multidomain proteins 
containing a C-terminal TRAF domain, an N-terminal 
RING domain, and several zinc-finger domains in 

Figure 3.  Overexpression of TRAF4 exacerbates phenylephrine-induced cardiomyocyte hypertrophy.
A, qPCR analysis of mRNA level of Traf4 (tumor necrosis factor receptor–associated factor 4) in adenovirus vector (AdVector) and 
AdTraf4 infected NRCMs. B, WB analysis for protein level of TRAF4 in AdVector and AdTraf4 infected NRCMs, and GAPDH served as 
a loading control. C, Representative immunofluorescence images (left) and quantitative relative cell surface area (right) of α-actinin 
(red)- and DAPI (blue)–stained AdVector and AdTraf4 infected NRCMs treated with phosphate buffered saline (PBS) or phenylephrine 
(PE) for 24 h. D, qPCR analysis for mRNA levels and (E) WB analysis for protein levels of hypertrophic markers (Atrial natriuretic peptide 
(Anp), Brain natriuretic peptide (Bnp) and Myosin heavy chain 7(Myh7)) in AdVector and AdTraf4 infected NRCMs treated with PBS 
or PE for 24 h, respectively. Statistical analysis of (A, B, and E) was carried out by 2-tailed Student t test, and (C and D) was carried 
out by nonparametric Kruskal–Wallis test and 2-way ANOVA, respectively. ##P<0.01 vs AdVector PBS and **P<0.01 vs AdVector PE. 
DAPI indicates 4,6-diamidino-2-phenylindole; NRCMs, neonatal rat cardiomyocytes; qPCR, quantitative polymerase chain reaction; 
TRAF4, tumor necrosis factor receptor–associated factor 4; and WB, Western blotting.
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the central region, except TRAF1 and TRAF7. The 
RING domain is the core of the ubiquitin ligase cat-
alytic structure, which enables TRAF family proteins 
E3 ubiquitin ligase activity.20 The TRAF domain, the 

most prominent structure in the TRAF family, interacts 
with various membrane receptors via their intercellu-
lar regions.21 These structural features make TRAF 
proteins act as adaptors and mediators in the signal 

Figure 4.  RNA-seq analysis reveals that TRAF4 influences AKT-related pathways.
A, Clustering analysis result of the RNA-seq data from wild-type (WT) and tumor necrosis factor receptor–associated factor 4 (Traf4)-
knock-out (KO) mice left ventricular tissues 4 weeks after transverse aortic constriction (TAC) surgery. B, Gene Set Enrichment 
Analysis (GSEA) pathway enrichment analysis of normalized enrichment score (NES) in pathways related to myocardial function, 
protein processing, and fibrosis. C, Heatmaps of downregulated myocardial function–related, protein processing–related, and fibrosis 
gene expression profiles based on the RNA-seq data set. D, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis based on the RNA-seq data set (PI3K-AKT [phosphatidylinositol 3-kinase-protein kinase B], MAPK [mitogen activated 
kinase-like protein], TNF [tumor necrosis factor], JAK–STAT [Janus kinase-signal transducer and activator of transcription], AMPK 
[AMP-activated protein kinase]). n=4 mice in each group. RNA-seq indicates RNA sequencing.
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transduction of tumor necrosis factor receptor, various 
cytokine receptors, and interleukin-1 receptor/Toll-like 
receptor.21 TRAF4 is a unique member of the TRAF fam-
ily with nuclear localization signals at the N-terminus, 
which ensures that TRAF4 migrate to the nucleus.22 
This structure alteration enables TRAF4 to participate 
in broader processes, including neurogenesis,23 cell 
polarity,24 cell proliferation,25 apoptosis,26 oxidation,27 
osteogenic metabolism,28 and repair,29 while the ma-
jority of the TRAF family is mainly involved in immune-
related cell signaling.30 TRAF4 has been reported to be 
involved in various types of cancer, ranging from solid 
tumors to hematological tumors9,31–34 and inflamma-
tory disease.35 The present study has verified the pro-
motive effect of TRAF4 in cardiac hypertrophy, which 

extends the understanding of the pathological function 
of TRAF4. Several studies have shown that in mice and 
pigs, adenovirus and adeno-associated virus 9 have 
been widely used to knock down the expression of tar-
get genes in heart tissue, so as to achieve the effect 
of regulating heart failure, myocardial hypertrophy, and 
cardiac ischemia–reperfusion injury.36–38 Therefore, 
this might provide some potential therapeutic oppor-
tunity in the treatment of heart failure by using adeno-
virus or adeno-associated virus 9 to mediate TRAF4 
knockdown.

During our investigation of the signaling path-
ways affected by TRAF4 in the development of car-
diac hypertrophy, the AKT pathway was suppressed 
due to TRAF4 inhibition. Importantly, exacerbation of 

Figure 5.  TRAF4 overexpression promotes the activation of AKT signaling pathway.
A, WB analysis of protein levels of total and p-AKT (phosphorylated protein kinase B) pathway-related proteins (p-AKT, p-
GSK3β [phosphorylated glycogen synthase kinase 3 beta], p-mTOR [phosphorylated mammalian target of rapamycin], p-P70S6K 
[phosphorylated ribosomal protein S6 kinase], AKT, GSK3β, mTOR, and P70S6K) in left ventricular tissues from wild-type (WT) and 
tumor necrosis factor receptor–associated factor 4 (Traf4) knock-out (KO) mice at 4 weeks after transverse aortic constriction (TAC) 
surgery; GAPDH served as a loading control. B, Protein levels of total and phosphorylated AKT pathway-related proteins in adenovirus 
vector (AdVector)- and AdTraf4-infected NRCMs treated with phenylephrine (PE) for 24 h. Statistical analysis was carried out by 
2-tailed Student t test. **P<0.01 vs WT TAC or AdVector PE. NRCMs indicates neonatal rat cardiomyocytes; TRAF4, tumor necrosis 
factor receptor–associated factor 4; and WB, Western blotting.
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cardiomyocyte hypertrophy was blocked by an AKT 
inhibitor, indicating that AKT might be the downstream 
regulator of TRAF4 during cardiac hypertrophy. The 
AKT signaling pathway plays a crucial role in regulat-
ing numerous physiological functions and participates 
in the pathogenesis of various disorders such as can-
cer,39 neurodegenerative disease,40 angiogenesis,41 
and inflammatory response.42,43 Sustained activation 
of AKT contributes to the decompensatory transition 
of cardiac hypertrophy, which leads to cardiac remod-
eling and, subsequently, heart failure.44–46 The inter-
action between TRAF4 and AKT has been previously 
elucidated in different types of tumors.9,47–50 This study 
provides evidence of TRAF4/AKT modulating cardiac 
hypertrophy for the first time.

This study has some limitations. In our study, 
TRAF4 knockout mice were used to prove that TRAF4 
gene deletion can inhibit cardiac dysfunction, myocar-
dial hypertrophy, and fibrosis induced by TAC surgery, 

indicating that TRAF4 can promote the process of 
myocardial hypertrophy. But because we used TRAF4 
globally in knockout mice, we do not know through 
which types of cell that TRAF4 exerts its regulatory ef-
fects. To further investigate the regulation of TRAF4 on 
cardiomyocytes, we isolated primary cardiomyocytes 
and demonstrated that TRAF4 can promote the hy-
pertrophy of cardiomyocytes induced by phenyleph-
rine stimulation by using adenovirus-mediated TRAF4 
knockdown and overexpression. Our results demon-
strate that TRAF4 can play its function by regulating 
cardiomyocyte hypertrophy both in vivo and in vitro, 
but whether TRAF4 has a regulatory effect on other 
cell types still needs to be further studied.

In summary, we identified TRAF4 as a promoter of 
cardiac hypertrophy. TRAF4 activates the AKT signal-
ing pathway to enhance cardiomyocyte enlargement, 
fibrosis, and the expression of cardiac fetal and prohy-
pertrophic genes. Reversion of TRAF4 overexpression 

Figure 6.  AKT inhibitor abrogates the promoting effect of TRAF4 overexpression on cardiac hypertrophy.
A, Protein levels of Traf4 (tumor necrosis factor receptor–associated factor 4), total AKT (protein kinase B), and phosphorylated AKT (p-
AKT) in DMSO-treated control (CT) or inhibitors of AKT phosphorylation (iAKT)-treated adenovirus vector (AdVector)- and AdTraf4-
infected NRCMs treated with phenylephrine (PE) for 24 h; GAPDH served as a loading control. B, Representative immunofluorescence 
images of α-actinin (red)- and DAPI (blue)–stained CT or iAKT-treated AdVector- and AdTraf4-infected NRCMs treated with PE for 
24 h. C, mRNA levels of hypertrophic markers (atrial natriuretic peptide (Anp), brain natriuretic peptide (Bnp), and myosin heavy chain 
7(Myh7)) in DMSO- or iAKT-treated AdVector- and AdTraf4-infected NRCMs treated with PE for 24 h. Statistical analysis was carried 
out by 2- way ANOVA. ##P<0.01 vs AdVector CT PE; **P<0.01 vs AdTraf4 CT PE. DAPI indicates 4,6-diamidino-2-phenylindole; DMSO, 
dimethyl sulfoxide; and NRCMs, neonatal rat cardiomyocytes.
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exacerbated hypertrophic phenotypes induced by AKT 
phosphorylation inhibitor, suggesting that TRAF4 prob-
ably affects cardiac hypertrophy in an AKT-dependent 
manner. These findings may provide new insights and 
potential methods for the pharmaceutical therapy for 
cardiac hypertrophy.
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