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Muscle RING-finger (MuRF) proteins are E3 ubiquitin ligases that are

expressed in striated muscle. MuRF2 is an important member of this fam-

ily, but whether it is expressed in tissues other than striated muscle has not

been thoroughly elucidated to date. In this study, we determined that

MuRF2 is also expressed in other vital organs, including liver, lung, brain,

spleen and kidney. Moreover, we show that the level of MuRF2 expression

is significantly decreased in hepatic mononuclear cells of mice with

lipopolysaccharide (LPS)/D-galactosamine-induced hepatitis and negatively

correlated with the serum levels of alanine aminotransferase and aspartate

aminotransferase in these mice. Furthermore, the expression of MuRF2

was down-regulated in RAW264.7 cells activated with LPS but not in cells

treated with polyinosinic-polycytidylic acid (Poly(I:C)) or with lipidosome

plus Poly(I:C). We also found that MuRF2 was able to translocate from

the cytoplasm to the nucleus in RAW264.7 cells activated with LPS but

not in cells treated with Poly(I:C). In addition, we demonstrated that inter-

leukin 6 and tumour necrosis factor a production and macrophage migra-

tion were inhibited after MuRF2 was overexpressed in RAW264.7 cells.

We further verified that nuclear factor-jB p65 subunit level was greatly

reduced in RAW264.7 macrophage nuclei by gain of function. Taken

together, these findings indicate that MuRF2 may rescue LPS-induced

macrophage activation by suppressing the production of proinflammatory

cytokines and cell migration. We also identify a novel function of MuRF2

in non-muscle tissues and cells.

The muscle RING finger (MuRF) family is a subfam-

ily of TRIM/RBCC proteins that is characterized by

its tripartite motif, including a RING finger, B-box

and coiled-coil region [1]. The MuRF family consists

of three members (MuRF1–3) that have been identified

as E3 ubiquitin ligases participating in a wide range of

biological processes via their RING finger [2,3]. To

date, as the name suggests, it was thought that the

Abbreviations

ALT, alanine aminotransferase; AST, aspartate aminotransferase; D-GalN, D-galactosamine; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; HMC, hepatic mononuclear cell; IFN-b, interferon b; IL, interleukin; IjB, inhibitor of NF-jB; LPS, lipopolysaccharide; MG132,

N-carbobenzoxyl-L-leucinyl-L-norleucinal; MuRF, muscle RING-finger; NF-jB, nuclear factor-jB; PDLIM2, PDZ and LIM domain 2; Poly(I:C),

polyinosinic-polycytidylic acid; PPAR-c, peroxisome proliferator-activated receptor c; RIG-I, retinoic acid-inducible gene I; SOCS-1, suppressor

of cytokine signaling 1; SRF, serum response factor; TLR, toll-like receptor; TNF-a, tumor necrosis factor a.

234 FEBS Open Bio 8 (2018) 234–243 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.



MuRFs were expressed specifically in striated muscle,

including skeletal and cardiac muscle [3]. MuRF1 has

been well investigated as a crucial regulator in skeletal

muscle atrophy by targeting associated proteins, pri-

marily including titin, as reviewed by Rom and

Reznick [4,5]. In addition, MuRF1 but not MuRF2

plays an important role in mediating the induction of

dilated cardiac hypertrophy in mice after increased

pressure, likely by MuRF1’s direct interactions with

serum response factor (SRF) [6]. MuRF3 is thought to

be associated with the stability of microtubules, which

is important for muscle differentiation [7]. MuRF2 is

the least characterized member of the MuRF family,

containing at least four isoforms because of differential

splicing at the C termini of MURF genes in humans

[8]. While three of the isoforms, including p60A, p60B

and p50A, are expressed in skeletal muscle, the small-

est isoform, a 27 kDa peptide, was specifically

expressed in cardiac muscle [8,9]. The smallest isoform

lacks a coiled-coil domain and therefore cannot homo-

or hetero-oligomerize. In addition to participating in

sarcomere assembly by mediating the transient associa-

tion of microtubules with myosin and titin, MuRF2

plays potential roles in signal transduction and tran-

scription regulation through stress-induced transloca-

tion to nuclei in cardiac myocytes [8,9]. For example,

MuRF2 nuclear translocation in response to mechani-

cal inactivity decreases the nuclear transcription factor

SRF and inhibits transcription [10].

To date, no studies have investigated whether

MuRFs are also expressed in tissues other than stri-

ated muscle and, if so, what roles they may play in the

specific tissue. In regard to MuRF2 in particular, as a

regulator of signal transduction and transcription in

cardiac myocytes, we wondered whether it affects the

signal transduction process in other tissues. All of

these questions need to be further studied, which may

modify perception of the MuRF family and open up

new prospects for the treatment of human diseases.

Lipopolysaccharide (LPS)/D-galactosamine (D-GalN)-

induced hepatitis in mice is a widely used experimental

animal model for research into acute hepatitis

pathogenesis and therapies [11,12]. In this model, the

activation of macrophages induced by LPS, whose

toxic effects can be enhanced by D-GalN, plays a cru-

cial role in the pathogenesis of hepatitis. Toll-like

receptor (TLR) 4, a transmembrane protein expressed

on macrophages, interacts with LPS, activates the

intracellular signaling transduction pathway and leads

to the phosphorylation and nuclear translocation of

nuclear factor-jB (NF-jB). NF-jB initiates the

production of proinflammatory cytokines, such as

tumor necrosis factor a (TNF-a), interleukin (IL) 6

and IL-1b [13–16]. NF-jB inhibitors have been widely

used in anti-inflammatory therapies, including those to

treat hepatitis [17]. In addition, E3 ubiquitin ligases,

such as PDZ and LIM domain 2 (PDLIM2), suppres-

sor of cytokine signaling 1 (SOCS-1) and peroxisome

proliferator-activated receptor c (PPAR-c), have been

demonstrated to inhibit the activity of NF-jB and are

thought to act as potential targets for anti-inflamma-

tory therapies [18–20]. However, whether MuRF2

affects NF-jB activation is still unknown.

In this study, we explored the expression and func-

tion of MuRF2 in tissues other than striated muscle.

Our research observed that MuRF2 is also expressed

in the liver and certain other tissues besides muscle.

The expression level of MuRF2 in hepatic mononu-

clear cells (HMCs) is negatively associated with LPS/

D-GalN-induced inflammatory liver injury. Further

investigation suggests that MuRF2 inhibits the pro-

duction of proinflammatory cytokines and cell migra-

tion by regulating NF-jB.

Materials and methods

Mice and reagents

Male C57BL/6J mice, 6–8 weeks old, were obtained from

the Animal Research Committee of the Institute of Biology

and Cell Biology (Shanghai, China) and housed in a speci-

fic environment as previously described [21,22]. All animal

experiments were undertaken in accordance with the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals, with the approval of the Scientific

Investigation Board of the Shandong Provincial Hospital

Affiliated to Shandong University, Jinan, Shandong Pro-

vince, China. LPS (Escherichia coli, 055:B5) and D-GalN

were obtained from Sigma-Aldrich (St Louis, MO, USA;

catalog no.: L2880 and G0500). Poly(I:C) was from Invivo-

Gen (San Diego, CA, USA; catalog no.: tlrl-picw). Mouse

mAb to glyceraldehyde-3-phosphate dehydrogenase

(GAPDH; catalog no.: 60004-1-lg), b-actin (catalog no.:

60008-1-lg) and lamin B1 (catalog no.: 66095-1-lg) were

purchased from Proteintech Group, Inc. (Rosemont, IL,

USA). Anti-MuRF2 (ab3) antibody produced in rabbit was

purchased from Sigma-Aldrich (catalog no.: SAB2102565).

MuRF2 (C-20) antibody was acquired from Santa Cruz

Biotechnology (Dallas, TX, USA; catalog no.: sc-49454);

NF-jB p65 (C22B4) rabbit mAb was obtained from Cell

Signaling Technology (Danvers, MA, USA; catalog no.: 4764).

Cell culture

The mouse macrophage cell line RAW264.7 were obtained

from the American Type Culture Collection (Manassas,

VA, USA) and cultured in Dulbecco’s modified Eagle’s
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medium (DMEM; Invitrogen, Carlsbad, CA, USA) con-

taining 10% (vol/vol) fetal bovine serum (Gibco� Sera,

AUS; Invitrogen), 100 U�mL�1 penicillin and 100 lg�mL�1

streptomycin (Invitrogen). The cell lines were maintained at

37 °C in a humidified incubator with 5% CO2. RAW264.7

cells were stimulated with 100 ng�mL�1 LPS or 20 lg�mL�1

Poly(I:C) or were transfected with 2 lg Poly(I:C) by Lipo-

fectamine-2000 for different times.

LPS/D-GalN induced hepatitis and HMC collection

To induce hepatitis, 10 lg�kg�1 LPS and 800 mg�kg�1

D-GalN in saline were i.p.-injected into C57BL/6J mice.

After 8 h, mice serum and liver tissue were collected and

used in the subsequent experiments, including the evalua-

tion of injury degree and the HMCs. HMCs were isolated

by metrizamide gradient centrifugation as previously

described [22].

Hematoxylin and eosin staining

Liver tissues from different groups were fixed, embedded in

paraffin and cut at 4 lm. The sections were taken off

paraffin with xylene, hydrated with different concentration

of ethanol and rinsed with distilled water. They were then

hematoxylin stained for 5 min followed by 5 min rinsing

with tap water. Similarly, they were eosin stained for 3 min

followed by rinsing with tap water. A gradient (75, 85, 95

and 100%) concentration of alcohol was used to dehydrate.

The slices were sealed by neutral gum with a coverglass

and photographed under an optical microscope (Olympus,

Tokyo, Japan).

Alanine aminotransferase and aspartate

aminotransferase detection

The serum levels of alanine aminotransferase (ALT) or

aspartate aminotransferase (AST) were determined using

the ALT or AST detection kit (Jiancheng Bioengineering

Institute, Nanjing, China; catalog no.: C009-2 or C0010-2)

according to the manufacturer’s protocol.

RNA extraction and quantification

Total RNA was extracted using RNAfast200 kit (Fastagen,

Shanghai, China) according to the manufacturer’s instruc-

tions, and reverse transcription was performed using a

reverse transcription kit (TaKaRa, Kusatsu, Shiga, Japan).

The expression of MuRF2, IL-6 and interferon b (IFN-b)
was quantified using semiquantitative PCR or SYBR Premix

Ex TapTM (TaKaRa) with b-actin or GAPDH as an inter-

nal normalized reference. The specific sequences of primers

used were as follows: 50-AGTTTGACACCCTCTACGC-30

(sense) and 50-TCTTGATGAGCTGCTTGG-30 (antisense)

for MuRF1, 50-GACTGAAATGACCCAAGC-30 (sense)

and 50-TTCCTGACTCCACCAACT-30 (antisense) for

MuRF2, 50-CTAATCCTCTGTGGCAATCC-30 (sense) and
50-TCTCGTCCTCGTGCTCCT-30 (antisense) for MuRF3,

50-ACAACCACGGCCTTCCCTAC-30 (sense) and 50-CAT

TTCCACGATTTCCCAGA-30 (antisense) for IL-6, 50-AGT

TACACTGCCTTTGCC-30 (sense) and 50-GTTGAGGACA

TCTCCCAC-30 (antisense) for IFN-b, 50-CAAGGTCATCC

ATGACAACTTTG-30 (sense) and 50-GTCCACCACCCTG

TTGCTGTAG-30 (antisense) for GAPDH, 50-CCACACCC

GCCACCAGTTCG-30 (sense) and 50-TACAGCCCGGGG

AGCATCGT-30 (antisense) for b-actin, 50-ATGAGCACT

TCTCT GAATTACA-30 (sense) and 50-TTATTCATTT

AGGGAATTCAACC-30 (antisense) for overall length of

MuRF2 mRNA. Semiquantitative or quantitative PCR was

performed as previously described [21,23].

Nuclear and cytoplasmic protein extraction

NE-PER Nuclear and Cytoplasmic Extraction Reagents

(Thermo Fisher Scientific, Waltham, MA, USA; catalog

no.: 78835) were used according to the manufacturer’s

instructions.

Western blot assay

The cultured cells were washed with cold PBS and lysed

with RIPA lysis buffer (Beyotime Biotechnology, Shanghai,

China) supplemented with a protease inhibitor ‘cocktail’.

After the protein concentrations were measured using the

bicinchoninic acid assay (Thermo Fisher Scientific), equal

amounts of protein lysates were separated by SDS/PAGE

and transferred to poly(vinylidene difluoride) membranes

(Millipore, Billerica, MA, USA) for immunoblot analysis as

described previously [24]. The membranes were then incu-

bated with the primary antibodies overnight at 4 °C. After

washing with tris buffered saline with tween, the membranes

were hybridized with the corresponding horseradish peroxi-

dase-conjugated secondary antibody (Santa Cruz Biotech-

nology). Finally, an enhanced chemiluminescence reagent

kit (Millipore) was used to detect the objective protein in

accordance with the manufacturer’s protocol.

Immunofluorescence analysis

RAW264.7 cells were grown on coverslips overnight and

stimulated with 100 ng�mL�1 LPS or 20 lg�mL�1 Poly(I:C)

for 8 h. The cells were fixed in 4% paraformaldehyde for

15 min and permeabilized with 0.1% Trition X-100. After

blocking with 10% BSA in PBS for 2 h at room tempera-

ture, they were incubated with primary antibodies against

MuRF2 for 1.5 h at room temperature and washed three

times with PBS for 5 min per time. Cells were incubated

with secondary antibodies (catalog no.: CA11012s;

236 FEBS Open Bio 8 (2018) 234–243 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

MuRF2 inhibits macrophage activation H. Bian et al.



Invitrogen) for 1 h at room temperature in the dark and

washed 3 times with PBS for 5 min per time. Cell nuclei

were stained with 40,6-diamidino-2-phenylindole (DAPI) for

8 min and wash three times with PBS for 5 min per time.

Neutral gum was used to seal the coverslips and the images

were captured using a high sensitivity laser scanning confo-

cal microscope (LSM780; Zeiss, Oberkochen, Germany)

with the appropriate filters and laser (561 and 633 nm) and

a 963 objective lens.

Assessment of macrophage migration

A Boyden chamber was used to observe macrophage

migration as we have previously described [21]. Briefly,

RAW264.7 cells before or after MuRF2 overexpression

were resuspended in 200 lL of DMEM with or without

LPS, and then seeded into the upper chamber. After incu-

bation for 20 h at 37 °C in a humidified incubator with

5% CO2, the Boyden chamber was fixed and stained.

Macrophage migration was observed and photographed

with an optical microscope.

Statistical analysis

All data were presented as results from three or four indepen-

dent experiments. All data were expressed as the mean � SD.

Numeric comparison between two groups were analyzed by

one-way ANOVA and two-tailed Student’s t test. Correlation

between MuRF2 expression and ALT or AST level was

analyzed with Spearman’s rank test. In all cases, a value of

P < 0.05 was considered statistically significant.

Results

MuRF2 is widely expressed in various tissues,

besides skeletal muscle and heart

Muscle RING-fingers have been thought of as proteins

expressed specifically in striated muscle, where they

play an important role in pathology and physiology,

including muscle protein turnover and atrophy [9,25]

and myocardial hypertrophy and infarct [26,27]. How-

ever, less is known regarding the expression and poten-

tial roles of MuRF2 in other tissues. Therefore, we

first detected the expression of MuRF2 in certain key

tissues and organs in mice, such as brain, lung, liver,

spleen and kidney, at the protein and mRNA level,

with muscle and heart serving as positive controls.

Results showed that MuRF2 was indeed expressed in

other tissues besides muscle and heart (Fig. 1A,B).

When the full-length primer was used in RT-PCR,

three spliceosomes of MuRF2 were shown in the

mouse heart and one in the skeletal muscle (Fig. 1C).

This result was inconsistent with the NCBI-GenBank

database, where there is only one reported transcript

(NM_001081281.1) in mice. Taken together, our

results suggest that MuRF2 is universally expressed in

other tissues besides striated muscle.

MuRF2 expression decreases in HMCs of mice

with LPS/D-GalN-induced hepatitis

Previous studies from our group and others have

demonstrated that macrophages play an essential role

in hepatitis [22]. Moreover, Lopez et al. [28] validated

that in healthy rodent livers, there are 20–40 macro-

phages for every 100 hepatocytes. Hence, in order to

investigate the role of MuRF2 in hepatitis, we estab-

lished a mouse hepatitis model with LPS/D-GalN as

previously reported [11,12]. Next, we evaluated the

expression of MuRF2 in HMCs and analyzed the cor-

relation of MuRF2 expression with ALT or AST. We

observed that the liver and spleen from mice with hep-

atitis were larger, more purple and dimmer than those

of health mice (Fig. 2A). In addition, we determined

liver histological changes with hematoxylin and eosin

staining and observed that there was obvious hyper-

emia, swelling, inflammatory cell infiltration and

necrosis in hepatic livers compared with those of

health mice (Fig. 2B). Consistent with these

Fig. 1. MuRF2 is expressed in mouse in multiple tissues, besides

muscle and heart. (A,B) MuRF2 expression was detected with

semiquantitative PCR (A) and western blot analysis (B). (C) Overall-

length primers of MuRF2 mRNA were used to observe its

isoforms in the mouse skeletal muscle and heart by

semiquantitative PCR.
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histological results, the serum levels of ALT and AST

in mice with hepatitis were significantly increased com-

pared with that of the control (P < 0.001, Fig. 2C).

These data showed that we successfully established an

LPS/D-GalN-induced hepatitis mouse model. Subse-

quently, we collected the HMCs and detected expres-

sion levels of MuRF2 at the mRNA and protein level.

Compared with the control group, MuRF2 expression

levels were significantly decreased in the induced hep-

atitis model (P < 0.001, Fig. 2D–F). In addition, we

observed MuRF2 expression in HMCs compared with

muscle and heart. As shown in Fig. 2F,H, MuRF2

expression in HMCs was lower than in muscle and

heart in mice. Further analysis indicated that the

expression level of MuRF2 in HMCs was inversely

associated with the serum levels of ALT and AST in

mice with hepatitis with Spearman’s r of �0.9071 and

�0.8000, respectively (Fig. 2I). Taken together, these

results suggest that the decrease of MuRF2 expression

in the HMCs of LPS/D-GalN-induced hepatitis was

negatively correlated with liver injury indexes, includ-

ing ALT and AST.

Activation of the LPS/TLR4 pathway inhibits

MuRF2 expression and promotes its nuclear

translocation in RAW264.7 cells

To explore the effect of MuRF2 on macrophages, we

treated RAW264.7 cells with common activators, such

as LPS (TLR4), Poly(I:C) (TLR3) and lipidosome plus

Fig. 2. MuRF2 expression decreases in HMCs of LPS/D-GalN-treated mice and is inversely correlated with serum ALT and AST content.

Mice were killed after being administered with i.p. LPS and D-GalN for 8 h. (A) Gross images of liver and spleen. (B) The liver tissue was

embedded, sliced and stained with hematoxylin and eosin and photographs were obtained with an optical microscope (the dashed line

shows liver tissues necrosis area; 9100 original magnifications). (C) The serum levels of ALT or AST were determined. (D,E)

Semiquantitative (D) or quantitative (E) PCR was performed to determine MuRF2 expression in HMCs of LPS/D-GalN-treated mice. b-Actin

was an internal normalized reference. (F,G) Western blot was used to detect MuRF2 expression in HMCs, muscle (M) and heart (H) in

mice. b-Actin was an internal normalized reference. (H) Quantitative PCR were performed to determine MuRF2 expression in HMCs,

muscle (M) and heart (H) of mice. (I) The correlation was determined between MuRF2 mRNA expression in HMCs and serum ALT or AST

levels. Each data point represents one mouse. ***P < 0.001.
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Poly(I:C) (retinoic acid-inducible gene I; RIG-I). As

shown in Fig. 3A, the expression of IL-6 and IFN-b
was significantly increased in TLR3/4 and RIG-I

groups, respectively. In addition, these three agonists

can effectively activate RAW264.7 macrophages. We

measured MuRF2 mRNA expression levels when

RAW264.7 was stimulated with these three agonists.

As shown in Fig. 3B, the expression of MuRF2 was

reduced in the LPS and Poly(I:C) treatment groups.

However, expression did not change in the lipidosome

plus Poly(I:C) group. At the same time, the expression

of MuRF1 and -3 was not detectable at all by qPCR

in the LPS and Poly(I:C) groups (data not shown).

Further detection of protein levels by western blot

analysis showed that the expression of MuRF2 was

markedly decreased only in LPS-induced macrophage

activation, rather than Poly(I:C) (Fig. 3C). Thus, to

examine the location of MuRF2 expression by

immunofluorescence assay, we pretreated RAW264.7

macrophages with N-carbobenzoxyl-L-leucinyl-L-nor-

leucinal (MG132), a proteasome inhibitor, for 30 min

and then stimulated with LPS for 8 h. As shown in

Fig. 3D, MuRF2 was expressed in the cytoplasm and

the nucleus in the absence of stimulation. However,

when RAW264.7 cells were stimulated with LPS, not

Poly(I:C), MuRF2 would translocate into the nucleus.

Fig. 3. LPS stimulation leads to down-regulation of MuRF2 expression in RAW264.7 macrophages, but not Poly(I:C) stimulation or

transfection. (A) RAW264.7 cells were treated at different time points with LPS (100 ng�mL�1), Poly(I:C) (20 lg�mL�1) or lipidosome plus

Poly(I:C) (2 lg). IL-6 and IFN-b expression was observed with quantitative PCR. (B,C) MuRF2 expression was determined by quantitative

PCR (B) and western blot (C). GAPDH was an internal normalized reference. (D) After RAW264.7 cells were stimulated for 8 h with LPS

[100 ng�mL�1, pretreated for 30 min with proteasome inhibitor MG132 (10 lM)] or Poly(I:C) (20 lg�mL�1), endogenous MuRF2 was located

using a confocal microscope (NC, negative control; Un-S: unstimulated). DAPI, 40,6-diamidino-2-phenylindole. *P < 0.05, **P < 0.01,

***P < 0.001.
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Taken together, these data show that the expression

level of MuRF2 is down-regulated by LPS-induced

macrophage activation. LPS-induced macrophage acti-

vation also causes MuRF2 to localize to the nucleus.

MuRF2 overexpression inhibits the production of

inflammatory cytokines and cell migration in

LPS-induced RAW264.7

When a pathogen invades an organism, macrophages

are recruited by migration and release cytokines to

induce an inflammatory response. To identify the roles

of MuRF2 in macrophages, we observed the produc-

tion of IL-6 and cell migration by gain of function. As

shown in Fig. 4A,B, MuRF2 expression was success-

fully elevated at the mRNA and protein level in

RAW264.7 cells by Lv5-MuRF2 transfection. These

cells were subsequently stimulated with LPS for 8 h,

and the expression and secretion of IL-6 and TNF-a
were measured. As shown in Fig. 4C,D, the produc-

tion of IL-6 and TNF-a was significantly decreased

compared with the control (P < 0.05). Similarly, the

migration rate of LPS-activated RAW264.7 cells was

also obviously lower in the MuRF2 overexpression

group than the control (Fig. 4E).

Nuclear factor-jB, composed of p65 and p50, is a

common downstream nuclear transcription factor in

the LPS-induced macrophage activation pathway [29].

Fig. 4. MuRF2 overexpression inhibits the production of inflammatory cytokines and cell migration in LPS-induced RAW264.7. Control (LV5)

or MuRF2 (LV5-MuRF2) transfected RAW264.7 cells were screened with puromycin to acquire stable expression macrophages. (A,B)

MuRF2 expression was estimated by PCR (A) and western blot (B). (C,D) The expression and secretion of IL-6 and TNF-a were monitored

by PCR and ELISA. (E) After the stable expression, RAW264.7 cells were treated for 20 h with 100 ng�mL�1 LPS. Migrated cells on the

lower surface of the Boyden chamber were stained with hematoxylin (upper panel, 9200 original magnification). Additionally, the average

number of the cells per field was counted: 910 objective magnifications from five microscopy fields in three independent experiments

(lower panel). (F) Nuclear and cytoplasmic proteins were extracted. P65 expression was analyzed by western blot. GAPDH and lamin B1

were internal normalized references. *P < 0.05, ***P < 0.001.
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To explore the mechanism of MuRF2 in macrophage

activation, the expression of p65 in both the cytoplasm

and the nuclei of RAW264.7 cells were evaluated after

MuRF2 overexpression. The results showed that p65

expression level in the nucleus of the MuRF2 overex-

pression group was remarkably decreased compared

with that of the control group, while no obvious

change occurred in the cytoplasm (Fig. 4F). Taken

together, these results suggest that MuRF2 might pre-

vent macrophages from producing inflammatory fac-

tors and migrating by down-regulating the level of

nuclear NF-jB.

Discussion

The MuRF family has been extensively studied in stri-

ated muscle, and has been demonstrated to play

important roles in several biological processes of mus-

cle including signal transduction to maintain muscle

structure and function by mediating ubiquitination of

target proteins [25]. Furthermore, MuRF2, as one

member of this family, has been shown to regulate the

nuclear transcription factors SRF and PPAR-c1 in

cardiac myocytes [10,30], which made us question

whether MuRF2 may play a part in other tissues and

cells by regulating other nuclear transcription factors.

We were the first to find that MuRF2 is also

expressed in tissues other than muscle, including liver.

Our further investigation of its roles in LPS/D-GalN-

induced hepatitis revealed a significantly negative cor-

relation between MuRF2 expression level of HMCs

and the serum levels of ALT and AST in mice with

hepatitis. This correlation indicates that MuRF2 may

attenuate LPS/D-GalN-induced hepatitis through

affecting the functions of macrophages.

Lipopolysaccharide/D-GalN-induced acute hepatitis

simulates the pathological process of clinical acute hep-

atitis resulting from sepsis and endotoxemia [31]. In this

model, the degree of liver injury largely depends on the

activity of macrophages. Activated by LPS, macro-

phages produce chemokines and proinflammatory

cytokines, which mediate the migration of macrophages

and cause a cascade of events leading to inflammatory

injury [32]. Our study showed the production of IL-6

and migration rate of LPS-activated RAW264.7 cells

are significantly reduced after MuRF2 overexpression.

This finding means that MuRF2 can inhibit macro-

phages activated by LPS. This phenomenon was specific

because no significant changes in MuRF2 expression

level were demonstrated in RAW264.7 cells when stimu-

lated with Poly(I:C) or lipidosome plus Poly(I:C).

Muscle RING-finger 2 is primarily found in the

cytoplasm, although previous work demonstrated that

MuRF2 also plays a role in the nucleus. Lange et al.

[10] found that MuRF2 could translocate into nuclei

and regulate the activity of the nuclear transcription

factor SRF in myocytes. Coincidentally, another study

performed by He et al. [30] identified that MuRF2

could also regulate the nuclear transcription factor

PPAR-c1 in cardiomyocytes. Our study found that

MuRF2 translocated into nuclei in LPS-stimulated

RAW264.7 cells compared with control groups. How-

ever, whether MuRF2 might play a part in the down-

stream signal transduction in macrophages and

cardiomyocytes should be further confirmed.

Nuclear factor-jB, a heterodimer composed of p65

and p50, is a key regulator of inflammation. Combin-

ing with the inhibitor of NF-jB (IjB) as an inactive

form in the cytoplasm, NF-jB is activated by the IjB
kinase complex with free NF-jB released, which then

translocates into the nucleus and binds to specific

DNA sites to regulate transcription [33]. Traditional

inflammatory inhibitors, such as salicylates, non-steroi-

dal anti-inflammatory drugs and glucocorticoids, are

mostly based on the regulation of NF-jB activation.

Recently, termination of NF-jB activity has drawn

increasing attention. In addition to the traditional

export back to cytoplasm, the ubiquitination mediated

by E3 ubiquitin ligases and the subsequent proteaso-

mal degradation of p65 has been investigated as

another vital termination mechanism. Tanaka et al.

[18] reported that PDLIM2, as a nuclear E3 ubiquitin

ligase, can target the p65 subunit and mediate its

polyubiquitination, thereby terminating the activity of

NF-jB through subsequent degradation. Another

study conducted by Ryo et al. [19] indicated that

SOCS-1 could modulate the ubiquitination and subse-

quent degradation of p65, acting as an E3 ubiquitin

ligase. In addition, Hou et al. [20] found that another

E3 ubiquitin ligase, PPAR-c, could induce the ubiqui-

tination and degradation of nuclear p65 as well as

reduce cytoplasmic p65 translocating to the nucleus. In

the present study, we found that the expression level

of p65 in nuclei of RAW264.7 cells was decreased after

MuRF2 overexpression, which may be evidence for

the assumption that MuRF2 terminates NF-jB activ-

ity through a ubiquitin-dependent proteasome degra-

dation pathway.

In summary, we first demonstrated that MuRF2 is

expressed not only in the muscle but also in other tis-

sues, including liver. In addition, our results indicate

that the expression of MuRF2 is significantly

decreased in HMCs of mice with LPS/D-GalN-induced

hepatitis and negatively correlated with the serum

ALT and AST in mice with hepatitis. Moreover,

MuRF2 is translocated from the cytoplasm into the
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nucleus in LPS-treated RAW264.7 cells; the cytokine

production and macrophage migration are decreased

by MuRF2 gain of function; and p65 level in nuclei

was greatly reduced when MuRF2 was overexpressed.

These findings suggest that MuRF2 may inhibit the

functions of macrophages by terminating NF-jB activ-

ity to alleviate immune-mediated hepatitis.

Acknowledgements

This work was supported by the National Natural

Science Foundation of China (81600469, 81472685,

81602550), the Science and Technology Development

Projects of Shandong Province (2017GSF218053,

2016GSF201126), the Major Special Plan of Science and

Technology of Shandong Province (2015ZDXX0802-

A01), and the Natural Science Foundation of Shandong

Province (ZR2012HM066).

Author contributions

Conceived and designed the experiments: JQ, HB and

CQ. Performed the experiments: HB, DZ and SG.

Analyzed the data: HB and FL and TL. Contributed

reagents/materials/analysis tools: QZ, XL, SS and SS.

Wrote the paper: QZ, WR and JQ.

References

1 Meroni G and Diez-Roux G (2005) TRIM/RBCC, a

novel class of ‘single protein RING finger’ E3 ubiquitin

ligases. BioEssays 27, 1147–1157.
2 Perera S, Mankoo B and Gautel M (2012)

Developmental regulation of MURF E3 ubiquitin

ligases in skeletal muscle. J Muscle Res Cell Motil 33,

107–122.
3 Spencer JA, Eliazer S, Ilaria RL Jr, Richardson JA and

Olson EN (2000) Regulation of microtubule dynamics

and myogenic differentiation by MURF, a striated

muscle RING-finger protein. J Cell Biol 150, 771–784.
4 Rom O and Reznick AZ (2016) The role of E3

ubiquitin-ligases MuRF-1 and MAFbx in loss of

skeletal muscle mass. Free Radic Biol Med 98, 218–230.
5 Cohen S, Brault JJ, Gygi SP, Glass DJ, Valenzuela

DM, Gartner C, Latres E and Goldberg AL (2009)

During muscle atrophy, thick, but not thin, filament

components are degraded by MuRF1-dependent

ubiquitylation. J Cell Biol 185, 1083–1095.
6 Willis MS, Ike C, Li L, Wang DZ, Glass DJ and

Patterson C (2007) Muscle ring finger 1, but not muscle

ring finger 2, regulates cardiac hypertrophy in vivo. Circ

Res 100, 456–459.
7 McElhinny AS, Perry CN, Witt CC, Labeit S and

Gregorio CC (2004) Muscle-specific RING finger-2

(MURF-2) is important for microtubule, intermediate

filament and sarcomeric M-line maintenance in striated

muscle development. J Cell Sci 117, 3175–3188.
8 Pizon V, Iakovenko A, Van Der Ven PF, Kelly R, Fatu

C, F€urst DO, Karsenti E and Gautel M (2002) Transient

association of titin and myosin with microtubules in

nascent myofibrils directed by the MURF2 RING-finger

protein. J Cell Sci 115, 4469–4482.
9 Perera S, Holt MR, Mankoo BS and Gautel M (2011)

Developmental regulation of MURF ubiquitin ligases

and autophagy proteins nbr1, p62/SQSTM1 and LC3

during cardiac myofibril assembly and turnover. Dev

Biol 351, 46–61.
10 Lange S, Xiang F, Yakovenko A, Vihola A, Hackman

P, Rostkova E, Kristensen J, Brandmeier B, Franzen

G, Hedberg B et al. (2005) The kinase domain of titin

controls muscle gene expression and protein turnover.

Science 308, 1599–1603.
11 Tu~n�on MJ (2009) An overview of animal models for

investigating the pathogenesis and therapeutic strategies

in acute hepatic failure. World J Gastroenterol 15, 3086.

12 Arvelo MB, Cooper JT, Longo C, Daniel S, Grey ST,

Mahiou J, Czismadia E, Abu-Jawdeh G and Ferran C

(2002) A20 protects mice from D-galactosamine/

lipopolysaccharide acute toxic lethal hepatitis.

Hepatology 35, 535–543.
13 Su GL, Klein RD, Aminlari A, Zhang HY,

Steinstraesser L, Alarcon WH, Remick DG and Wang

SC (2000) Kupffer cell activation by lipopolysaccharide

in rats: role for lipopolysaccharide binding protein and

toll-like receptor 4. Hepatology 31, 932–936.
14 Dobrovolskaia MA and Vogel SN (2002) Toll

receptors, CD14, and macrophage activation and

deactivation by LPS. Microbes Infect 4, 903–914.
15 Su GL (2002) Lipopolysaccharides in liver injury:

molecular mechanisms of Kupffer cell activation. Am J

Physiol Gastrointest Liver Physiol 283, G256–G265.

16 Triantafilou M and Triantafilou K (2002)

Lipopolysaccharide recognition: CD14, TLRs and the

LPS-activation cluster. Trends Immunol 23, 301–304.
17 D’Acquisto F, May MJ and Ghosh S (2002) Inhibition

of nuclear factor kappa B (NF-B): an emerging theme

in anti-inflammatory therapies. Mol Interv 2, 22–35.
18 Tanaka T, Grusby MJ and Kaisho T (2007) PDLIM2-

mediated termination of transcription factor NF-kappaB

activation by intranuclear sequestration and degradation

of the p65 subunit. Nat Immunol 8, 584–591.
19 Ryo A, Suizu F, Yoshida Y, Perrem K, Liou YC, Wulf

G, Rottapel R, Yamaoka S and Lu KP (2003)

Regulation of NF-kappaB signaling by Pin1-dependent

prolyl isomerization and ubiquitin-mediated proteolysis

of p65/RelA. Mol Cell 12, 1413–1426.
20 Hou Y, Moreau F and Chadee K (2012) PPARgamma

is an E3 ligase that induces the degradation of

NFkappaB/p65. Nat Commun 3, 1300.

242 FEBS Open Bio 8 (2018) 234–243 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

MuRF2 inhibits macrophage activation H. Bian et al.



21 Bian H, Li F, Wang W, Zhao Q, Gao S, Ma J, Li X,

Ren W, Qin C and Qi J (2017) MAPK/p38 regulation

of cytoskeleton rearrangement accelerates induction of

macrophage activation by TLR4, but not TLR3. Int J

Mol Med 40, 1495–1503.
22 Xu L, Qi J, Zhao P, Liang X, Ju Y, Liu P, Liu B, Guo

C, Zhang L, Ma C et al. (2010) T cell immunoglobulin-

and mucin-domain-containing molecule-4 attenuates

concanavalin A-induced hepatitis by regulating

macrophage. J Leukoc Biol 88, 329–336.
23 Qi J, Li T, Bian H, Li F, Ju Y, Gao S, Su J, Ren

W and Qin C (2016) SNAI1 promotes the

development of HCC through the enhancement of

proliferation and inhibition of apoptosis. FEBS Open

Bio 6, 326–337.
24 Bian H, Zhou Y, Yu B, Shang D, Liu F, Li B and Qi J

(2017) Rho-kinase signal pathway promotes the

expression of PARP to accelerate cardiomyocyte

apoptosis in ischemia/reperfusion. Mol Med Rep 16,

2002–2008.
25 Lodka D, Pahuja A, Geers-Kn€orr C, Scheibe RJ,

Nowak M, Hamati J, K€ohncke C, Purf€urst B,

Kanashova T, Schmidt S et al. (2016) Muscle

RING-finger 2 and 3 maintain striated-muscle

structure and function. J Cachexia Sarcopenia Muscle

7, 165–180.
26 Wadosky KM, Rodr�ıguez JE, Hite RL, Min JN,

Walton BL and Willis MS (2014) Muscle RING finger-

1 attenuates IGF-I-dependent cardiomyocyte

hypertrophy by inhibiting JNK signaling. Am J Physiol

Endocrinol Metab 306, E723–E739.

27 Li HH, Du J, Fan YN, Zhang ML, Liu DP, Li L,

Lockyer P, Kang EY, Patterson C and Willis MS

(2011) The ubiquitin ligase MuRF1 protects against

cardiac ischemia/reperfusion injury by its proteasome-

dependent degradation of phospho-c-Jun. Am J Pathol

178, 1043–1058.
28 Lopez BG, Tsai MS, Baratta JL, Longmuir KJ and

Robertson RT (2011) Characterization of Kupffer cells

in livers of developing mice. Comp Hepatol 10, 2.

29 Qi J, Qiao Y, Wang P, Li S, Zhao W and Gao C

(2012) microRNA-210 negatively regulates LPS-induced

production of proinflammatory cytokines by targeting

NF-kappaB1 in murine macrophages. FEBS Lett 586,

1201–1207.
30 He J, Quintana MT, Sullivan J, Parry TL, Grevengoed

TJ, Schisler JC, Hill JA, Yates CC, Mapanga RF,

Essop MF et al. (2015) MuRF2 regulates

PPARgamma1 activity to protect against diabetic

cardiomyopathy and enhance weight gain induced by a

high fat diet. Cardiovasc Diabetol 14, 97.

31 Tung YT, Huang CC, Ho ST, Kuo YH, Lin CC, Lin

CT and Wu JH (2011) Bioactive phytochemicals of leaf

essential oils of Cinnamomum osmophloeum prevent

lipopolysaccharide/D-galactosamine (LPS/D-GalN)-

induced acute hepatitis in mice. J Agric Food Chem 59,

8117–8123.
32 Rahman TM and Hodgson HJ (2000) Animal models

of acute hepatic failure. Int J Exp Pathol 81, 145–157.
33 Karin M and Ben-Neriah Y (2000) Phosphorylation

meets ubiquitination: the control of NF-jB activity.

Annu Rev Immunol 18, 621–663.

243FEBS Open Bio 8 (2018) 234–243 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

H. Bian et al. MuRF2 inhibits macrophage activation


	Outline placeholder
	a1
	a2
	fig1
	fig2
	fig3
	fig4
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33


