
RESEARCH PAPER

TRIM31 promotes apoptosis via TAK1-mediated activation of NF-κB signaling in 
sepsis-induced myocardial dysfunction
Xiaofang Yang*, Jingjing Sun*, FangYuan Sun, Yulong Yao, Tianning Tian, Jiayi Zhou, Weihong Shen, Ming Lu, 
and Ming Lei

Intensive Care Department of Shanghai Seventh People’s Hospital, Shanghai, China

ABSTRACT
Sepsis is a major condition caused by an overwhelming inflammatory response to an infection. 
Sepsis-induced myocardial dysfunction (SIMD) is a common complication in septic patients and 
a major predictor of morbidity and mortality. Here, we investigated the role of tripartite motif 31 
(TRIM31) protein in sepsis progression in vitro and in vivo. Quantitative real-time PCR and western 
blot were used to detect the expression levels of relative genes and proteins. Cell proliferation and 
apoptosis were evaluated to determine cell viability. H&E and IHC staining were performed to 
examine morphological and pathological changes in mice. ELISA assay was used to detect 
inflammatory factors. TRIM31 was upregulated in septic patients compared with normal people. 
TRIM31 depletion reduced LPS-induced apoptosis whereas TRIM31 overexpression-elevated LPS- 
induced apoptosis. Furthermore, TRIM31 interacted with and ubiquitinated transforming growth 
factor-β-activated kinase-1 (TAK1), resulting in TAK1 activation and subsequent induction of NF-κB 
signaling. Of note, Trim31 depletion or blockade by PDTC treatment inhibited LPS-induced 
apoptosis in vivo. In conclusion, TRIM31 played an important role in SIMD by activating TAK1- 
mediated NF-κB signaling pathway.
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Introduction

Sepsis is a life-threatening condition caused by an 
overwhelming inflammatory response to an infec
tion, which can result in serious complications, 
making it a major clinical issue worldwide [1]. 
Septic shock and multiple organ dysfunction, 
including endothelial damage, acute lung injury, 
liver injury, and myocardial dysfunction are highly 
linked to sepsis [2,3]. The cardiovascular system is 
the most easily affected organ by sepsis and almost 
40–50% of patients exhibit myocardial dysfunction 
[4]. Sepsis-induced myocardial dysfunction 
(SIMD) is a major predictor of morbidity and 
mortality in septic patients. Despite numerous stu
dies on SIMD, little is known regarding the under
lying mechanisms, and prognosis remains poor 
[5,6]. Early fluid resuscitation has been the main 
treatment for sepsis in recent years, but prevention 
of myocardial injury may present a novel strategy 
for sepsis treatment [7,8]. Currently, researchers 
find that mitochondrial dysfunction, nitric oxide, 

intracellular energetics, complements, and cellular 
adhesion molecules may serve as mediators of 
SIMD [5].

Nuclear factor kappa B (NF-κB), which resides in 
cell cytoplasm in an inactive form, translocates to the 
nucleus when activated and functions as 
a transcription factor. NF-κB proteins form homo- 
or hetero-dimers and regulate expression of distinct 
but overlapping genes involved in innate and adap
tive immunity, inflammation, apoptosis, prolifera
tion, stress response, and cancer progression [9]. 
NF-κB consists of p50 and RelA, and is sequestered 
in the cytoplasm, where it associates with one of 
several inhibitory molecules, including IkBα, IkBβ, 
IkBγ, p105, and p100, among which IkBα is most 
abundant. Inactive NF-κB/IkB complex is activated 
by phosphorylation on two conserved serine (S) 
residue within the N-terminal domain of IkB pro
teins. Phosphorylation then leads to immediate poly
ubiquitination of IkB proteins by the SCF-β-TrCP 
complex [9]. NF-κB activation is induced by a wide 
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variety of signals including stress, cigarette smoke, 
viruses, bacteria, inflammatory stimuli, cytokines, 
free radicals, carcinogens, tumor promoters, and 
endotoxins. Lipopolysaccharide (LPS), tumor necro
sis factor-α (TNF-a) and interleukin 1β (IL-1β) are 
among the most potent inducers of NF-κB signaling, 
all resulting in activation of a specific mitogen- 
activated protein kinase called NF-κB inducing 
kinase, or NIK [10]. In response to TNF-α or IL- 
1β, signaling intermediaries, such as TNF receptor- 
associated factors (TRAFs) and receptor-interacting 
protein (RIP), are rapidly modified with K63-linked 
polyubiquitin chains, facilitating recruitment and 
activation of TGF-β-activated kinase1 (TAK1) and 
I kappa B kinase (IKK) complexes by binding to 
TAK1-binding proteins (TABs) and NF-κB essential 
modulator (NEMO), respectively [11–13].

Tripartite motif (TRIM) is a family of proteins 
that play critical roles in inflammation and innate 
immunity. TRIM proteins act as E3 ubiquitin ligases 
and are characterized by the presence of RBCC motif 
(a RING finger, B-box, and coiled-coil domains) 
[14]. Among the TRIM family members, TRIM8 
has been previously demonstrated to regulate NF- 
κB activation by mediating K63-linked polyubiquiti
nation of TAK1 [15]. TRIM31, which has almost the 
same structure as TRIM8 and both belong to sub
group V [16], has recently been implicated in the 
inflammatory response to infection. Specifically, 
TRIM31 has been shown to attenuate NLR family 
pyrin domain containing 3 (NLRP3) inflammasome 
activation by promoting proteasomal degradation of 
NLRP3 and the aggregation and activation of the 
signaling adaptor mitochondrial antiviral-signaling 
protein (MAVS) through Lys63-linked polyubiquiti
nation [17,18]. These studies suggest that TRIM31 
plays a vital role in the inflammatory response and 
viral infection. Importantly, TRIM31 shows rapid 
kinetics of induction during retinoid-induced 
growth arrest of breast carcinoma cells and is upre
gulated in gastric adenocarcinoma, suggesting a role 
in carcinogenesis [19–21]. In addition, TRIM31 con
fers gemcitabine resistance in pancreatic cancer by 
activating the NF-κB pathway [22]. However, the 
precise role and molecular mechanism of TRIM31 
in malignancy and treatment failure of pancreatic 
cancer remain ambiguous.

As reported, LPS is an effective method to induce 
septic models in vivo and in vitro [23]. Here, we 
probed the role of TRIM31 in LPS-induced sepsis 
using AC16 cells and c57 mice as in vitro and in vivo 
models, respectively. Interestingly, we observed 
a positive correlation between NF-κB and TRIM31 
in sepsis. Moreover, TRIM31 depletion-blocked apop
tosis induced by LPS, and similar effects were observed 
in mice treated with LPS in vivo. Together, our find
ings suggest a novel, potential mechanism of TRIM31 
in sepsis.

Materials and methods

Patient tissues

Peripheral Blood Mononuclear Cell (PBMC) samples 
from 35 SIMD patients and 25 normal persons were 
collected from Shanghai Seventh People’s Hospital. 
Informed consent was signed by the patients. This 
study was approved by the ethics committee of the 
Shanghai Seventh People’s Hospital.

Cell culture and treatment

Human cardiomyocyte cell line AC16 was 
obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA) and cul
tured in Dulbecco’s modified Eagle medium 
(DMEM, Gibco, Carlsbad, CA, USA) medium sup
plemented with 10% fetal bovine serum (FBS; 
Gibco, Carlsbad, CA, USA) and 100 units of peni
cillin/streptomycin (Gibco, Carlsbad, CA, USA) 
under 5% CO2 at 37°C.

LPS (Sigma, St. Louis, MO, USA) was used to 
treat AC16 cells at varying concentrations (0, 0.1, 
0.2, 0.5, 1, 2, 5 μg/mL) for 24 hours. For other 
experiments, cells were pre-treated for 30 mins 
with 50 μM PDTC (Pyrrolidine dithiocarbamate, 
Selleck, Houston, TX, USA), an inhibitor of NF- 
κB, or with 20 μM 5Z-7-OX, an inhibitor of TAK1 
(5Z-7-oxozeaenol, Sigma, St. Louis, MO, USA).

Lentivirus construction and transfection

Human TRIM31 overexpression and knockdown 
lentiviruses were purchased from Genechem 
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company (Shanghai, CHINA). The following 
sequences were used:

ShTRIM31-1: 5ʹ- TTCCCGTCAAAGGAAGTTT 
GG −3ʹ;

ShTRIM31-2: 5ʹ- TATGATGGACTCATGCCTT 
GC −3ʹ;

ShTRIM31-3: 5ʹ- GGAAGAACGCAATCAG 
GTT −3ʹ;

AC16 cells were seeded into 6-well plates and 
cultured overnight. TRIM31 overexpression or 
knockdown lentivirus were added into the each 
well, according to lentivirus colony-forming unit 
(CFU). After a 48 hours transduction, parts of the 
cells were collected to measure transfection effi
ciency by real-time PCR and Western blot, while 
the remaining cells were cultured for other 
experiments.

RNA extraction and Quantitative real-time PCR

Total RNA was extracted from cells using Trizol 
reagent kit (Invitrogen, Carlsbad, CA, USA) and 
reverse transcribed using cDNA synthesis kit 
(Takara Biotechnology Co. Ltd., Japan). Real-time 
PCR was performed with SYBR Green qPCR Mix 
Kit (BioRad, Hercules, California, USA). GAPDH 
was used as internal control. The following pri
mers were used in this assay:

Human NF-κBforward primer, 5ʹ GTCACCGGA 
TTGAGGAGAAAC 3ʹ,

Reverse primer, 5ʹ GATCTGCCCAGAAGGAA 
ACAC 3ʹ

Human TRIM31for”ʹ;
Human TRIM31forʹ ward primer, 5ʹ AAGGAAG 

AACGCAATCAG 3ʹ
Reverse primer, 5ʹ TCGCAGAAATAGTGGAA 

C 3ʹ
Human GAPDHforward primer, 5ʹ AATCCCA 

TCACCATCTTC 3ʹ,
Reverse primer, 5ʹ AGGCTGTTGTCATACTTC 

3ʹ.

Western blot

Total protein was extracted using RIPA lysis buffer 
(Solarbio, Beijing, China). Protein concentration was 

determined using BCA kit (Thermo, Rockford, lL, 
USA). Twenty-five microgram of protein was sepa
rated by 10% SDS-PAGE gel and then transferred to 
PVDF membranes. Membranes were blocked with 5% 
nonfat milk in TBST and incubated with primary 
antibody overnight at 4°C, followed by incubation 
with horseradish peroxidase (HRP) linked secondary 
antibody for 1 h. Membranes were developed by 
enhanced chemiluminescence (ECL) kit (Millipore, 
Bollerica, MA, USA).

Co-immunoprecipitation (co-IP) assay

Cells were lysed in lysis buffer containing 20 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% 
NP-40, 1 mg/ml each of pepstatin A and aprotinin. 
Cell lysates were incubated with the indicated anti
bodies and protein G-agarose beads (Roche Ltd.) at 
4°C for 4 h. The beads were washed three times with 
1 mL of lysis buffer. The precipitates were subjected 
to SDS-PAGE, and subsequent immunoblot analysis 
was performed using the indicated antibodies.

Cell apoptosis and proliferation assay

Cell apoptosis and proliferation were analyzed 
using Annexin V Apoptosis Detection Kit (BD 
Biosciences, San Jose, CA, USA) and MTT assay 
(Sigma, Missouri, USA), respectively. AC16 cells 
were seeded and treated as previously described. 
For apoptosis, treated cells were harvested and 
stained with Annexin V and PI at dark. After 
15 min, apoptosis was analyzed by flow cytometry. 
For proliferation, 10 μL MTT were added to trea
ted cells, and cells were incubated at 37°C for 
2 hours, followed by vibration for 10 minutes 
with 190 μL DMSO. A microplate reader was 
used to detect cell proliferation at 570 nm.

Animal model and treatment

Male C57BL/6 J pathogen-free mice (weighing 18 
to 22 g) were purchased from Shanghai SLAC 
Laboratory Animal Co. Ltd (Shanghai China). All 
animals were housed at 20–23°C in a 12 hours 
light/dark cycle with food and tap water supplied 
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ad libitum. All animal experiments were author
ized by the Animal Care Committee of Shanghai 
Seventh People’s Hospital.

The mice were randomly divided into 4 groups 
(n = 6): (1) Control group, which was given phy
siological saline, (2) LPS group, which was intra
peritoneally injected with 10 mg/kg LPS, (3) LPS + 
shTrim31 group, which was given LPS and 
shTrim31 lentivirus (1 × 107 PFU/mL), (4) LPS + 
PDTC group, which was intraperitoneally injected 
with LPS and 120 mg/kg PDTC. According to 
preliminary experiment, mice were euthanatized 
at 12 hours after LPS injection. Heart tissues 
were harvested for other experiments.

Histologic examination, immunohistochemistry 
(IHC) and TUNEL

Heart tissues were embedded in paraffin for sec
tioning (4 mm; Leica RM2125, Germany) after fix
ing in a 10% formalin solution, followed by staining 
with hematoxylin and eosin (H&E) according to 
standard methods. Briefly, after putting in the 
oven for 30 min, tissue slides were dipped in dif
ferent concentrations of ethyl alcohol (100%, 95%, 
85%, 70%, and 50%). The slides were then stained 
with hematoxylin solution for 5 min, and then 
sequentially dipped in water, 70% and 90% ethyl 
alcohol. Next, the slides were stained with eosin 
solution for 1 min and dipped in 100% ethyl alco
hol and xylene. Lastly, the slides were blocked with 
neutral balsam and baked in 65°C oven for 15 min. 
Light microscopy (Olympus, Tokyo, Japan) was 
used to collect images at ×200 magnification. IHC 
analysis was performed to detect protein expression 
of NF-κB. Tissue slides were incubated with anti- 
NF-κB (Abcam, 1:500) antibody, and images were 
captured using an optical microscope (NIKON 
ECLIPSE Ni). Positive area was analyzed using 
Image J software. Cell apoptosis was examined 
using TUNEL Kit (Roche, Indianapolis, IN, USA) 
following the manufacturer’s instructions.

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits (Meso Scale Discovery, Rockville, 
MD, USA) were used to measure IL-1, IL-6, 

IL-11, IL-15, TNF-α, and TNF-β concentrations 
from ileum samples according to manufacturer’s 
instructions. Absorbance was measured at 
450 nm on a microplate reader (Thermo, 
Rockford, lL, USA).

Statistical analysis

All data are shown as mean ± SD. Statistical signifi
cance was determined using one-way analysis of var
iance (ANOVA) and Student’s t-test. Differences with 
p < 0.05 were considered statistically significant. *, 
p < 0.05, **, p < 0.01, ***, p < 0.001.

Results

LPS-induced TRIM31 expression, suppressed cell 
proliferation and promoted apoptosis

To study the role of TRIM31 in sepsis, we first 
checked transcription in peripheral blood sam
ples from 35 septic patients and 25 normal 
persons. As shown by quantitative RT-PCR 
(Figure 1(a)), TRIM31 mRNA expression was 
dramatically elevated in septic patient samples 
(p < 0.001). Next, we treated myocardial cells 
with different concentrations of LPS and exam
ined cell proliferation by MTT assay. As shown 
in Figure 1(b), LPS markedly inhibited cell 
growth in AC16 cells in a dose-dependent man
ner (The inhibition rates in 72 hours were 
9.54 ± 1.2, 19.36 ± 2.59, 33.63 ± 0.17, and 
48.34 ± 0.7%). Likewise, we evaluated the effects 
of LPS on cell apoptosis by flow cytometry. As 
shown in Figure 1(c), LPS-induced cell apopto
sis in a dose-dependent manner (The apoptosis 
rates were 4.47 ± 0.42, 15.07 ± 0.31, 28.3 ± 0.1, 
and 44.8 ± 0.36%), consistent with the result in 
Figure 1(b). Intriguingly, LPS treatment induced 
TRIM31 mRNA expression in AC16 cells 
(Figure 1(d,e)). Taking together, 0.5 µg/ml LPS 
exhibited the better cell growth inhibition rate 
(33.63 ± 0.17%), apoptosis rate (28.3 ± 0.1%) 
and cell morphology (parts of the cells turned to 
round), while the cells treated with 1 µg/ml LPS 
turned to round with unclear border, so that 
0.5 µg/ml LPS was used for further study.
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Figure 1. LPS-induced TRIM31 upregulation and cell apoptosis. (a) Real-time PCR was performed to measure the relative mRNA 
expression of TRIM31 in peripheral blood samples from 35 septic patients and 25 normal patients. *, P < 0.05, ***, P < 0.001 vs 
normal persons. (b) Cell proliferation was analyzed after stimulation with LPS (three repetitions). (c) Cell apoptosis was analyzed after 
LPS treatment. (d, e): The mRNA and protein levels of TRIM31 were measured by qRT-PCR (d) and Western blot (e). ***, P < 0.001 vs 
0 μg/ml LPS.
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TRIM31 depletion attenuated LPS-induced 
apoptosis

To further investigate the role of TRIM31 in sepsis, 
we performed lentiviral-mediated knockdown of 
TRIM31 in AC16 cells. As shown by quantitative 
RT-PCR and Western blot, shTRIM31 lentivirus 
significantly decreased the mRNA expression and 
protein levels of TRIM31, indicating efficient knock
down of the gene (Figure 2(a,b)). Stable AC16 cells 
were treated with 0.5 µg/ml LPS and apoptosis was 
subsequently assessed by flow cytometry. As shown 
in Figure 2(c), LPS stimulation induced approxi
mately 22.7% apoptosis in AC16 cells. Interestingly, 
depletion of TRIM31 significantly reduced apoptosis 
to as low as 7.6% to 8.3%. TRIM31 is known to 
activate NF-κB signaling [24], and is also involved 
in the production of chemokines and inflammatory 
cytokines. To understand the mechanism pathway 
which inflammation contributes to sepsis, we exam
ined inflammatory factors such as IL-1β and TNF-α 
in vitro by ELISA. As observed, LPS treatment dra
matically induced IL-1β and TNF-α secretion, which 
was suppressed by depletion of TRIM31 (Figure 2 
(d)). Moreover, IKK complex, containing IKKα, 
IKKβ, and IKKγ, are important molecules that initi
ate the NF-κB cascade activation by promoting IκB 
phosphorylation [25]. We found that 0.5 µg/ml LPS 
alone induced TRIM31 expression, as well as that of 
cleaved-caspase 3, p-IKKβ, and p-IκBα. 
Interestingly, depletion of TRIM31 significantly atte
nuated the increase in cleaved-caspase 3, p-IKKβ, 
and p-IκBα expression induced by LPS treatment 
(Figure 2(e)). The time course of p-IKKβ and 
p-IκBα are shown in Supplementary figure 1. 
Taken together, our results demonstrated that 
TRIM31 depletion attenuated LPS-induced 
apoptosis.

TRIM31 elevated LPS-induced apoptosis by 
activating the NF-κB pathway

To further verify our results, we transfected AC16 
cells with lentivirus to overexpress TRIM31. 
Indeed, TRIM31 overexpression in AC16 cells 
resulted in elevated TRIM31 mRNA expression 
and protein level (Figure 3(a,b)). We then used 
PDTC to block NF-κB signaling and examined 

effects upon LPS treatment. Flow cytometry data 
indicated that AC16 cells without treatment only 
displayed 5% apoptosis, whereas LPS treatment 
alone induced apoptosis up to 26.6%. 
Intriguingly, overexpression of TRIM31 increased 
apoptosis up to 43.9%, which was attenuated by 
PDTC (from 43.9% to 25.1%) (Figure 3(c)). 
Further, we found that TRIM31 overexpression 
stimulated secretion of IL-1β and TNF-α, and 
that these effects were blocked by PDTC (Figure 
3(d)). As shown in Figure 3(e), TRIM31 overex
pression elevated the increase of cleaved-caspase 3, 
p-IKKβ and p-IκBα expression induced by LPS 
stimulation, while PDTC counteracted the effects 
caused by TRIM31 overexpression. Taken 
together, these results indicated that TRIM31 
increased LPS induced-apoptosis via activation of 
NF-κB signaling.

TRIM31 triggered NF-κB signaling by activating 
TAK1

It has been suggested that TAK1 can phosphory
late IKKβ and increase its enzymatic activity [12]. 
Cells derived from TAK1-deficient mice consis
tently display reduced production of inflammatory 
cytokines and impaired NF-κB and MAPK activa
tion in response to multiple TLR ligands [26,27], 
suggesting that TAK1 plays an essential and non- 
redundant role in the activation of both NF-κB 
and MAPK pathways. Thus, we hypothesized that 
TRIM31 may activate NF-κB signaling pathway via 
TAK1. To test the hypothesis, 0.5 µg/mL LPS was 
used to treat AC16 cells which were transduced 
with TRIM31 depletion or overexpression lenti
virus. Subsequently, phosho-TAK1 and total 
TAK1 protein levels were detected by Western 
blot. Interestingly, LPS alone induced the expres
sion of p-TAK1 while LPS-induced increase in 
p-TAK1 was attenuated by TRIM31 depletion but 
elevated by TRIM31 overexpression (Figure 4(a)). 
These results suggested that TRIM31 mediated 
LPS-induced TAK1 phosphorylation. To further 
explore the role of TAK1, we used 5Z-7-OX, an 
inhibitor of TAK1, and examined its effects upon 
LPS treatment. As shown in Figure 4(b), LPS sig
nificantly increased apoptosis compared with no 
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Figure 2. TRIM31 knockdown inhibited cell apoptosis induced by LPS. (a, b): The mRNA and protein levels of TRIM31 were 
measured by qRT-PCR (a) and Western blot (b). (c): Cell apoptosis was measured by flow cytometry. (d): ELISA was used to measure 
the concentrations of IL-1β and TNF-α. (e): The protein levels of NF-κB signaling related protein were measured by Western blot.

CELL CYCLE 2691



a b

Control LPS+vector

LPS+TRIM31 LPS+TRIM31+PDTC

c

control    vector  TRIM31

TRIM31

GAPDH

d

control  vector TRIM31 TRIM31+PDTC

0.5μg/ml LPS 

TRIM31

GAPDH

e

Cleaved 
caspase-3

p-IKKβ

GAPDH

IKKβ

p-IκBα

Annexin-V

P
I

co
ntro

l

LPS+v
ec

to
r

LPS+T
RIM

31

LPS+T
RIM

31
+P

DTC

0

20

40

60

80
***

***

***
***

***

co
nc

en
tr

at
io

n 
of

 IL
-1

β
(p

g
/m

l)

co
ntro

l

LPS+v
ec

to
r

LPS+T
RIM

31

LPS+T
RIM

31
+P

DTC

0

200

400

600

800

***

***

***
***

***

co
nc

en
tr

at
io

n 
of

 T
N

F-
α

(p
g/

m
l)

52kDa

37kDa

52kDa

37kDa

19kDa

37kDa

85kDa

87kDa

35kDa

control  vector TRIM31 TRIM31+PDTC

0.5μg/ml LPS 

TRIM31 Cleaved caspase3
0

1

2

3

4

5
control
vector
TRIM31
TRIM31+PDTC

*** ***
***
***

***
*** ***

***
***

***

***

P
ro

te
in

 le
ve

ls
 (

fo
ld

s)

p-IKKβ IKKβ p-IκBα
0

1

2

3

4

5 ***

***
***

***
*** ***

***
***

***
***

P
ro

te
in

 le
ve

ls
 (

fo
ld

s)

Figure 3. TRIM31 elevated cell apoptosis induced by LPS. (a, b): AC16 cells were transduced with TRIM31 overexpression or 
vector lentivirus. Overexpression efficiency was analyzed by qRT-PCR (a) and Western blot (b). (c): Annexin V/PI assay was used to 
assess cell apoptosis. (d): ELISA was used to measure the concentrations of IL-1β and TNF-α. (e): The protein levels of NF-κB signaling 
related protein were measured by Western blot.
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Figure 4. TAK1-mediated activation of NF-κB signaling pathway induced by TRIM31. (a): Western blot was used to determine 
the protein levels of TAK1 and p-TAK1. (b): Cell apoptosis was measured by flow cytometry. (c): The protein levels of cleaved-caspase 
-3, p-IKKβ and p-IκBα were measured by Western blot. (d): ELISA was used to measure the concentrations of IL-1β and TNF-α. (e): Co- 
immunoprecipitation assay was used to examine the interaction between TRIM31 and TAK1. (f): The ubiquitin level of TAK1 was 
measured.
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treatment control. LPS, together with TRIM31 and 
5Z-7-OX, exhibited higher apoptotic rate than LPS 
but lower than TRIM31 group. Hence, we tested 
whether 5Z-7-OX may reverse the effects caused 
by TRIM31. To do so, we performed ELISA and 
Western blot assays to determine the levels of IL- 
1β, TNF-α, cleaved-caspase-3, p-IKKβ, and 
p-IκBα. Indeed, TRIM31 overexpression resulted 
in upregulation of IL-1β, TNF-α, cleaved-caspase 
-3, p-IKKβ, and p-IκBα. Moreover, TRIM31- 
induced upregulation of these factors was alle
viated by 5Z-7-OX (Figure 4(c,d)).

Next, we explored potential interaction between 
TRIM31 and TAK1. As shown in Figure 4(e), we 
observed binding of TRIM31 to TAK1. 
Phosphorylation of MKK6 by TAK1, which subse
quently activates the JNK–p38 kinase pathway, is 
known to be directly regulated by K63-linked 
polyubiquitination, suggesting that ubiquitination 
plays an important regulatory role in stress 
response pathways, including those of IKK and 
JNK [12]. To test whether TRIM31-induced acti
vation of NF-κB signaling is TAK1 ubiquitination- 
dependent, ubiquitinated TAK1 levels were deter
mined after transduction of AC16 cells with 
TRIM31 overexpression lentivirus. As observed 
in Figure 4(f), there was a slight, spontaneous 
auto-ubiquitination in AC16 cells without any 
treatment. However, ectopic expression of 
TRIM31 resulted in prominent TAK1 ubiquitina
tion. Collectively, these data suggested that 
TRIM31 activated the NF-κB signaling pathway 
via TAK1 ubiquitination in LPS-induced sepsis 
in vitro model.

TRIM31-induced apoptosis by activating NF-κB 
signaling pathway in vivo

To further explore the role of TRIM31 in sepsis, we 
used in vivo mice model by intraperitoneal (I.P.) 
injection of 10 mg/kg LPS to mimic sepsis. Heart 
tissues were harvested from mice that received dif
ferent treatments as shown in Figure 5. 
Morphological and pathological changes were deter
mined by a qualified pathologist. Compared with 
control group, mice treated with LPS alone displayed 
severe edema and rupture. Both Trim31 depletion 

and PDTC treatment reduced edema and rupture in 
myocardial fibers (Figure 5(a)). IHC results showed 
that NF-κB (Figure 5(b)), p-IKKβ (Figure 6(a)), and 
p-IκBα (Figure 6(b)) were significantly upregulated 
after treatment with LPS, but depletion of Trim31 or 
NF-κB inhibition inhibited LPS-induced increase of 
NF-κB (Figure 5(b)), p-IKKβ (Figure 6(a)), and 
p-IκBα (Figure 6(b)). Furthermore, much more 
apoptosis was observed in LPS mono-treatment 
group compared with control group, as indicated 
by TUNEL staining. On the other hand, Trim31 
depletion and PDTC treatment reduced apoptosis 
ratio, respectively (Figure 5(c)). Of note, pretreat
ment of Trim31 and PDTC could not protect struc
tural alterations and seemed to only reduce the 
effects induced by LPS. We next investigated IL-1β 
and TNF-α secretion in vivo by ELISA. LPS treat
ment dramatically induced IL-1β and TNF-α secre
tion, and these effects were suppressed by depletion 
of Trim31 or inhibition of NF-κB (Figure 7(a)). As 
shown in Figure 7(b), LPS dramatically elevated the 
protein levels of TRIM31, p-IKKβ, p-IκBα, cleaved- 
caspase 3 and p-TAK1. Trim31 depletion slightly 
suppressed p-IKKβ, p-IκBα, cleaved-caspase 3 and 
p-TAK1. Taken together, our results demonstrated 
that TRIM31 promoted apoptosis and inflammation 
in LPS-induced sepsis by activating the NF-κB sig
naling pathway.

Discussion

TRIM31 has been shown to play important roles 
in pancreatic cancer [22], gallbladder cancer [28], 
colorectal cancer [29], hepatocellular carcinoma 
[30], ovarian cancer [31], non-small cell lung can
cer [32], gastric cancer [33] and breast cancer [20]. 
Additionally, TRIM31 has been shown to play 
roles in immunity and inflammation [34–36].

Sepsis arises from an overwhelming immune 
response to invading microorganisms, which occa
sionally leads to multiple organ failure. Recent 
studies have demonstrated that the host immune 
system recognizes infection through recognition of 
pathogen-associated molecular patterns (PAMPs), 
such as LPS, RNA in viruses, flagellin and DNA in 
bacteria, mannan in fungi, and lipoteichoic 
acid [37].
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Figure 5. TRIM31 deletion suppressed apoptosis in mice model of sepsis induced by LPS. (a) H&E staining was performed on 
heart tissue samples of animal models. (b) IHC was used to detect the protein level of NF-κB (c) TUNEL assay was performed to 
measure apoptosis in heart tissue samples of animal models. a, control; b, LPS + vector; c, LPS + shTRIM31; d, LPS + PDTC.
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Figure 6. IHC was used to detect the protein levels of p-IKKβ (a) and p-IκBα (b). a, control; b, LPS + vector; c, LPS + shTRIM31; d, 
LPS + PDTC.
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Figure 7. TRIM31 deletion blocked LPS-induced activation of NF-κB signaling pathway. (a): ELISA was used to measure the 
concentrations of IL-1β and TNF-α. (b) The protein levels of NF-κB signaling related protein were measured by Western blot.
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In this study, we started by examining the tran
scription level of TRIM31 in septic patients. 
Strikingly, we found a dramatic increase in 
TRIM31 transcription in septic patients compared 
to normal persons (Figure 1(a)), suggesting that 
TRIM31 may play a role in sepsis progression. To 
study the mechanisms contributing to sepsis, we 
then generated an in vitro model using the AC16 
cell line. LPS was used to mimic sepsis in AC16 cells. 
To determine optimal conditions, different LPS con
centrations were used to treat AC16 cells followed by 
cell viability assay. We chose a moderate concentra
tion of 0.5 µg/ml for optimal use for following stu
dies (Figure 1(b,c)). TRIM31 expression was 
reported to be induced by LPS [18]. Consistently, 
we observed that LPS-induced TRM31 expression in 
AC16 cells (Figure 1(d,e)).

NF-κB plays critical roles in various biological 
processes, including immune regulation, inflamma
tion, and cell survival. Previous report has documen
ted the existence of two distinct pathways of LPS- 
induced NF-κB activation and cytokine production 
in human myeloid and non-myeloid cells defined by 
selective utilization of TLR4, MyD88, Mal/TIRAP, 
and IKK2, and reveal a layer of complexity not pre
viously expected [38]. Accompanied with these find
ings, we proposed our hypothesis that TRIM31 may 
function through NF-κB signaling. To test our 
hypothesis, we examined the effects of TRIM31 
depletion on LPS-induced apoptosis. Indeed, 
TRIM31 depletion significantly inhibited LPS- 
induced apoptosis (Figure 2(c)). Similarly, TRIM31 
depletion alleviated the increase in IL-1β, TNF-α, 
p-IKKβ, p-IκBα, and cleaved-caspase-3 levels 
induced by LPS (Figure 2(d,e)). Consistently, 
TRIM31 overexpression displayed opposite effects 
(Figure 3). Together, these data suggested that the 
effects of TRIM31 on LPS-induced apoptosis was 
mediated by the NF-κB signaling pathway.

TAK1 is a member of the MAPKKK family, 
which can be activated by TGF-β, TNF, and IL-1. 
TAK1 complex contains its adaptor proteins 
(TAB1, TAB2, and TAB3). TAB1 constitutively 
interacts with TAK1 and participates in the autop
hosphorylation of TAK1 that is essential for TAK1 
kinase activity [39]. Upon stimulation, TAK1 
kinase complex phosphorylates and activates IKK 

(IκB kinase), leading to activation of NF-κB [40]. 
To test whether TRIM31 activates NF-κB signaling 
pathway via TAK1, we used 5Z-7-OX, a specific 
TAK1 inhibitor, to block the activity of TAK1. 
Interestingly, we observed that TRIM31 elevated 
LPS-induced apoptosis, but 5Z-7-OX blocked the 
effects of TRIM31 (Figure 4). Further, we found 
that TRIM31 interacted with and ubiquitinated 
TAK1 (Figure 4(e,f)). TRIM/RBCC proteins are 
considered as a novel class of “single protein 
RING finger” ubiquitin E3 ligases implicated in 
ubiquitination [41]. TAK1 is an ubiquitin- 
dependent kinase of IKK, which means that 
TAK1 ubiquitination plays a key role in the reg
ulation of its phosphorylation and activation [12]. 
In this study, we found that TRIM31 directly 
interacted with TAK1 and that the RING domain 
of TRIM31 was mainly responsible for ubiquitina
tion of TAK1. Moreover, TAK1 ubiquitination- 
mediated activation of the NF-κB pathway 
induced apoptosis in AC16 cells. Consistent with 
this, Trim31 induced apoptosis via activation of 
NF-κB signaling in vivo (Figures 5, 6 and 7).

As TRIM31 increased TAK1 ubiquitination and 
subsequently activated NF-κB signaling, inhibition of 
TRIM31 played a protective role in SIMD. However, 
the exact mechanism pathway which TRIM31 acti
vates TAK1 remains to be explored. According to 
previous studies, TAK1 activation most likely occurs 
through the synthesis of K63-linked polyubiquitin 
chains [12]. It will be interesting to determine in 
future studies where TRIM31 ubiquitinates TAK1 
through K63-linked polyubiquitin chains.

Conclusion

This study demonstrates for the first time that 
TRIM31 can induce apoptosis by activating the 
NF-κB signaling pathway in vitro and in vivo. 
Activation of NF-κB signaling is mediated by 
TAK1 ubiquitination. Our findings suggest that 
TRIM31 may be a potential target for protection 
of myocardial dysfunction induced by sepsis.
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