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Abstract 

Background:  Cancer cells develop resistance to chemotherapeutic intervention by excessive formation of stress 
granules (SGs), which are modulated by an oncogenic protein G3BP2. Selective control of G3BP2/SG signaling is a 
potential means to treat non-small cell lung cancer (NSCLC).

Methods:  Co-immunoprecipitation was conducted to identify the interaction of MG53 and G3BP2. Immunohisto‑
chemistry and live cell imaging were performed to visualize the subcellular expression or co-localization. We used 
shRNA to knock-down the expression MG53 or G3BP2 to test the cell migration and colony formation. The expression 
level of MG53 and G3BP2 in human NSCLC tissues was tested by western blot analysis. The ATO-induced oxidative 
stress model was used to examine the effect of rhMG53 on SG formation. Moue NSCLC allograft experiments were 
performed on wild type and transgenic mice with either knockout of MG53, or overexpression of MG53. Human 
NSCLC xenograft model in mice was used to evaluate the effect of MG53 overexpression on tumorigenesis.

Results:  We show that MG53, a member of the TRIM protein family (TRIM72), modulates G3BP2 activity to con‑
trol lung cancer progression. Loss of MG53 results in the progressive development of lung cancer in mg53-/- mice. 
Transgenic mice with sustained elevation of MG53 in the bloodstream demonstrate reduced tumor growth follow‑
ing allograft transplantation of mouse NSCLC cells. Biochemical assay reveals physical interaction between G3BP2 
and MG53 through the TRIM domain of MG53. Knockdown of MG53 enhances proliferation and migration of NSCLC 
cells, whereas reduced tumorigenicity is seen in NSCLC cells with knockdown of G3BP2 expression. The recombinant 
human MG53 (rhMG53) protein can enter the NSCLC cells to induce nuclear translation of G3BP2 and block arsenic 
trioxide-induced SG formation. The anti-proliferative effect of rhMG53 on NSCLC cells was abolished with knockout of 
G3BP2. rhMG53 can enhance sensitivity of NSCLC cells to undergo cell death upon treatment with cisplatin. Tailored 
induction of MG53 expression in NSCLC cells suppresses lung cancer growth via reduced SG formation in a xenograft 
model.

Conclusion:  Overall, these findings support the notion that MG53 functions as a tumor suppressor by targeting 
G3BP2/SG activity in NSCLCs.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  Haichang.Li@osumc.edu; Jianjie.Ma@osumc.edu
†Haichang Li and Pei-Hui Lin contributed equally to this work.
1 Department of Surgery, The Ohio State University College of Medicine, 
Columbus, OH 43210, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-3865-6112
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-021-01418-3&domain=pdf


Page 2 of 15Li et al. Mol Cancer          (2021) 20:118 

Background
Lung cancer is a leading cause of mortality worldwide, 
afflicting approximately 170,000 people each year in the 
United States, and non-small cell lung cancer (NSCLC) 
accounts for approximately 80% of all lung cancer cases 
[1, 2]. In 2020, it is estimated that the United States will 
have more than 1806,590 new cancer cases, and lung can-
cer accounted for more cancer-related deaths than breast, 
prostate, and colon cases combined [2]. Despite available 
surgical and chemotherapeutic treatment modalities, the 
prognosis associated with lung cancer remains grim. In 
the United States, from 2007 to 2013, overall 5-year sur-
vival was only 23.6% for NSCLC [3]. There is a great need 
for novel therapeutic agents to treat NSCLC more effec-
tively. The search for novel tumor-suppressive factors 
that inhibit tumor progression represents an important 
area of cancer research.

Under stress conditions, such as hypoxia, nutrient dep-
rivation, heat shock, or oxidative stress, cells have to save 
energy by silencing or reducing protein synthesis for sur-
vival. One mechanism to regulate protein synthesis is the 
formation of stress granules (SGs) [4–8]. These granules 
contain scaffold and RNA-binding proteins, which keep 
the mRNAs translationally silent while protecting the 
cells from harmful conditions [9–12]. G3BP2 is a known 
oncogene and a main component of SGs [13–22]. Sev-
eral lines of studies have demonstrated that cancer cells 
develop resistance to chemotherapeutic treatment and 
radiotherapy by the excessive formation of SGs [23–29]. 
As a result, cancer cells use SGs to support survival and 
metastatic capacity when exposed to radiotherapy or 
chemotherapy. Thus, therapeutic approaches that selec-
tively control SG formation might represent a poten-
tially effective means to enhance the treatment of cancer 
[30–32]

A recent series of studies from our group identified 
MG53 (also known as TRIM72) as an important com-
ponent of cell membrane repair [33–35]. Mice with abla-
tion of the MG53 gene develop pathology in multiple 
tissues and organs due to defective cell membrane repair 
[33, 36–40]. Transgenic mice with increased levels of 
MG53 in the bloodstream (tPA-MG53, ~100-fold higher 
than wild type mice) live a healthy lifespan and display 
increased tissue-repair and regenerative capacity follow-
ing injury [41].

In addition to facilitating tissue repair, MG53 con-
tains a conserved RING domain with intrinsic E3-ligase 
activity [42–44] and coiled-coiled structures [45] that 
can interact with other signaling proteins to modulate 

cell proliferation and survival under stress conditions. 
Knockout of TRIM72/MG53 through CRISPR-gene 
silencing led to aggressive lung tumor growth and metas-
tasis in mice, raising the possibility that MG53 might 
possess tumor suppressor function in lung cancer [46, 
47]. However, the underlying mechanisms that govern 
MG53’s potential tumor suppression role remain largely 
unknown.

In this study, we uncover a new mechanism for MG53’s 
anti-tumor function involving the control of G3BP2/
SG signaling. We performed allograft transplantation of 
mouse NSCLC cells into the mg53-/-, wild type, and tPA-
MG53 mice, and found aggressive lung tumor growth in 
the mg53-/- mice compared with wild type mice, whereas 
lung tumor growth was significantly suppressed in the 
tPA-MG53 mice. Consistent with findings from other 
investigators [16, 17, 21, 22, 48], we detected elevated 
levels of G3BP2 in tumor versus non-tumor human lung 
tissues. We found that the TRIM-motif of MG53 can 
interact with G3BP2 to regulate SG formation in NSCLC 
cells under stress conditions. We developed a unique 
model with the inducible secretion of MG53 in cancer 
cells and demonstrated that tailored overexpression of 
MG53 could impact G3BP2/SG signaling and mitigate 
NSCLC growth in a xenograft model.

Materials and methods
Animal care, in vivo tumor mouse model, and human 
tissue samples
All animal care and usage followed NIH guidelines and 
IACUC approval by The Ohio State University. mg53-/-

 mice, tPA-MG53 mice, and their wild type (WT) litter-
mates were bred and generated as previously described 
[33, 41]. Nude mice (age 8-10 weeks) were purchased 
from Taconic Biosciences (Ncr Nude).

Chemicals, and recombinant human MG53 protein 
(rhMG53)
All chemicals were obtained from Sigma-Aldrich unless 
otherwise described. rhMG53 protein was purified from 
E. coli fermentation as described previously [49].

Cell culture, viability assay and stress treatment
HEK293, HEK293T, and Human non-small cell lung 
cancer (NSCLC) cell lines (A549, H2122, and H460) 
were obtained from the American Type Culture Collec-
tion (ATCC). The mouse NSCLC cell line (Braf V600E/+; 
Atg7−/−) was kindly provided by Dr. Strohecker (OSU) 
[50]. The cells were grown in RPMI 1640 medium 
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supplemented with 10% FBS, 100 U/ml penicillin, and 
100 μg/ml streptomycin at 37oC in the presence of 5% 
CO2. For stress induction, cells were treated with 0.5 
mM arsenic trioxide (ATO, Sigma Aldrich) for indicated 
time points. A549 cells were seeded in 96-well plates and 
cultured for 24 hours, then treated with varying concen-
trations of rhMG53 (0.05-100 μg/ml) or rhMG53 plus 
cisplatin (5 μM) for either 48 hours or 72 hours. Cells 
were detached by 0.25% Trypsin-EDTA solution, and 
their viability were quantified by flow cytometry (Cyto-
FLEX S system, Beckman Coulter).

Tumor mouse models
Mouse NSCLC allograft model
The mouse NSCLC cells (Braf V600E/+; Atg7−/−) (at 4 x106 
per site) were mixed with an equal volume of Matrigel 
(BD Biosciences) and implanted subcutaneously to both 
flanks of WT, mg53-/- or tPA-MG53 (TPA) mice (8-10 
weeks old). Mice were monitored for 4 weeks for tumor 
formation.

Human NSCLC xenograft nude mouse model
Nude mice were implanted subcutaneously in the right 
flank with 2 x106 of either A549 cells or A549 transduced 
with Adenovirus (Ad-TRE-tPA-MG53), which expresses 
tPA-MG53 in a Doxycycline (Dox)-dependent manner. 
The group of mice which were implanted with A549 (Ad-
TRE-tPA-MG53) was subsequently randomly divided 
into two subgroups; one subgroup received saline and 
the other subgroup received Doxycycline (Dox) (100 μg/
tumor, subcutaneous injection in 100 μl saline). Mice 
were monitored for two months. During the experiment, 
mice were examined daily, and tumor length and width 
were measured using a caliper. Tumor size was deter-
mined using the following formula: ½ (length X width 2) 
[51]. According to the IACUC guideline, the experiments 
will terminate when the tumor size reaches 15 mm. At 
the end of the experiment, mice were sacrificed. Xeno-
grafts were removed, photographed, and quantified.

Human lung tumor procurement
Human non-small cell lung cancer and the adjacent 
non-cancerous tissues were obtained through the 
OSUCCC Tissue Procurement Shared Resource, based 
on a research protocol approved by the OSU Institutional 
Review Board (IRB).

Plasmids
HA‑tagged MG53 full length and deletion mutant plasmids
HA-MG53(FL)-the sequence encoding the full length 
(nucleotides1-1434) human trim72 (mg53) was PCR 
synthesized and cloned into a pHM6 expression vec-
tor (Roche) which expresses HA (hemagglutinin) tag 

sequence YPYDVPDYA on its N-terminal. The HA-
MG53(N)- which contains the N-terminal (nucleo-
tides1-807) encoding MG53 amino acids1-269; and the 
HA-MG53(C) which contains the C-terminal (nucleo-
tides 738-1434) encoding MG53 amino acids 246-477 
were PCR synthesized and similarly cloned into the 
pHM6 vector. All plasmids were verified by Sanger 
Sequencing. RFP-MG53 was described previously [33].

Lentiviral‑shRNA constructions
The pKLO-scr shRNA (5’-GAC​TGA​CAT​GTC​AAG​CTG​
TAC-3’) and the pKLO-shMG53 shRNA (5′-GAA​GAG​
TGT​GGC​TGT​GCT​GGA​GCA​TCAG-3’) was reported 
previously [52]; pKLO-G3BP2 shRNA (5’-CGG​GAG​
TTT​GTG​AGG​CAA​TAT-3’) was designed and ligated 
into pKLO-mcherry-puro vector [53]. All plasmids were 
confirmed by sequencing. HEK293T cells were trans-
fected with three plasmids listed below to produce Lenti-
virus. The three plasmids pLKO –shRNA construct(s), 
pCMV- NTR (encoding gag, pol, and rev genes), and 
VSV-G (expressing envelope gene) were mixed at a ratio 
of 10:9:1 and transfected into HEK293T cells with Lipo-
fectamine LTX Reagent. 24 hr post-transfection, the 
medium was changed to regular medium and cells were 
incubated for an additional 24 hr. The supernatant con-
taining the packaged lentiviral particles was harvested 
48 hr post-transfection and purified. This viral prepa-
ration was then used to infect H2122 cells. The stable 
Lentiviral transduced cells expressing the target shRNA 
were positively selected by incubation with a puromycin 
(10μg/ml)-containing selection medium for two weeks. 
The selected clone D was used as shMG53 knockdown 
cell line (shMG53-D, see Fig.  4A). The selected clone E 
was used in this study as shG3BP2 knockdown cell line 
(shG3BP2-E, see Fig. 4B).

Ad‑tPA‑MG53‑mcherry constructions
The full-length MG53 cDNA (accession no: AB231474) 
was cloned into a pShuttle vector containing tet-induc-
ible gene expression downstream of a tetracycline (tet)-
responsive element (TRE) to generate inducible gene 
expression downstream Ad-tPA-MG53-mcherry plas-
mid. Adenoviral vector AdtPA-MG53-mcherry was 
transfected into HEK293T cells using Lipofectamine LTX 
reagents (Invitrogen) per the manufacturer’s recommen-
dations. Viral particles were produced according to a pre-
vious study [53].

Transwell cell invasion assay
Cells (1×105) were resuspended in serum-free DMDE 
medium and added to 24-well format of Transwell cham-
bers (Corning) precoated with matrigel (BD Bioscience). 
Serum was added to the bottom wells of the chambers 
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to induce cell migration. After 24 hr, the cells that had 
migrated through the membrane were fixed with 10% 
formalin for 10 min. and stained with hematoxylin for 
30 min. Wells were washed and the non-invading cells 
were removed from the upper surface of the membrane. 
The invading cells were counted in five random fields 
and expressed as % of the average number of cells/fields 
under a microscope.

Colony formation assay
Anchorage-independent growth assays in soft agar were 
performed as described [54]. Briefly, the 1.5 % bottom 
layer of Seaprep agar (Lonza) containing 4% FBS in 1X 
RPMI was first plated into 35 mm-well plates. Suspen-
sion of 5000 cells was assayed per well in 1.2 % Seaprep 
top agar layer. Cells were fed every 7 days. At the end of 
the assay, cultures were stained with 0.5 ml crystal violet 
for 1 hr, washed, and imaged.

MTT cell proliferation assay
For evaluating the effect of rhMG53 on the proliferation 
of NSCLC cells, MTT assay was used. Cells were plated 
at 2,000 cells per well in a 96-well plate and then treated 
with indicated amounts of rhMG53 for 72 hr. 20 μl MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] (5 mg/mL in PBS) was added to each well and 
further incubated for 4 hr. Absorbance was recorded at 
570 nm after adding 150 μL DMSO.

Antibodies, western blotting, and co‑immunoprecipitation 
analysis
Primary antibodies used in this study are as follows: 
anti-PABP-1 and anti-tubulin (Cell Signaling Tech-
nologies), anti-Ki67 (Sigma), anti-G3BP2 (Novus, Cat 
#NBP1-82976) [8] and anti-Lamin A/C (Abcam), and 
anti-G3BP1, anti- β-actin, anti-GAPDH (Santa Cruz Bio-
technology), Anti-HA (Biolegend). Anti-MG53 is a cus-
tom-made rabbit monoclonal antibody.

The cytoplasmic and nuclear protein extraction were 
performed by NE-PERTM Nuclear and Cytoplasmic 
Extraction kit (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. Cell and tissue lysates were 
used for immunoblotting, as previously described [38]. 
Briefly, after blocking, membranes were incubated with 
relevant antibodies and probed with corresponding HRP-
conjugated secondary antibodies (Jackson Immunore-
search). All films were developed with ECL-Plus regents 
(GE healthcare) and imaged using ChemiDocTM Gel 
Imaging System (Bio-Rad).

For Co-immunoprecipitation (co-IP): HEK293 cells 
were transfected with HA-MG53 (full length or dele-
tion mutants) and Myc-DDK-tagged G3BP2 (Origene) 
for 24 hr and incubated in media containing proteasome 

inhibitor MG132 (10 μM, Selleck Chemicals) for 16 hr. 
Cells were re-suspended in RIPA buffer plus protease 
inhibitor cocktail (Sigma) and pre-cleared with a mixture 
of protein-A and protein-G beads (KPL Inc.). Immuno-
precipitation was performed with anti-HA magnetic 
beads (ThermoFisher). The resulting immuno-complexes 
were collected and separated by SDS-PAGE.

Confocal microscopy
Confocal images were taken with Zeiss 780 or Nikon A1R 
confocal microscope. The images were analyzed using 
ImageJ software.

Histology and immunofluorescent staining
Histology and immunofluorescent staining were per-
formed as previously described [38, 39]. Briefly, tissues 
were dissected and fixed in 4% Paraformaldehyde (PFA) 
overnight at 4°C. After fixing, samples were washed 
three times for 5 min with 70% ethanol. Washed sam-
ples were processed and embedded in paraffin. 4-μm 
thick paraffin sections were cut. Cells were fixed with 
4% PFA.

Statistical analysis
All data are expressed as means ± SD. For each experi-
ment, three independent replicates were performed. Sta-
tistical evaluation was conducted using Student t-tests 
and by ANOVA for repeated measures (Graphpad 
Prism 8.2). A value of P<0.05 was considered statistically 
significant.

Results
Loss of MG53 promotes lung tumorigenesis in mg53‑/‑ mice
Studying mg53-/- mice, we noticed an interesting phe-
nomenon: mg53-/- mice often develop lung tumors as 
they age. As shown in Fig.  1A, histological staining 
revealed localized areas in the mg53-/- lung sections with 
aggressive tumor proliferation, which were positive for 
staining using the solid tumor marker Ki67 [55]. Approx-
imately 55% of mg53-/- mice (10-months or older, 10 out 
of 18 mice in both genders) showed high Ki67-staining 
in the lung sections, whereas only 11% (2 out of 18) age-
matched wild type mice demonstrated such aggressive 
proliferation pattern.

To understand the physiologic role of MG53 in regu-
lation of tumor growth, we conducted allograft trans-
plantation of mouse NSCLC cells (Braf V600E/+Atg7−/−) 
50 into wild type, mg53-/-, and tPA-MG53 mice [41]. 
4x106 cells were injected into the flanks of mice sub-
cutaneously. At 4 weeks after transplantation, solid 
tumors were explanted and weighed (Fig.  1B). Com-
pared with wild type mice, significantly larger solid 
tumors were found in the mg53-/- mice (Fig.  1C). In 
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contrast, smaller solid tumors were formed in the tPA-
MG53 mice, which contain elevated levels of MG53 in 
the bloodstream. These findings substantiate the notion 
that MG53 has a tumor suppressor function in lung 
cancer [46, 47].

Human NSCLCs show elevated G3BP2 expression and are 
predominantly localized in cytosol
Through collaboration with the Tissue Repository Center 
at The Ohio State University, we obtained 20 human 
NSCLC patient samples from tumor and adjacent non-
tumor lung tissues. Western blot showed that G3BP2 
protein was up-regulated in tumor (T) versus non-tumor 
(N) samples (Fig.  2A, see Supplemental Figure  S1 for 
additional human lung tissue samples). We normalized 
the level of G3BP2 protein over actin as the loading con-
trol and found significant elevation of G3BP2 in the lung 
tumor (Fig. 2B, p=0.0001). We found that MG53 showed 
various expression levels in the different patient samples 
(which may reflect the different injury status of the lung 
tissue), but on average, there were no significant differ-
ences between tumor and non-tumor samples (p=0.865) 
(Fig. 2C). Interestingly, we found that the ratio of MG53/
G3BP2 is significantly reduced in tumor compared to 
non-tumor samples (Fig. 2D, n=20).

We conducted immunohistochemical (IHC) stain-
ing using antibodies against G3BP1 and G3BP2 with the 
paired lung sections derived from the tumor (Fig. 2E, bot-
tom) and non-tumor regions (Fig.  2E, top). G3BP1 has 
been widely used as a biomarker of SG [14, 15]. As shown 
in Fig. 2E, the intensity of G3BP1 staining was higher in 
tumors compared with non-tumor lung sections. West-
ern blot confirmed the elevation of G3BP1 protein in 
the human lung tumors (Supplementary Figure S1), sug-
gesting elevated SG is a pathological feature of NSCLC. 
High intensity G3BP2 staining was observed in the tumor 
region compared with non-tumor region, with distinct 
puncta structure in the cytosol (Fig.  2F, arrow marks). 
Similar observations were also made in lung sections 
derived from mg53-/- mice (10 months age), which con-
tained more cytosolic granule structures than those from 
the wild type mice (Supplemental Figure S2). The abun-
dant cytosolic distribution of G3BP2 is consistent with 
its role in the cytosolic SG formation in human cancer 
patients [17, 19, 22, 56].

The amino terminus of MG53 interacts with G3BP2
Co-immunoprecipitation (co-IP) studies demon-
strated a physical interaction between MG53 and 
G3BP2 (Fig.  3). Human MG53 protein contains an 

Fig. 1  Higher frequency of lung tumorigenesis in aged mg53-/- mice. A IHC and pathological analysis revealing the presence of abnormal cell 
proliferation in the lung tissue derived from aged mg53-/- mice (10-months or older) (left panel, Masson Trichrome stain); DAPI indicates nucleus 
and anti- Ki67 serves as a proliferation marker for human tumor (right). A total of 8 (8/20) lung tissues from mg53-/- were observed with abnormal 
cell proliferation. B Tumor growth assay was examined in mg53-/-, tPA-MG53, and WT mice as described in materials and methods. After 4 weeks, 
the primary tumors were excised, weighted, and photographed. C Quantification of tumor weight from mg53-/-, tPA-MG53, and WT mice. Each dot 
represents an individual mouse, with a line demarcating the median for each cohort with S.D. ** p<0.01
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amino-terminal tripartite motif (TRIM) includ-
ing a RING domain, a B-box domain, and coiled-coil 
domain [42–44, 57]. We generated deletion variants of 
MG53: the full-length MG53 construct (FL-MG53, aa 
1-477), N-MG53 (aa 1-269) containing TRIM domain, 
and C-MG53 (aa 246-477) containing the PRY-SPRY 
domains (Fig.  3A). For co-IP and western blot pur-
poses, a hemagglutinin (HA) tag was added to the 
amino terminal end of the different MG53 constructs, 
and transiently expressed in HEK293 cells. As shown in 
Fig.  3B, co-IP identified physical interactions between 
G3BP2, FL-MG53, and N-MG53, whereas the C-MG53 
could not pull-down G3BP2. These findings reveal that 
the TRIM domain of MG53 likely contains the active 
motif to facilitate interaction with G3BP2.

We constructed RFP-MG53 (human MG53 sequence) 
and G3BP2-GFP fluorescent constructs, which allowed 
us to follow the subcellular distribution of MG53 and 
G3BP2 under live-cell confocal imaging. Clearly, there 
was significant co-localization between RFP-MG53 
and G3BP2-GFP in A549 cells under basal condition 
(Fig.  3C, top panels). Interestingly, we found that cells 
treated with arsenite trioxide (ATO, 0.5 mM, see also 
Fig.  5) displayed nuclear translocation of RFP-MG53 
and G3BP2-GFP (Fig. 3C, bottom panels). Supplemen-
tal Movie illustrates the dynamic co-movements of 
RFP-MG53 and G3BP2-GFP in A549 cells following 

ATP treatment. The implication of the nuclear translo-
cation of MG53/G3BP2 will be examined in Fig. 5.

Anti‑proliferative effect of MG53 in human NSCLC cells 
is mediated by G3BP2
We used shRNA to knock-down the expression of MG53 
and G3BP2 and establish stable cell lines of H2122 cells 
with a down-regulation of MG53 (shMG53) or G3BP2 
(shG3BP2). Western blot assay confirmed the reduced 
expression of MG53 in shMG53 cells (Fig.  4A), and 
reduced expression of G3BP2 in shG3BP2 cells (Fig. 4B). 
Consistent with the result shown in Supplemental Fig-
ure  S2A, where similar levels of G3BP2 were detected 
in lung tissues derived from WT and mg53-/- mice, there 
were no detectable changes in the expression of G3BP2 
in H2122 cells with knockdown of MG53 (Fig. 4C). Col-
ony formation assay was performed to compare the pro-
liferation of shMG53 and shG3BP2 cells with the control 
cells (Scr, treated with a non-specific shRNA). As shown 
in Fig.  4D, shMG53 cells demonstrated enhanced cell 
growth capacity compared with control cells. In con-
trast, shG3BP2 cells showed significantly reduced prolif-
eration compared with Scr cells (Fig. 4D and E).

To determine whether knockdown of MG53 and 
G3BP2 affected cell migration and invasion, we per-
formed a matrigel-based transwell assay. The cell migra-
tion capacity was enhanced by ~20% in sh-MG53 cells 

Fig. 2  Elevated G3BP2 expression was detected in Human NSCLC. Expression of MG53 and G3BP2 from the human NSCLC tumor tissues (T) 
and their adjacent non-tumor lung tissues (N) were subjected to western blotting analysis. A Representative Western blot with anti-G3BP2 and 
Anti-MG53 antibodies, actin as loading control. Quantification of the relative expression levels of G3BP2 (B) MG53 (C) and MG53/G3BP2. D among 
lung tumors and the adjacent non-tumor tissues (n=20). E Representative IHC staining of G3BP1 (SG marker) on human NSCLC lung samples. F 
Representative IHC staining of G3BP2 on human NSCLC lung samples. The nucleus was stained with DAPI (blue). Arrows indicate the SG formation
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and reduced by ~60% in shG3BP2 cells, compared with 
the control cells (Fig. 4F and G).

Using MTT assay, we compared the dose-depend-
ent effect of rhMG53 on the proliferation of Scr con-
trol and shG3BP2 cells (Fig.  4H and I). As expected, 
the shG3BP2 cells showed ~40% slower proliferation 

than the Scr control cells at 72 hours post-seeding 
in the 96-well plate when rhMG53 was absent from 
the culture medium (MTT reading of 0.844±0.086, 
Scr control; 0.544±0.055, shG3BP2, p<0.001, 2-way 
ANOVA). In a dose-dependent manner, rhMG53 pre-
sent in the culture medium produced anti-proliferative 

Fig. 3  TRIM domain of MG53 interacts with G3BP2 in NSCLC cells. A Schematic representation of the domain structures and the encoding amino 
acid numberings of MG53 (FL) and its N-terminal or C-terminal construct. B HEK293 cells were transfected with FL-MG53, N-MG53, and C-MG53 
for 24 hr. The whole cell lysate was subjected to western blot assay using anti-HA and anti-G3BP2 (left). The immunoprecipitation (IP) assay using 
anti-HA-conjugated magnetic beads, then performed with anti-HA (right, top panel) and anti-G3BP2 (right, bottom panel). C A549 cells were 
transfected with RFP-MG53 and G3BP2-GFP for 24 hr. The nucleus (blue) was labeled with Hoechst 33342. The co-localization of MG53 and G3BP2 
was examined under confocal microscopy (top). ATO treatment induces nuclear translocation of both RFP-MG53 and G2BP2-GFP (bottom)
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Fig. 4  Knockdown MG53 enhances cell proliferation and migration in NSCLC cells. shRNA lentivirus was used to create stable sh-scramble 
control (Scr), shMG53, and shG3BP2 knockdown H2122 cells. The whole cell lysates were loaded for western blot and probed for (A) MG53 and (B) 
G3BP2 expression. Tubulin served as a loading control. C Expression G3BP1 and G3BP2 in Scr control, shMG53, shG3BP1, and shG3BP2 cell lines. 
GAPDH serves as loading control. H2122 cells with stable knock-down of MG53 or G3BP2 or the control cells expressing scramble constructs were 
performed with colony formation assay and (D) trans-well assay (F). Quantification of clone formation (E) and trans-well assay (G). ** P<0.01 and *** 
P<0.005 for the indicated group. H Representative images of Scr control and shG3BP2 cells with 72-hour incubation of BSA (control) or rhMG53 (20 
μg/ml). I MTT assays of Scr control and shG3BP2 cells reveal different dose-dependent effect of rhMG53 on cell proliferation. * indicate significant 
difference with p<0.001. Data represents 3 independent experiments
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effect on Scr control cells, with significant reduction 
of MTT observed at 10 μg/ml and 100 μg/ml rhMG53 
(p<0.001). Interestingly, such anti-proliferative effect 
of rhMG53 was completely lost with the shG3BP2 
cells. These findings suggest that rhMG53 can inhibit 
proliferation of human NSCLC cells, and such effect is 
likely mediated by G3BP2.

rhMG53 reduces arsenic trioxide (ATO)‑induced SG 
formation in human NSCLC cells
Using ATO-induced oxidative stress model [58], A549 
cells were treated with 0.5 mM ATO for 40 min. As 
shown in Fig.  5, ATO treatment led to puncta SG for-
mation of G3BP2 in the cytosol. The number and inten-
sity of ATO-induced SGs in A549 cells were reduced 
when rhMG53 was added to the culture medium 
(ATO+rhMG53, 10 ug/ml). Close examination revealed 
that rhMG53 treatment induced nuclear localization 
of G3BP2 (marked by arrows in the bottom right panel 
with DAPI co-staining, Fig.  5A), which was rarely seen 
without rhMG53 (ATO alone). Quantification from 
multiple experiments indicated that rhMG53 signifi-
cantly suppressed SG formation in the cytosol (Fig.  5B) 
and induced nuclear translocation of G3BP2 (Fig.  5C). 
rhMG53 induced nuclear translocation of G3BP2 was 
further confirmed using subcellular fraction assays. The 
western blots shown in Fig.  5D demonstrated that the 
time-dependent accumulation of G3BP2 in the nuclear 

fraction was enhanced in A549 cells after treatment with 
ATO and rhMG53.

G3BP1 and PABP-1 are functional and spatially linked 
to SGs [14, 15, 59]. To further confirm the function of 
MG53 in the suppression of the SG formation, SGs were 
induced in A549 and H460 cells by ATO treatment, and 
co-staining of G3BP2 and G3BP1 were performed with 
A549 cells (Supplemental Figure S3A), as well as G3BP2 
and PABP-1 (poly-A binding protein 1) with H460 cells 
(Supplemental Figure  S3B). Clearly, ATO-induced SG 
formation was suppressed by rhMG53 in both H460 
and A549 cells, which were both associated with nuclear 
accumulation of G3BP2.

rhMG53 enhances cisplatin‑induced cell death in A549 
cells
Previous studies have shown that cancer cells develop 
resistance to chemotherapeutic treatment by the exces-
sive formation of SGs [23–29]. We thus postulate that 
MG53-mediated control of SG formation may poten-
tially enhance the sensitivity of NSCLCs to chemothera-
peutics. In vitro assay with A549 cells was conducted to 
evaluate the combinatory effect of rhMG53 and cisplatin 
to cause death of lung cancer cells. We first conducted 
experiments to establish the dose-dependence of cispl-
atin to induce death of A549 cells by incubating the cells 
with varying concentrations of cisplatin for 48 hours or 
72 hours (Fig.  6A). As expected, longer incubation for 

Fig. 5.  rhMG53 promotes G3BP2 nuclear translocation and reduces SG formation in A549 cells sunder ATO-induced stress conditions. A A549 cells 
were treated with rhMG53 (10 μg/mL), ATO (0.5 mM), or ATO (0.5 mM) plus rhMG53 rhMG53 (10 μg/mL) for 40 min, and the distribution of G3BP2 
was analyzed by IHC staining under confocal microscopy. The nucleus was stained with DAPI (blue). Arrows indicate G3BP2 nuclear localization. 
Quantifications of the (B) cytosolic and (C) nuclear aggregation of G3BP2. *** P<0.005 for the indicated group. Data represents 3 independent 
experiments. D A549 cells were treated with ATO (0.5 mM) plus rhMG53 rhMG53 (10 μg/mL) (lower panels) for 0, 15min, 60min, and 120 min 
respectively. The cytoplasmic and nuclear protein extraction were subjected to western blot analysis with anti-G3BP1 and G3BP2 antibodies. 
GAPDH and Lamin A/C served as loading controls
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72 hours caused a leftward shift in the dose-response 
relationship of cisplatin to induce death of A549 cells, 
compared to those observed with 48 hours incubation. 
When varying concentrations of rhMG53 (0.05 to 20 
μg/ml) were added to the culture medium, there were 
minimal changes in viability of A549 cells. Significant 
changes in cell viability was only measured with 100 μg/
ml rhMG53 following 48 hours incubation (84.6±2.8% 
control vs 73.6±2.2%, +100 μg/ml rhMG53, p = 0.008) 
(Fig.  6B, filled circles). Importantly, while incubation of 
A549 cells with 5 μM cisplatin alone for 48 hours only 
caused a small reduction in cell viability, the presence 
of rhMG53 appeared to augment the cytotoxic effects of 
cisplatin. With the combination of 20 μg/ml rhMG53 and 
5 μM cisplatin, cell viability was reduced to 65.5±0.5%, 
compared to 73.6±1.3% (cisplatin alone). Moreover, with 
the combination of 100 μg/ml rhMG53 and 5 μM cis-
platin, cell viability was further reduced to 48.9±0.9%. 
Representative images of A549 cells treated with 48 
hours incubation of cisplatin (5 μM), rhMG53 (100 μg/
ml), or combination of cisplatin and rhMG53 are shown 
in Fig.  6C. These data reveal the synergistic effect of 
rhMG53 and cisplatin to induce A549 cell death.

Overexpression of MG53 suppresses tumorigenesis in vivo
We developed a novel approach with doxycycline (Dox)-
inducible secretion of MG53 from lung cancer cells 
(Fig. 7A). A tissue-plasminogen activator (tPA) sequence 
was added to the 5’ end of the human MG53 cDNA to 
enable the secretion of MG53 into the medium. The 
tPA-MG53 transgene, which was used for the generation 
of the tPA-MG53 mice [41], was cloned behind a mini-
CMV promoter controlled by the tetracycline response 

element (TRE) [60], allowing for tailored induction of 
MG53 expression and secretion by doxycycline (Dox). 
The TRE-tPA-MG53 construct was packaged into the 
adenovirus for high-efficiency infection of human lung 
epithelial cells.

As shown in Fig. 7B, in the absence of Dox, A549 cells 
infected with Ad-TRE-tPA-MG53 did not show overex-
pression or secretion of MG53, confirming the tight con-
trol of the TRE element. With addition of Dox (0.1, 1, and 
5 μg/ml), the dose-dependent elevation of MG53 (right 
panel) with the concurrent secretion of MG53 into the 
culture medium was observed.

We next performed an in vivo study with transplantation 
of A549 cells infected with Ad-TRE-tPA-MG53 into the 
flanks of the immune-deficient NCR nude mice. As shown 
in Fig. 7C, mice that were treated with subcutaneous injec-
tion of Dox (100 μg/site in 100μl saline) demonstrated 
reduced tumor growth, compared to those treated with 
saline control. This is associated with Dox-induced MG53 
overexpression and secretion from the transplanted A549 
cells. IHC staining with the explanted tumors derived 
from mice treated with Dox showed different patterns of 
SGs with more G3BP2 present in the nucleus than those 
derived from mice treated with saline only (Fig. 7D, lower 
left panel). Similarly, IHC staining with antibody against 
MG53 supported Dox-induced elevation of MG53 in the 
explanted xenograft; and many cells displayed nuclear-pat-
tern of MG53 localization (Fig. 7D, lower right panel).

Discussion
Since the discovery of MG53 in 2009 [33], many studies 
have defined the biology of MG53 in tissue repair and 
regenerative medicine application [34–39, 41, 49, 52, 

Fig. 6  rhMG53 enhances cisplatin-induced cell death in A549 cells. A Dose-dependent changes in A549 cell viability were established with 
incubation of cisplatin for 48 hours (closed circle) or 72 hours (open circle). B A549 cells were cultured in the presence of rhMG53 or rhMG53 plus 
cisplatin (5μM) at indicated doses for 48 hours. Data presented are mean ± SD of four duplicates each. *** P<0.001 for the indicated group. C 
Representative images of cells treated with cisplatin (5μM), rhMG53 (100μg/ml), or combination of rhMG53 and cisplatin
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61–71]. In addition to facilitating cell membrane repair, 
MG53 also has a putative tumor suppressor function [46, 
47]. However, the mechanism of action of MG53 in can-
cer biology remains largely unknown. In this study, we 
identified a functional interaction between MG53 and 
G3BP2 for modulation of SG formation associated with 
lung tumor progression. Specifically, using the mg53-

/- mice, we found that the loss of MG53 led to the age-
dependent development of lung cancer. Using allograft 
transplantation of mouse NSCLC cells into the mg53-

/-, wild type, and tPA-MG53 mice, we demonstrated a 
physiological role of MG53 in the modulation of lung 
cancer growth. Knockout of MG53 leads to aggressive 
lung tumor growth whereas elevated levels of MG53 in 
circulation inhibit lung cancer tumor growth. We showed 
that NSCLC tissues derived from human patients contain 
elevated levels of G3BP2 with excessive formation of SGs. 
Knockdown of MG53 enhanced proliferation and migra-
tion of NSCLC cells, however knockdown of G3BP2 
reduced migration and proliferation of NSCLC cells. Fur-
thermore, the exogenous rhMG53 protein had anti-pro-
liferative effect on human NSCLC cells, and such effect 
was lost with knockout of G3BP2. We conducted in vitro 
studies with multiple NSCLC cell lines, including A549, 
H460, and H2122 cells, and found that ATO-induced SGs 
could be inhibited by treatment with rhMG53. The tumor 

suppressor function of MG53 was further demonstrated 
using a xenograft model of lung cancer where inducible 
MG53 expression were shown to have an inhibitory role 
on tumor growth.

G3BP2 is an important regulator of the Ras signal path-
way with oncogenic function, and also the main compo-
nent of SGs. The TRIM family proteins are characterized 
by the conserved tripartite motif, including a RING fin-
ger, a B-box, and the coiled-coil domain [72]. Through 
mutagenesis analysis, we identified the TRIM domain 
of MG53 is involved in the physical interaction with 
G3BP2. Several previous studies have noted that G3BPs 
(G3BP1 and G3BP2) are upregulated and associated with 
poor prognosis in human cancers including gastric [16], 
breast [17, 19], lung cancer [20], sarcoma [21], prostate 
[22], hepatic [48], and colon cancer [73]. In this study, we 
confirmed that G3BP2 protein is up-regulated in human 
NSCLC tumor tissues. IHC staining revealed an abun-
dant cytosolic distribution of G3BP2, which is consistent 
with its role in the cytosolic SG formation in human can-
cer patients [17, 19, 22, 56].

Cancer cells use SG formation to support survival and 
metastatic capacity when the cells are exposed to adverse 
environments [19, 23, 24, 74]. For example, most chem-
otherapies induce the formation of SGs and promote 
resistance to therapies, which are related to poor patient 

Fig. 7  Overexpression of MG53 suppresses A549 xenograft tumor growth in vivo. A Schematic representation of the Ad-tPA-MG53 cDNA under the 
control of a tetracycline response element (TRE) [60], allowing to tailor the expression and secretion of MG53 in a Dox-inducible manner. B A549 
cells were infected with adenovirus (Ad-TRE-tPA-MG53), induced with or without Dox for 24 hr, then cells and conditioned culture medium were 
harvested and analyzed. Western blot analysis revealed that with addition of Dox (0.1, 1, and 5 μg/ml), dose-dependent elevation of MG53 (right 
panel) with concurrent secretion of MG53 into the culture medium was observed. GAPDH served as a loading control. C A549 xenograft weight 
from mice treated with Dox were significantly smaller than those from animals treated with the control saline group or non-Dox treatment group 
(n>6 for each group). D Primary tumors from mice were subjected to IHC staining with anti-G3BP2 antibody. The nucleus was stained with DAPI 
(blue). Arrowheads indicate the nuclear localization of G3BP2. E IHC staining with MG53 showed increased levels of MG53 with Dox-treatment 
(bottom panel). Arrowheads indicate nuclear localization of MG53. Because antibodies against G3BP2 and MG53 used for the immunostaining were 
all derived from rabbits, separate IHCs with G3BP2 and MG53 were conducted with different sections of the xenograft
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outcomes [26, 27, 32, 75–77]. It has been suggested that 
interfering with SGs’ formation may represent a poten-
tial and effective means to enhance the therapy of human 
cancers [19, 21, 25, 30–32]. Supporting this notion, we 
performed a xenograft study with A549 cells infected 
with Ad-TRE-tPA-MG53 to induce the overexpression 
of MG53 in immune-deficient mice. We found that the 
inducible elevation of MG53 in A549 cells inhibited the 
growth of solid tumors. IHC staining with the explanted 
tumors showed altered patterns of SGs with more G3BP2 
present in the nucleus when MG53 protein is elevated. 
This finding is consistent with the in vitro study with 
cultured NSCLC cells, where rhMG53 treatment led to 
more nuclear translocation of G3BP2. Our in vitro study 
with cultured A549 cells support the potential synergy 
between MG53 and cisplatin to induce death of lung can-
cer cells. It is conceivable that a combination of rhMG53 
with the conventional chemotherapeutic reagents can 
increase the effectiveness of these drugs to treat late-
stage or drug-resistant NSCLCs. More in vivo studies 
are required to evaluate the potential combinatory effect 
of rhMG53 and cisplatin to determine their ability to 
inhibit tumor growth of drug-resistant NSCLCs, or other 
aggressive cancers with abnormal function of G3BP2/SG.

We have done biochemical studies to show that MG53 
did not control the protein level of G3BP2 in NSCLCs. 
Yet, MG53 has profound effect in modulating the nuclear 
translocation of G3BP2 under stress conditions. Many 
studies in cancer biology also demonstrate that modu-
lation of the cytosol/nuclear compartmentalization of 
proteins with oncogenic or tumor suppressor functions 
have significant impact on tumorigenesis [78]. For exam-
ple, it is well known that molecular or therapeutic means 
to control p53 nuclear translocation represent poten-
tial effective means to treat aggressive cancers [79, 80]. 
Likewise, we propose that interventions to control the 
nuclear translocation of MG53/G3BP2 may enhance the 
effectiveness of chemotherapy or radiotherapy to treat 
drug resistant NSCLCs.

MG53, as a muscle-derived protein that circulates in 
the bloodstream, is known to facilitate repair of injury 
to multiple vital organs [81, 82]. The tumor suppres-
sor function of MG53 has just started to be appreciated. 
G3BP1 is a close relative of G3BP2, and both are thought 
to play an important role in SGs formations. In this 
study, we focused on G3BP2, since our biochemical study 
only identifies physical interaction between MG53 and 
G3BP2, but not G3BP1 (data not shown). However, it is 
known that G3BP2 can form a hetero-multimer complex 
with G3BP1 during SG assembly [14, 15]. Future studies 
will be required to dissect the potential role of MG53 in 
modulating the G3BP2/G3BP1 complex formation asso-
ciated with SG signaling in cancer cells.

Conclusion
In summary, data from the current study characterized 
a novel function of MG53 in the modulation of G3BP2-
mediated SGs associated with lung cancer tumorigenesis. 
rhMG53 protein can potentially be used as an adjuvant to 
enhance the therapy of NSCLCs. Since the TRIM domain 
of MG53 contains the potential active motif(s) to facili-
tate interaction with G3BP2, targeting the TRIM/G3BP2 
interaction can potentially be explored as alternative 
means to treat lung cancers.
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Additional file 1: Supplementary Figure S1. Human NSCLC patients 
show elevated both G3BP1 and G3BP2 expression. The whole protein 
extracts from the additional 10 human NSCLC tumor were subjected to 
western blot analysis with anti-G3BP1 and G3BP2 antibodies compared 
with matching non-tumor lung tissues. Actin served as a loading control. 
Western blot shows elevated levels of both G3BP1 and G3BP2 in human 
NSCLC cancer tissues (T) compared to adjacent non-tumor lung tissues 
(N). The multiple bands of G3BP2 detected in the western blot may reflect 
the different splice variants of G3BP2 that are present in the human lung 
tissue.

Additional file 2: Supplementary Figure S2. Knockout of MG53 results 
in elevated stress granule formation in mg53-/- lung. (A) The whole protein 
extracts from wild type and mg53-/- lung were subjected to western blot 
analysis with anti-MG53 and G3BP2 antibodies. GAPDH served as a load‑
ing control. (B) Representative images of IHC staining of G3BP2 (red) from 
WT and mg53-/- mice lungs. The nucleus was stained with DAPI (blue). 
Arrows indicate stress granules.

Additional file 3: Supplementary Figure S3. rhMG53 treatment sup‑
presses SG formation and enhances G3BP2 nuclear translocation in multi‑
ple NSCLC cells. SGs were induced by ATO treatment. (A) A549 cells were 
treated with control (top panels), rhMG53 (10 μg/mL) (2nd panels), ATO 
(0.5 mM) (3rd panels), or ATO (0.5 mM) plus rhMG53 rhMG53 (10 μg/mL) 
(lower panels) for 40 min, and the cells were analyzed by IHC staining with 
anti-G3BP1 and anti-G3BP2. G3BP1 was used as a SG marker. The nucleus 
was stained with DAPI (blue). Arrows indicate G3BP2 nuclear localization. 
(B) H460 cells were treated with control (top panels), rhMG53 (10 μg/
mL) (2nd panels), ATO (0.5 mM) (3rd panels), or ATO (0.5 mM) plus rhMG53 
rhMG53 (10 μg/mL) (lower panels) for 40 min, and the cells were analyzed 
by IHC staining with anti-PABP-1 and anti-G3BP2. PABP-1 was used as SG 
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marker. The nucleus was stained with DAPI (blue). Arrows indicate G3BP2 
nuclear localization.

Additional file 4: Supplementary Movie. A549 cells were transfected 
with G3BP2-GFP and MG53-RFP. After 24 hr of transfection, the culture 
media was changed to fresh media containing Hoechst 33342 and ATO 
(0.5 mM) was added at the beginning of the live cell imaging. Serial live 
cell images were taken using Nikon A1R laser microscope (at 5 min inter‑
val). Representative cell images before ATO addition (basal) or at 30 min 
after ATO treatment were presented in Fig. 3C.

Acknowledgements
We thank Dr. Strohecker (James Cancer Center, The Ohio State University) for 
the mouse NSCLC cell line.

Authors’ contributions
H.L., P.L., and J.M designed the studies. H.L., P.L., P.G., L.Z., Z.L., X.L., L.X., R.H., J.L., 
T.T. and X.Z. conducted experiments and data analysis. R.M provided human 
NSCLC samples and performed data analysis. H.L., D.Y., Z.C., T.M.P. and J.M. 
prepared and wrote the manuscript. All authors had read and approved the 
final manuscript.

Funding
This work was supported by NIH grants to J.M. (R01-AR070752, R01AG056919 
and R01DK106394). H.L. was partially supported by the OSU Lockwood Early 
Career Development Award.

Declarations

Ethics approval and consent to participate
All animal care and usage was done in accordance with federal policies and 
guidelines and approved by The Ohio State University’s IACUC.

Consent for publication
Not applicable

Competing interests
JM and TT have equity interest in TRIM-edicine, which develops MG53 for 
the treatment of human disease. Patents on the use of MG53 are held by 
Rutgers University-Robert Wood Johnson Medical School and The Ohio State 
University.

Author details
1 Department of Surgery, The Ohio State University College of Medicine, 
Columbus, OH 43210, USA. 2 Department of Pharmaceutical Sciences, College 
of Pharmacy and Health Sciences, St. John’s University, Queens, NY 11439, USA. 

Received: 25 March 2021   Accepted: 28 August 2021

References
	1.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray 

F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209-49. https://​doi.​org/​10.​3322/​caac.​21660.

	2.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 
2020;70:7–30.

	3.	 Howlader N, Noone AM, Krapcho M, et al. SEER cancer statistics review, 
1975-2014. Bethesda Available at: https://​seer.​cancer.​gov/​csr/​1975_​2014.​ 
Acces​sed 2 Mar 2021.: National Cancer Institute; 2017.

	4.	 Anderson P, Kedersha N. Stress granules. Curr Biol. 2009;19:R397–8.
	5.	 Anderson P, Kedersha N. RNA granules. J Cell Biol. 2006;172:803–8.
	6.	 Kimball SR, Horetsky RL, Ron D, Jefferson LS, Harding HP. Mammalian 

stress granules represent sites of accumulation of stalled translation 
initiation complexes. Am J Phys Cell Physiol. 2003;284:C273–84.

	7.	 Protter DSW, Parker R. Principles and properties of stress granules. Trends 
Cell Biol. 2016;26:668–79.

	8.	 Wei SC, Fattet L, Tsai JH, Guo Y, Pai VH, Majeski HE, et al. Matrix stiff‑
ness drives epithelial-mesenchymal transition and tumour metastasis 
through a TWIST1-G3BP2 mechanotransduction pathway. Nat Cell Biol. 
2015;17:678–88.

	9.	 Panas MD, Ivanov P, Anderson P. Mechanistic insights into mammalian 
stress granule dynamics. J Cell Biol. 2016;215:313–23.

	10.	 Kedersha N, Ivanov P, Anderson P. Stress granules and cell signaling: more 
than just a passing phase? Trends Biochem Sci. 2013;38:494–506.

	11.	 Anderson P, Kedersha N. Stress granules: the Tao of RNA triage. Trends 
Biochem Sci. 2008;33:141–50.

	12.	 Ohn T, Kedersha N, Hickman T, Tisdale S, Anderson P. A functional RNAi 
screen links O-GlcNAc modification of ribosomal proteins to stress gran‑
ule and processing body assembly. Nat Cell Biol. 2008;10:1224–31.

	13.	 Irvine K, Stirling R, Hume D, Kennedy D. Rasputin, more promiscuous than 
ever: a review of G3BP. Int J Dev Biol. 2004;48:1065–77.

	14.	 Tourriere H, Chebli K, Zekri L, Courselaud B, Blanchard JM, Bertrand E, 
et al. The RasGAP-associated endoribonuclease G3BP assembles stress 
granules. J Cell Biol. 2003;160:823–31.

	15.	 Matsuki H, Takahashi M, Higuchi M, Makokha GN, Oie M, Fujii M. Both 
G3BP1 and G3BP2 contribute to stress granule formation. Genes Cells. 
2013;18:135–46.

	16.	 Min L, Ruan Y, Shen Z, Jia D, Wang X, Zhao J, et al. Overexpression of 
Ras-GTPase-activating protein SH3 domain-binding protein 1 cor‑
relates with poor prognosis in gastric cancer patients. Histopathology. 
2015;67:677–88.

	17.	 French J, Stirling R, Walsh M, Kennedy HD. The expression of Ras-GTPase 
activating protein SH3 domain-binding proteins, G3BPs, in human breast 
cancers. Histochem J. 2002;34:223–31.

	18.	 Kobayashi T, Winslow S, Sunesson L, Hellman U, Larsson C. PKCalpha 
binds G3BP2 and regulates stress granule formation following cellular 
stress. PLoS One. 2012;7:e35820.

	19.	 Gupta N, Badeaux M, Liu Y, Naxerova K, Sgroi D, Munn LL, et al. Stress 
granule-associated protein G3BP2 regulates breast tumor initiation. Proc 
Natl Acad Sci U S A. 2017;114:1033–8.

	20.	 Zheng H, Zhan Y, Zhang Y, Liu S, Lu J, Yang Y, et al. Elevated expression 
of G3BP1 associates with YB1 and p-AKT and predicts poor prognosis in 
nonsmall cell lung cancer patients after surgical resection. Cancer Med. 
2019;8:6894–903.

	21.	 Somasekharan SP, El-Naggar A, Leprivier G, Cheng H, Hajee S, Grunewald 
TG, et al. YB-1 regulates stress granule formation and tumor progression 
by translationally activating G3BP1. J Cell Biol. 2015;208:913–29.

	22.	 Takayama KI, Suzuki T, Fujimura T, Takahashi S, Inoue S. Association of 
USP10 with G3BP2 inhibits p53 signaling and contributes to poor out‑
come in prostate cancer. Mol Cancer Res. 2018;16:846–56.

	23.	 Arimoto K, Fukuda H, Imajoh-Ohmi S, Saito H, Takekawa M. Formation of 
stress granules inhibits apoptosis by suppressing stress-responsive MAPK 
pathways. Nat Cell Biol. 2008;10:1324–32.

	24.	 Anderson P, Kedersha N, Ivanov P. Stress granules, P-bodies and cancer. 
Biochim Biophys Acta. 2015;1849:861–70.

	25.	 Timalsina S, Arimoto-Matsuzaki K, Kitamura M, Xu X, Wenzhe Q, Ishigami-
Yuasa M, et al. Chemical compounds that suppress hypoxia-induced 
stress granule formation enhance cancer drug sensitivity of human cervi‑
cal cancer HeLa cells. J Biochem. 2018;164:381–91.

	26.	 Fournier MJ, Gareau C, Mazroui R. The chemotherapeutic agent 
bortezomib induces the formation of stress granules. Cancer Cell Int. 
2010;10:12.

	27.	 Adjibade P, St-Sauveur VG, Quevillon Huberdeau M, Fournier MJ, Savard 
A, Coudert L, et al. Sorafenib, a multikinase inhibitor, induces formation of 
stress granules in hepatocarcinoma cells. Oncotarget. 2015;6:43927–43.

	28.	 Adjibade P, Simoneau B, Ledoux N, Gauthier WN, Nkurunziza M, Khandjian 
EW, et al. Treatment of cancer cells with Lapatinib negatively regulates 
general translation and induces stress granules formation. PLoS One. 
2020;15:e0231894.

	29.	 Moeller BJ, Cao Y, Li CY, Dewhirst MW. Radiation activates HIF-1 to 
regulate vascular radiosensitivity in tumors: role of reoxygenation, free 
radicals, and stress granules. Cancer Cell. 2004;5:429–41.

	30.	 Wang F, Li J, Fan S, Jin Z, Huang C. Targeting stress granules: A novel ther‑
apeutic strategy for human diseases. Pharmacol Res. 2020;161:105143.

	31.	 Legrand N, Dixon DA, Sobolewski C. Stress granules in colorectal cancer: 
Current knowledge and potential therapeutic applications. World J 
Gastroenterol. 2020;26:5223–47.

https://doi.org/10.3322/caac.21660
https://seer.cancer.gov/csr/1975_2014.%20Accessed%202%20Mar%202021
https://seer.cancer.gov/csr/1975_2014.%20Accessed%202%20Mar%202021


Page 14 of 15Li et al. Mol Cancer          (2021) 20:118 

	32.	 Vilas-Boas Fde A, da Silva AM, de Sousa LP, Lima KM, Vago JP, Bittencourt 
LF, et al. Impairment of stress granule assembly via inhibition of the 
eIF2alpha phosphorylation sensitizes glioma cells to chemotherapeutic 
agents. J Neuro-Oncol. 2016;127:253–60.

	33.	 Cai C, Masumiya H, Weisleder N, Matsuda N, Nishi M, Hwang M, et al. 
MG53 nucleates assembly of cell membrane repair machinery. Nat Cell 
Biol. 2009;11:56–64.

	34.	 Cai C, Masumiya H, Weisleder N, Pan Z, Nishi M, Komazaki S, et al. MG53 
regulates membrane budding and exocytosis in muscle cells. J Biol 
Chem. 2009;284:3314–22.

	35.	 Cai C, Weisleder N, Ko JK, Komazaki S, Sunada Y, Nishi M, et al. 
Membrane repair defects in muscular dystrophy are linked to altered 
interaction between MG53, caveolin-3, and dysferlin. J Biol Chem. 
2009;284:15894–902.

	36.	 Wang X, Xie W, Zhang Y, Lin P, Han L, Han P, et al. Cardioprotection of 
ischemia/reperfusion injury by cholesterol-dependent MG53-mediated 
membrane repair. Circ Res. 2010;107:76–83.

	37.	 Jia Y, Chen K, Lin P, Lieber G, Nishi M, Yan R, et al. Treatment of acute 
lung injury by targeting MG53-mediated cell membrane repair. Nat 
Commun. 2014;5:4387.

	38.	 Li H, Duann P, Lin PH, Zhao L, Fan Z, Tan T, et al. Modulation of wound 
healing and scar formation by MG53 protein-mediated cell membrane 
repair. J Biol Chem. 2015;290:24592–603.

	39.	 Duann P, Li H, Lin P, Tan T, Wang Z, Chen K, et al. MG53-mediated cell 
membrane repair protects against acute kidney injury. Sci Transl Med. 
2015;7:279ra36.

	40.	 Weisleder N, Takeshima H, Ma J. Mitsugumin 53 (MG53) facilitates vesi‑
cle trafficking in striated muscle to contribute to cell membrane repair. 
Communicative Integr Biol. 2009;2:225–6.

	41.	 Bian ZH, Wang Q, Zhou XY, Tan T, Park KH, Kramer HF, McDougal A, 
Laping NJ, Kumar S, Adesanya TMA, Sermersheim M, Yi R, Wang XX, Wu 
JW, Gumpper K, Jiang QW, He DF, Lin PH, Li HC, Guan FX, Zhou JS, Kohr 
MJ, Zeng CY, Zhu H, Ma JJ. Sustained elevation of MG53 in the blood‑
stream increases tissue regenerative capacity without compromising 
metabolic function. Nat Commun. 2019;10(1):4659. https://​doi.​org/​10.​
1038/​s41467-​019-​12483-0.

	42.	 Nguyen N, Yi JS, Park H, Lee JS, Ko YG. Mitsugumin 53 (MG53) ligase 
ubiquitinates focal adhesion kinase during skeletal myogenesis. J Biol 
Chem. 2014;289:3209–16.

	43.	 Song R, Peng W, Zhang Y, Lv F, Wu HK, Guo J, et al. Central role of E3 
ubiquitin ligase MG53 in insulin resistance and metabolic disorders. 
Nature. 2013;494:375–9.

	44.	 Yi JS, Park JS, Ham YM, Nguyen N, Lee NR, Hong J, et al. MG53-induced 
IRS-1 ubiquitination negatively regulates skeletal myogenesis and 
insulin signalling. Nat Commun. 2013;4:2354.

	45.	 Hwang M, Ko JK, Weisleder N, Takeshima H, Ma JJ. Redox-dependent 
oligomerization through a leucine zipper motif is essential for 
MG53-mediated cell membrane repair. Am J Physiol Cell Physiol. 
2011;301:C106–14.

	46.	 Chen S, Sanjana NE, Zheng K, Shalem O, Lee K, Shi X, et al. Genome-
wide CRISPR screen in a mouse model of tumor growth and metasta‑
sis. Cell. 2015;160:1246–60.

	47.	 Chow RD, Wang GC, Ye LP, Codina A, Kim HR, Shen L, et al. In vivo profil‑
ing of metastatic double knockouts through CRISPR-Cpf1 screens. Nat 
Methods. 2019;16:405.

	48.	 Dou N, Chen J, Yu S, Gao Y, Li Y. G3BP1 contributes to tumor metastasis 
via upregulation of Slug expression in hepatocellular carcinoma. Am J 
Cancer Res. 2016;6:2641–50.

	49.	 Weisleder N, Takizawa N, Lin P, Wang X, Cao C, Zhang Y, et al. Recom‑
binant MG53 protein modulates therapeutic cell membrane repair in 
treatment of muscular dystrophy. Sci Transl Med. 2012;4:139ra85.

	50.	 Strohecker AM, Guo JY, Karsli-Uzunbas G, Price SM, Chen GJ, Mathew 
R, et al. Autophagy sustains mitochondrial glutamine metabo‑
lism and growth of BrafV600E-driven lung tumors. Cancer Discov. 
2013;3:1272–85.

	51.	 De GJ, Ko JK, Tan T, Zhu H, Li HC, Ma JJ. Amphipathic tail-anchoring 
peptide is a promising therapeutic agent for prostate cancer treat‑
ment. Oncotarget. 2014;5:7734–47.

	52.	 Sermersheim M, Kenney AD, Lin PH, McMichael TM, Cai C, Gump‑
per K, et al. MG53 suppresses interferon-beta and inflammation via 

regulation of ryanodine receptor-mediated intracellular calcium signal‑
ing. Nat Commun. 2020;11:3624.

	53.	 Zhao P, Torcaso A, Mariano A, Xu L, Mohsin S, Zhao L, et al. Anoctamin 6 
regulates C2C12 myoblast proliferation. PLoS One. 2014;9:e92749.

	54.	 Overholtzer M, Zhang J, Smolen GA, Muir B, Li W, Sgroi DC, et al. Trans‑
forming properties of YAP, a candidate oncogene on the chromosome 
11q22 amplicon. Proc Natl Acad Sci U S A. 2006;103:12405–10.

	55.	 Scholzen T, Gerdes J. The Ki-67 protein: from the known and the 
unknown. J Cell Physiol. 2000;182:311–22.

	56.	 Zhang H, Zhang S, He H, Zhao W, Chen J, Shao RG. GAP161 targets and 
downregulates G3BP to suppress cell growth and potentiate cisplaitin-
mediated cytotoxicity to colon carcinoma HCT116 cells. Cancer Sci. 
2012;103:1848–56.

	57.	 Cai C, Lin P, Zhu H, Ko JK, Hwang M, Tan T, et al. Zinc binding to MG53 
protein facilitates repair of injury to cell membranes. J Biol Chem. 
2015;290:13830–9.

	58.	 Kedersha NL, Gupta M, Li W, Miller I, Anderson P. RNA-binding proteins 
TIA-1 and TIAR link the phosphorylation of eIF-2 alpha to the assembly 
of mammalian stress granules. J Cell Biol. 1999;147:1431–42.

	59.	 Gray NK, Hrabalkova L, Scanlon JP, Smith RW. Poly(A)-binding proteins 
and mRNA localization: who rules the roost? Biochem Soc Trans. 
2015;43:1277–84.

	60.	 Ko JK, Choi KH, Zhao X, Komazaki S, Pan Z, Weisleder N, et al. A versatile 
single-plasmid system for tissue-specific and inducible control of gene 
expression in transgenic mice. FASEB J. 2011;25:2638–49.

	61.	 Liu J, Zhu H, Zheng Y, Xu Z, Li L, Tan T, et al. Cardioprotection of 
recombinant human MG53 protein in a porcine model of ischemia and 
reperfusion injury. J Mol Cell Cardiol. 2015;80:10–9.

	62.	 Liu F, Song R, Feng Y, Guo J, Chen Y, Zhang Y, et al. Upregulation of 
MG53 induces diabetic cardiomyopathy through transcriptional activa‑
tion of peroxisome proliferation-activated receptor alpha. Circulation. 
2015;131:795–804.

	63.	 Cai C, Lin P, Zhu H, Ko JK, Hwang M, Tan T, Pan Z, Korichneva I, Ma J. 
Zinc Binding to MG53 Facilitates Repair of Injury to Cell Membrane. J 
Biol Chem. 2015;290(22):13830–9. https://​doi.​org/​10.​1074/​jbc.​M114.​
620690.

	64.	 Zhu H, Hou J, Roe JL, Park KH, Tan T, Zheng Y, Li L, Zhang C, Liu J, Liu 
Z, Ma J, Walters TJ. Amelioration of ischemia-reperfusion-induced 
muscle injury by the recombinant human MG53 protein. Muscle Nerve. 
2015;52(5):852-8. https://​doi.​org/​10.​1002/​mus.​24619.

	65.	 Liu J, Zhu H, Zheng Y, Xu Z, Li L, Tan T, et al. Cardioprotection of 
recombinant human MG53 protein in a porcine model of ischemia and 
reperfusion injury. J Mol Cell Cardiol. 2014;80C:10–9.

	66.	 Li M, Li H, Li X, Zhu H, Xu Z, Liu L, et al. A bioinspired alginate-gum 
arabic hydrogel with micro-/nanoscale structures for controlled 
drug release in chronic wound healing. ACS Appl Mater Interfaces. 
2017;9:22160–75.

	67.	 Yao Y, Zhang B, Zhu H, Li H, Han Y, Chen K, Wang Z, Zeng J, Liu Y, Wang 
X, Li Y, He D, Lin P, Zhou X, Park KH, Bian Z, Chen Z, Gong N, Tan T, Zhou 
J, Zhang M, Ma J, Zeng C. MG53 permeates through blood-brain bar‑
rier to protect ischemic brain injury. Oncotarget. 2016;7(16):22474-85. 
https://​doi.​org/​10.​18632/​oncot​arget.​7965.

	68.	 Guan F, Huang T, Wang X, Xing Q, Gumpper K, Li P, et al. The TRIM pro‑
tein mitsugumin 53 enhances survival and therapeutic efficacy of stem 
cells in murine traumatic brain injury. Stem Cell Res Ther. 2019;10:352.

	69.	 Kenney AD, Li Z, Bian Z, Zhou X, Li H, Whitson BA, et al. Recombinant 
MG53 protein protects mice from lethal influenza virus infection. Am J 
Respir Crit Care Med. 2021;203:254–7.

	70.	 Wang Q, Bian Z, Jiang Q, Wang X, Zhou X, Park KH, Hsueh W, Whitson 
BA, Haggard E, Li H, Chen K, Cai C, Tan T, Zhu H, Ma J. MG53 does 
not manifest the development of diabetes in db/db mice. Diabetes. 
2020;69(5):1052–64. https://​doi.​org/​10.​2337/​db19-​0807.

	71.	 Whitson BA, Mulier K, Haichang Li, Zhou X, Cai C, Black SM, Tan T, Ma1 
J, Beilman GJ. MG53 as a novel therapeutic protein to treat acute lung 
injury. Mil Med. 2020;186(Suppl 1):339-45. https://​doi.​org/​10.​1093/​
milmed/​usaa3​13.

	72.	 Sardiello M, Cairo S, Fontanella B, Ballabio A, Meroni G. Genomic 
analysis of the TRIM family reveals two groups of genes with distinct 
evolutionary properties. BMC Evol Biol. 2008;8:225.

https://doi.org/10.1038/s41467-019-12483-0
https://doi.org/10.1038/s41467-019-12483-0
https://doi.org/10.1074/jbc.M114.620690
https://doi.org/10.1074/jbc.M114.620690
https://doi.org/10.1002/mus.24619
https://doi.org/10.18632/oncotarget.7965
https://doi.org/10.2337/db19-0807
https://doi.org/10.1093/milmed/usaa313
https://doi.org/10.1093/milmed/usaa313


Page 15 of 15Li et al. Mol Cancer          (2021) 20:118 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	73.	 Li Y, Wang J, Zhong S, Li J, Du W. Overexpression of G3BP1 facilitates 
the progression of colon cancer by activating betacatenin signaling. 
Mol Med Rep. 2020;22:4403–11.

	74.	 Mahboubi H, Stochaj U. Cytoplasmic stress granules: Dynamic modula‑
tors of cell signaling and disease. Biochim Biophys Acta Mol basis Dis. 
1863;2017:884–95.

	75.	 Kaehler C, Isensee J, Hucho T, Lehrach H, Krobitsch S. 5-Fluorouracil 
affects assembly of stress granules based on RNA incorporation. 
Nucleic Acids Res. 2014;42:6436–47.

	76.	 Fujimura K, Sasaki AT, Anderson P. Selenite targets eIF4E-binding 
protein-1 to inhibit translation initiation and induce the assembly of 
non-canonical stress granules. Nucleic Acids Res. 2012;40:8099–110.

	77.	 Szaflarski W, Fay MM, Kedersha N, Zabel M, Anderson P, Ivanov P. Vinca 
alkaloid drugs promote stress-induced translational repression and 
stress granule formation. Oncotarget. 2016;7:30307–22.

	78.	 Salmena L, Pandolfi PP. Changing venues for tumour suppression: 
balancing destruction and localization by monoubiquitylation. Nat Rev 
Cancer. 2007;7:409–13.

	79.	 Shaulsky G, Goldfinger N, Tosky MS, Levine AJ, Rotter V. Nuclear-
localization is essential for the activity of p53 protein. Oncogene. 
1991;6:2055–65.

	80.	 Marine JC. p53 stabilization: the importance of nuclear import. Cell 
Death Differ. 2010;17:191–2.

	81.	 Li Z, Wang L, Yue H, Whitson BA, Haggard E, Xu X, Ma J. MG53, A Tissue 
Repair Protein with Broad Applications in Regenerative Medicine. Cells.  
2021;10(1):122. https://​doi.​org/​10.​3390/​cells​10010​122.

	82.	 Whitson BA, Tan T, Gong N, Zhu H, Ma J. Muscle multiorgan crosstalk with 
MG53 as a myokine for tissue repair and regeneration. Curr Opin Pharma‑
col. 2021;59:26–32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3390/cells10010122

	MG53 suppresses tumor progression and stress granule formation by modulating G3BP2 activity in non-small cell lung cancer
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Animal care, in vivo tumor mouse model, and human tissue samples
	Chemicals, and recombinant human MG53 protein (rhMG53)
	Cell culture, viability assay and stress treatment
	Tumor mouse models
	Mouse NSCLC allograft model
	Human NSCLC xenograft nude mouse model

	Human lung tumor procurement
	Plasmids
	HA-tagged MG53 full length and deletion mutant plasmids
	Lentiviral-shRNA constructions
	Ad-tPA-MG53-mcherry constructions

	Transwell cell invasion assay
	Colony formation assay
	MTT cell proliferation assay
	Antibodies, western blotting, and co-immunoprecipitation analysis
	Confocal microscopy
	Histology and immunofluorescent staining
	Statistical analysis

	Results
	Loss of MG53 promotes lung tumorigenesis in mg53-- mice
	Human NSCLCs show elevated G3BP2 expression and are predominantly localized in cytosol
	The amino terminus of MG53 interacts with G3BP2
	Anti-proliferative effect of MG53 in human NSCLC cells is mediated by G3BP2
	rhMG53 reduces arsenic trioxide (ATO)-induced SG formation in human NSCLC cells
	rhMG53 enhances cisplatin-induced cell death in A549 cells
	Overexpression of MG53 suppresses tumorigenesis in vivo

	Discussion
	Conclusion
	Acknowledgements
	References


