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ABSTRACT

Lung adenocarcinoma (LUAD) is the most common type of lung cancer. Tripartite motif 13 (TRIM13) is
a member of TRIM protein family and is downregulated in multiple cancers, especially non-small cell lung
cancers (NSCLC). In this study, we investigated anti-tumor mechanism of TRIM13 in non-small cell lung
cancer tissues and cell lines. First, the mRNA and protein levels of TRIM13 in LUAD tissue and cells were
measured. TRIM13 was overexpressed on LUAD cells to investigate the effects on cell proliferation,
apoptosis, oxidative stress, p62 ubiquitination, and autophagy activation. Finally, mechanistic role of
TRIM13 in regulating the Keap1/Nrf2 pathway was investigated. Results indicated that low level of
TRIM13 mRNA and protein expression was found in LUAD tissue and cells. Overexpression of TRIM13 in
LUAD cancer cells suppressed their proliferation, increased apoptosis, and oxidative stress, ubiquitinated
p62, and activated autophagy via the RING finger domain of TRIM13. Furthermore, TRIM13 showed
interaction with p62 and mediated its ubiquitination and degradation in LUAD cells. Mechanistically,
TRIM13 exerted the tumor suppressor functions in LUAD cells by negatively regulating Nrf2 signaling and
downstream antioxidants, which was further confirmed by in vivo data from xenografts. In conclusion,
TRIM13 behaves like a tumor suppressor and triggers autophagy in LUAD cells by mediating p62
ubiquitination via KEAP1/Nrf2 pathway. Our findings provide a novel insight into targeted therapy
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plans for LUAD.

1. Introduction

Lung cancer (LC) is ranked as one of the leading
causes of death worldwide and causes almost one-
quarter of all deaths in both sexes [1]. Histologically,
LC can be divided into two main types with different
treatment strategies, small-cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC). The most
common histological subtype of NSCLC is lung ade-
nocarcinoma (LUAD). Although significant advances
have been made to treat LUAD such as surgery, radio-
therapy, chemotherapy, targeted therapy, and immu-
notherapy, yet survival rate of these patients remains
low [2]. Currently, imaging examination is effective in
screening patients, but it is ineffective for early-stage
detection of adenocarcinoma [3,4]. Furthermore, the
prognosis remains poor in the advanced stage of
NSCLC in patients treated with standard chemother-
apy [5]. Hence, understanding disease mechanisms
and the development of new therapeutic targets is
urgently warranted.

Autophagy is a conserved physiological process
that is activated under cellular stress or nutrient
depletion condition [6,7]. It is a double-edged
sword with both tumor suppressor and tumor pro-
moter activities. Autophagy mediates tumor sup-
pression via many protective mechanisms such as
inhibiting ROS accumulation and DNA damage,
preventing genomic instability, and clearing onco-
genic proteins [8] that increase cell survival and its
prolonged activation results in autophagy-mediated
cell death [9]. Notably, abnormalities in autophagy
have been associated with an enhanced risk of
malignancy. Tumor suppressor proteins such as
PTEN and Liver kinase B1 are activators of autop-
hagy [10], conversely, oncoproteins such as PI3K
and Aktl are potential inhibitors of this pathway
[11]. Additionally, controlled activation of autop-
hagy inhibits cell proliferation and stimulates cell
death in Huh7 HCC cells [12]. Atg4C is a protease
that senses ROS level in autophagic machinery and
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enables the formation of autophagosome via LC3/
Atg8 [13]. Defects in autophagy have been reported
to be associated with the development of neurode-
generative diseases of nervous system [14,15] and
cancers [16-18]. Thus, autophagy acts as a tumor
suppression mechanism and limits cell growth and
genomic instability [19]. However, some findings
indicate that autophagy also promotes oncogenesis.
For instance, increased autophagy level is observed
in tumor cells with activated Ras oncogene [20].
Moreover, autophagy breakdowns cytoplasm and
provides nutrients to cancer cells. It also promotes
the survival of metastatic cells during detachment
[21]. Multiple other studies indicate autophagy as
a mechanism to facilitate tumors [17,22]. Taken
together, the role of autophagy in cancer is context-
dependent and may act as a tumor suppressor or
tumor promoter.

TRIM13 is a member of the tripartite motif
(TRIM) family, and its gene is located on the
13q14 chromosome. Members of the TRIM family
have been reported to regulate multiple processes
such as cell proliferation [23,24], cell metabolism
[25], autophagy [26] and regulate gene expression
[27,28]. Importantly, most of the members of this
family are E3 ubiquitin ligase. Several target onco-
genic proteins have been identified for ubiquitina-
tion by TRIM13 such as TARF6 (Tumor Necrosis
Factor Receptor-Associated Factor 6), Akt, and
MDM2 [26,29]. When TRIM13 is overexpressed,
it leads to the ubiquitination and proteasomal
degradation of MDM2 and AKT, resulting in
increased p53 stability and decreased AKT kinase
activity. Ultimately, this enhances the level of
apoptosis induced by irradiation [29]. TRIM13
also downregulates NF-«B, which is essential for
negative regulation of clonogenic ability of the
cells [30]. It also plays a crucial role in protein
degradation (ERAD) during ER stress via the ubi-
quitin-proteasome system [31]. Autophagy is
a well-known mitigator of ER stress and facilitates
the degradation of proteins, and even cell death
during persistent ER stress [32]. TRIM13 coop-
erates with p62, a ubiquitin-binding adaptor pro-
tein, to regulate the ubiquitination mechanism
[26]. Ubiquitin-proteasome pathway (UPP) is
a crucial path for protein degradation and its dys-
function results in the development of multiple
malignancies. A recent study showed that
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TRIM13 is downregulated in NSCLC and its over-
expression was found to inhibit NF-xB [33].
Importantly, overexpression of TRIMI13 in
NSCLC cell lines induced apoptosis and hampered
tumor growth in the xenograft model suggesting
its tumor-suppressive role [33]. Here, we demon-
strate that TRIM13 is a tumor suppressor that
induces autophagy in lung adenocarcinoma by
regulating the Nrf2 pathway and mediating
SQSTM1 (p62) ubiquitination. These new findings
may open novel avenues for targeted therapy of
LAUD.

2. Materials and methods
2.1. Patient specimens

A total of 20 fresh LUAD tissues and 20
matched normal lung samples were supplied
from the Department of Thoracic Surgery, The
General Hospital of Ningxia  Medical
University. The study was approved by research
ethics Committee of the General Hospital of
Ningxia Medical University and in accordance
with the Basic & Clinical Pharmacology &
Toxicology policy for experimental and clinical
studies [34].

2.2. Cell lines and cell culture

Three LUAD cell lines (A549, NCI-H1650, and
HCC827) and one normal human bronchial
epithelial cell line (BEAS-2B) were purchased
from ATCC (MD, USA). BEAS-2B cell line
was cultured in BEGM growth medium, A549
cell line was grown in F-2K medium, while
NCI-H1650 and HCC827 cell lines were supple-
mented with RPMI-1640 medium. All the cells
were cultured with appropriate media and sup-
plemented with 10% FBS,100 U/ml penicillin,
and 100 ug/mL streptomycin. All cells were
maintained in a humidified 5% CO2 incubator
at 37 degrees. A549 cells received treatment
with or without 10 mM of MG132, a protein
degradation inhibitor, for 6 h. These cells also
received treatment with 50 pg/mL cyclohexi-
mide (CHX), a protein synthesis inhibitor, at
different time points.
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2.3. RNA extraction and RT-qPCR

RNA from cells and tissues was extracted with
GENEzol™ reagent (Geneaid) with the standard
method. Briefly, samples were homogenized with
GENEzol and separated using chloroform.
Isopropanol was added to the separate aqueous
phase, which is then centrifuged to obtain tight RNA
pellets. These pellets were washed with 70% ethanol
and finally resuspended in 50uL of RNAse-free water.
The RNA extracts were obtained with concentration
greater than 500 ng per uL and RNA, 1.98 As0/Asg0
ratio. cDNA was prepared using reverse transcription
kit (QuantiNova), and gPCR was performed on sam-
ples using Bio-Rad CFX96 machine according to the
recommended protocol. The relative gene expression
was analyzed by 24" method that normalized to the
internal control B-actin. The primers used to amplify
TRIM13 were: Forward ATTGAAGATGCCTACGC
TCG and Reversee GTGAGTAACTGGAGGGC
TTTC. P62 was: Forward GGTGAAGAAACTGC
TGTACAAAG and Reverse: CACACTTGGGCA
CTGAGAG. NQO1 was: Forward: TGAAGAA
GAGAGGATGGGAGG and Reverse: GATGACTC
GGAAGGATACTGAAAG. For normalization,
expression of f-actin was examined with the primer
pair of forward: ACCTTCTACAATGAGCTGCG
and Reverse: CTGGATGGCTACGTACATGG.

2.4. Immunochemistry (IHC)

Human LUAD tissue specimens (n=3), human
normal lung tissue specimens (n=3), xenograft
specimens from mice in the oe-NC, oe-TRIM13,
and oe-TRIM13+o0e-NRF2 groups (n=5 per
group) were used in the IHC staining assay. For
each specimen, at least three slices were used.
PFA-fixed tissues were utilized to prepare paraffin-
embedded blocks. A microtome machine was used
to prepare 5um tissue sections on charged slides
which were deparaffinized and rehydrated using
xylene and alcohol. Tissue sections were boiled in
the microwave at 95 degrees using 0.01 sodium
citrate buffer (pH 6.5) to achieve antigen retrieval.
Slides were stained using Novolink Polymer
Detection System, which was then counterstained
with hematoxylin, dehydrated, mounted, and
finally covered with cover-slips. The primary anti-
bodies included anti-TRIM13 (1:100, cat. no.

Ab234847; Abcam, Cambridge, MA, USA), anti-
Ki67 (Novus, NB500-170), and anti-p62 (1:1000,
cat. no. ab207305, Abcam). For each slide, at least
five randomly selected fields were photographed
under an OLYMPUS Bx51 microscope (Olympus,
Tokyo, Japan). The staining results were analyzed
by two independent pathologists using the Image]
software to quantify the frequency of positive cells.

2.5. Western blot

Protein from cells and tissues was extracted using
RIPA buffer containing protease and phosphatase
inhibitors. Protein was then separated using SDS-
PAGE and transferred to PVDF membranes. After
blocking, membranes were incubated overnight in
a cold chamber (4 degrees) with primary antibo-
dies including anti-Bax (Abcam, 1/1000, ab32503),
anti-Bcl-2 (Abcam, 1/1000, ab32124), anti-Cyclin
Al (Abcam, 1/1000, ab270940), anti-Cyclin D1
(Abcam, 1/100, ab16663), anti-HA (Abcam,
ab9110), anti-Flag (Sigma-Aldrich, F1804), anti-
Ub (Santa Cruz Biotechnology, sc8017), anti-
TRIM13 (1:100, cat. no. Ab234847), anti-p62
(1:50, sc-48,402), anti-p-actin (1:50 sc-47,778),
anti-KEAP1  (Sigma, AV38981), anti-tubulin
(Novus, NB100-690), and anti-H3 (Abcam,
1:1000, ab176842). The next day, membranes
were washed with washing buffer and incubated
with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature.
Finally, bands were visualized and detected with
an enhanced chemiluminescence kit (Abcam), and
protein intensity was analyzed by the Image] soft-
ware. Whole WB membranes have been provided
in supplementary material, SI.

2.6. Cell transfection

The oe-TRIM13 and oe-TRIM13+o0e-NRF2 lenti-
viral vectors and a non-targeting control vector
oe-NC were provided by Hanbio Therapeutics
(Shanghai, China). The oe-TRIM13-Flag, and oe-
Nrf2 vectors were constructed using pcDNA3.1
following methodology of standard subcloning.
TRIM13 mutant version with depletion of
ARING (TRIM13-ARING) was constructed using
CRISPR/Cas9. The sgRNAs were designed by the
CRISPR sgRNA design web tool, and the annealed



oligonucleotides were integrated into the
pSpCas9n(BB)-2A-GFP vector (Addgene 48,140)
[35]. The empty vector (oe-NC) was used as
a negative control. Upon reaching 70% confluence
A549 and HCC287 cells were transfected using
Lipofectamine. 2000 at a final concentration of
20nmol/l  (Invitrogen  Life  Technologies,
Carlsbad, CA, USA). Finally, cells were harvested
after 48 hours.

2.7. Colony formation

A total of 2x 10> A549 and HCC287 cells were
seeded into 6-well plates and culture for 2 wk.
Colonies were fixed with 4% PFA and subse-
quently stained with 0.1% crystal violet for 15
min at room temperature. The colonies (>50
cells) were visualized using an OLYMPUS Bx51
microscope and quantified with the Image]
software.

2.8. Cell Counting Kit-8 (CCK-8)

Cell proliferation and viability were assessed by
CCK-8 assay (Sigma: 96992) according to proto-
col. Briefly, A549 and HCC287 cells were plated in
a 96-well tissue culture plate at a density of 1 x 10"
cells/well and maintained for 24 hours. Cell viabi-
lity was evaluated by adding 100 uL of CCK-8
solution (Dojindo, Japan) added to each well for
24 hours. The absorbance was measured at 450 nm
using an ELISA microplate reader.

2.9. Apoptotic assay by flow cytometry

Apoptosis in cells was evaluated using an apopto-
sis staining kit (Beyotime, Shanghai, China) by
flow cytometry (BD Biosciences, Franklin Lakes,
NJ, USA). Briefly, A549 and HCC287 cells were
seeded in 6-well culture plates at the density of 2 x
10° cells/mL overnight. After digestion, cells were
washed thrice with PBS and resuspended in
a binding buffer. Cells were then incubated in
darkness at room temperature in FITC-labeled
Annexin V and PI for 15 min. The percentage of
apoptotic cells was finally assessed by flow

cytometry.
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2.10. Transmission electron microscopy (TEM)

A549 cells were trypsinized, washed thrice with
PBS, and fixed in 2.5% glutaraldehyde in 0.1 mol/
L phosphate buffer (pH 7.2) overnight at 4°C. Cells
were washed on the next day with 0.1 mol/L phos-
phate buffer and fixed in 1% aqueous osmium.
After that, they were dehydrated with increasing
concentrations of ethanol and finally embedded in
araldite. Ultrathin sections were prepared with
a microtome and mounted on copper grids. As
the last step, samples were stained with 2% uranyl
acetate and lead citrate. They were then observed
in a transmission electron microscope (TEM; Jeol,
Japan) and the number of autophagosomes was
manually counted.

2.11. Tunel

Apoptosis in xenografts from mice in the oe-NC,
oe-TRIM13, and oe-TRIM13+oe-NRF2 groups
was assessed using a TUNEL Assay Kit-Alexa
Fluor™ 488 (C10617, Invitrogen). Specimens (n =
5/group) were cut into 5um sections, paraffin-
embedded, hydrated with an ethanol gradient
(100%, 95%, 85%, 70%, and 50%), fixed with 4%
formaldehyde solution, and incubated with protei-
nase K for 20 min at room temperature. For each
specimen, at least three slices were used. To block
endogenous peroxidases, 3% hydrogen peroxide
was used. TUNEL reaction solution was prepared
temporarily according to the manufacturer’s pro-
tocols. After washing with PBS, the slices were
counterstained with DAPI for nuclear staining.
Apoptotic signals were captured under five ran-
domly selected fields with an OLYMPUS Bx51
microscope and quantified with the Image]
software.

2.12. DCFH-DA staining

DCFH-DA staining was used to evaluate the intra-
cellular level of ROS. Briefly, A549 and HCC287
cells were incubated with 10uM DCFH-DA
(Beyotime) under the manufacturer’s guidance.
Cells were incubated at 37°C for 30 min and sub-
sequently washed 1 to 2 times with cell culture
medium (serum-free). Intracellular ROS was
observed via an OLYMPUS Bx51-FL microscopy
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(Olympus, Japan) and fluorescence intensity was
quantified with the ImageJ software.

2.13. Immunofluorescence

Existence of LC3 and co-localization of TRIM13
and p62 were assessed using immunofluorescence.
A549 and HCC287 cells were fixed with 4% par-
aformaldehyde and permeabilized with 0.2%
Triton X-100. After washing with PBS, slides
were blocked with 2% BSA in PBS for 1.5h at
room temperature, followed by overnight incuba-
tion with primary antibodies, anti-LC3 (1:500, cat.
no. Ab192890), anti-TRIM13 (1:100, cat. no.
Ab234847) and anti-p62 (1:50, sc-48,402).

The next day, cells were washed thrice with PBS
and incubated with fluorochrome-conjugated sec-
ondary goat anti-rabbit antibody at room tempera-
ture for 1h. Nuclei were stained with DAPI
(Beyotime) at 0.1 g/mL for 5min and images
were analyzed via a confocal microscopy (Zeiss
LSM 510 confocal). Immunofluorescence intensity
was analyzed using the Image] software.

2.14. Co-immunoprecipitation (Co-IP)

A549, HCC827 cell lines were tagged with Flag-
TRIM13 and HA-62. After 48 h, cells were har-
vested and lysed in lysate buffer (containing 1%
NP-40, Jiangsu, China). The extracts were incu-
bated with anti-Flag and HA antibodies at 4°C for
1h with slow rotation. IP buffer was used five
times to wash away unbound proteins. The immu-
noprecipitated products were visualized and mea-
sured using western blot.

2.15. Immunoprecipitation (IP)

A549 cell lysate was extracted on ice for 2 h, cen-
trifuged, and incubated with antibody-conjugated
beads at 4°C overnight. Antibody-bead complexes
were washed 5 or 6 times with cold lysis buffer.
SDS-PAGE loading buffer was utilized to release
the precipitated proteins from the resins by boiling
them for 15 min. The boiled immune complexes
were placed on ice for 2 min and proceeded for
SDS-PAGE electrophoresis.

2.16. Animal models

Animal experiments were conducted following
institutional guidelines set forth by the ethics
board. The female nude mice (5wk, 18-20g, n=
5/group) were injected subcutaneously (SC) with
5x10° A549 cells transfected with oe-NC, oe-
TRIM13, and oe-TRIM13+0e-NRF2 into the
right flank of a nude mouse. Tumor growth was
examined weekly for at least 4 wk. After 28 d, the
mice were euthanized, and tumor volumes were
calculated using the formula: V = (ab?)/2 where
a = tumor length and b = tumor width.

2.17. Statistical analysis

Data were expressed as the mean + standard devia-
tion of three independent assays. Statistical analy-
sis was conducted using GraphPad Prism 7
software. Shapiro-Wilk test was performed to
assess normality, and all data passed the normality
test. Comparisons between two groups were
assessed with two-tailed Student’s t-test and com-
parisons among multiple groups were assessed
with one-way ANOVA followed by Tukey’s post
hoc test. The five-year overall survival curve was
generated by Kaplan-Meier Plotter online database
[36]. Association of TRIM13 expression and clin-
icopathological parameters in LUAD was analyzed
by the chi-square test. A p-value less than 0.05 (P
<0.05) in our results indicates statistical
significance.

3. Results
3.1. Downregulation of TRIM13 in LUAD tissues

The expression of TRIM13 in 20 cases of matched
LUAD and noncancerous lung tissue samples was
detected by RT-PCR and Western blot assays. As
shown in Figure la, the average TRIM13 expres-
sion was significantly lower in LUAD tissues than
in normal tissue (P<0.001). IHC analysis also
demonstrated the down-regulation of the
TRIM13 in LAUD tissues as compared to normal
counterparts as well as the subcellular location of
TRIM13 in both cytoplasm and nucleus in LUAD
(Figure 1b). The association of TRIM13 expression
and clinicopathological parameters in LUAD was
analyzed. The results indicated that TRIMI13
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Figure 1. Downregulation of TRIM13 in LUAD tissues.

Note: (a-b) The levels of TRIM13 mRNA and protein were detected in LUAD tissue (n = 20) and controls (n = 20) using RT-gPCR and IHC,
respectively, and were found to be lower in LUAD samples. (c) Analysis of cbioportal data revealed TRIM13 copy depletion in 652 out of
1249 LUAD samples. (d) Kaplan-Meier curve analysis showed that LUAD patients with low TRIM13 expression had reduced survival
probability. (e-f) RT-gPCR and western blot analysis were performed to measure TRIM13 mRNA and protein levels in three LUAD cell lines
(A549, NCI-H1650, and HCC827) and a control cell line (BEAS-2B), which demonstrated reduced expression in all LUAD cell lines,
particularly in A549 and HCC827. Statistical analysis showed significant differences (*p < 0.05, **p < 0.01, ***p < 0.001).
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Table 1. Association of TRIM13 expression and clinicopathological parameters in LUAD.

Factors Sample size TRIM13 high expression (n=10) TRIM13 low expression (n=10) P value
Age 0.3613
<60 8 3 5
>60 12 7 5
Gender 0.1596
Male 13 5 8
Female 7 5 2
TNM stage 0.0617
| 4 3 1
I 9 6 3
N+1v 7 1 6
Pathology stage 0.0074**
| 3 3 0
I 1 7 4
1l 6 0 6
Smoking 0.6531
Yes 11 6 5
No 9 4 5

Note: **p < 0.01 indicates statistical significance.

expression had no association with age, gender,

TNM stage, smoking, but had significant associa-
tion with pathology stage (Table 1).

Bioinformatic analysis using cbioportal subset
of Metastatic Non-Small Cell Lung Cancer,

Nature Medicine 2022 (https://www.cbioportal.
org/) on 1249 LUAD samples also indicated
reduced mRNA expression and copy deletion in
652 samples showing a correlation between
TRIM3 copy deletion and mRNA expression
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(Figure 1c). Kaplan-Meier curve showed that
LAUD patients with low-level TRIM13 had
a poor prognosis and reduced survival probability
(Figure 1d). Finally, lower mRNA (Figure le) and
protein (Figure 1f) of TRIM13 were observed in
LUAD cell lines (A549, NCI-H1650, and HCCS827)
as compared to the control cell line (BEAS-2B).
A549 and HCC827 showed relatively lower
TRIM13 expression and will be used for experi-
ments. Collectively, TRIM13 shows depletion in
LUAD tissue and cells and indicates poor prog-
nosis of LUAD patients.

3.2. TRIM13 suppresses LUAD cell proliferation
and facilitates cell apoptosis

We have verified that the basal level of TRIM13 is
low in LUAD cell lines. A549 and HCC827 cell
lines were generated that ectopically overexpressed
TRIM13 (hereafter referred to as oe-TRIMI13-
A549 and oe-TRIMI13-HCCS827), while o0e-NC
without TRIM13 expression was used as
a control (oe-NC). TRIMI13 expression in the
transfected cells was detected by RT-PCR analysis
(Figure 2a). Reverse transcription analysis revealed
that expression of TRIM13 at mRNA level was
increased in both LUAD cells compared with the
control. The above result confirmed the expression
of recombinant plasmids in transfected cells with
TRIM13, indicating that the exogenous TRIM13
was successfully transfected into the LUAD cells.

TRIM proteins belong to the RNF protein
family that contains the N-terminal RING domain.
TRIM13 performs its biological functions using
the RING finger domain [37]. Thus, we con-
structed plasmids of TRIM13 with a mutated
RING finger domain (hereafter referred to as
TRIM13-ARING). The relative proportion of
TRIM13 protein in A549 and HCC827 cell lines
transfected with wild-type o0e-TRIM13 or
TRIM13-ARING was examined. Interestingly, the
mutation in RING finger domain of TRIMI13
reduced TRIM13 expression in both cell lines,
demonstrating that the TRIM13 RING domain
depletion vector is successfully constructed
(Figure 2b).

To test whether TRIMI13 may function as
a tumor suppressor, a clonogenic assay was per-
formed to analyze the effect of TRIMI3

upregulation on in vitro growth of LUAD cell
lines. Compared with oe-NC and TRIM13-
ARING, the colony number decreased by oe-
TRIM13 by about 50% (p<0.001) in both cell
lines (Figure 2c). To further testify an antiproli-
ferative effect of TRIM13 on the viability of LUAD
cells, CCK8 assay was performed. As shown in
Figure 2d, oe-TRIM13-A549 and oe-TRIM13-
HCCB827 cells grew more slowly than oe-NC and
oe-TRIM13-ARING cells.

To understand if apoptosis was associated with
growth restriction, we performed flow cytometry
to analyze the apoptosis of LUAD cells with or
without the exogenous TRIMI13 gene and its
mutated version. Annexin V FITC/PI staining of
cells was analyzed by flow cytometry, and
a substantial increase in the level of apoptotic
cells was detected (Figure 2e). Moreover, western
blot was conducted to assess apoptosis-associated
proteins (Bax and Bcl-2) and cyclins (Cyclin Al
and Cyclin D1). oe-TRIM13-A549 and oe-TRIM13
-HCC827 cells showed a significant increase in
Bax protein level and a significant increase in
Bcl-2, Cyclin Al, and Cyclin D1 protein levels
(Figure 2f). Taken together, these results suggest
that ectopic expression of TRIM13 can trigger
apoptosis in LUAD cells, which was dependent
on the RING domain.

3.3. TRIM13 facilitates LUAD cell autophagy and
oxidative stress

The above data demonstrated that TRIM13 facil-
itates the induction of apoptosis in LUAD cells, it
was unclear whether autophagy was activated.
Therefore, to investigate its involvement, we first
assessed the level of autophagy in LAUD cell lines.
We characterized it using two classical assays: (1)
TEM analysis of the cytoplasmic accumulation of
autophagosomes, a direct way to detect autophagy
activation, and immunofluorescence staining of
LC3, an autophagy-specific marker. TEM Images
(Figure 3a) showed marked elevation of autopha-
gosome number in A549 and HCC827 cells over-
expressed with TRIM13. However, mutation of the
RING domain in TRIM13 resulted in
a significantly decreased number of the autopha-
gosomes compared with the wild-type oe-TRIM13
group. To further corroborate that TRIMI3
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Figure 2. Ectopic expression of TRIM13 suppressed LUAD cells proliferation and facilitated cell apoptosis. LUAD cells were
transfected with TRIM13 and its mutated version.

Note: (@) The mRNA expression of TRIM13 in A549 and HCC827 cell lines was detected using RT-qPCR after transfection with oe-
TRIM13 and its mutated version and compared with control cells. (b) The transfection efficacy of oe-TRIM13 and oe-TRIM13-ARING
was detected in LUAD cells using western blot analysis. (c) Colony formation assay showed reduced growth in LUAD cells transfected
with oe-TRIM13 as compared to control and mutated version. (d) CCK-8 assay was performed to evaluate LUAD cell viability and
proliferation by measuring OD absorbance. Results showed that oe-TRIM13-A549 and oe-TRIM13-HCC827 cells grew more slowly
than oe-NC and oe-TRIM13-ARING cells. (e) TRIM13 expression increased apoptosis in LUAD cells. The apoptotic rate of transfected
cells was determined using flow cytometry. (f) The protein levels of Bax, Bcl-2, Cyclin A1, and Cyclin D1 in LUAD cells transfected
with oe-TRIM13 and oe-TRIM13-ARING were detected using western blot analysis. The data represents the mean + S.D. from three
independent experiments, and statistical significance was determined using ANOVA test with ** P <0.01 and ***P < 0.001.

influences the autophagosome formation, we  of autophagy and apoptosis [38,39]. Therefore, we
directly assessed LC3  expression using  decided to analyze the concentration of ROS accu-
immunofluorescence. mulation in the cells. For this purpose, cells were

Notably, TRIM13 overexpression dramatically  stained with CM-H2-DCFH-DA, a fluorescence
increased LC3 expression in A549, HCC827 cells,  dye that reacts to a broad spectrum of ROS. The
whereas mutation in the RING domain signifi-  fluorescence intensity was analyzed using the
cantly decreased the percentage of LC3 positive  Image] software. As shown in Figure 3c, ROS
cells compared with the oe-TRIM13 group level was increased significantly by overexpression
(Figure 3b), further proving that TRIM13 affects of TRIM13 in A549 and HCC827 cells.
the autophagy process. Together, our results indi-  Interestingly, this increased ROS generation was
cate that TRIMI3 is associated with increased efficiently attenuated in the presence of a mutated
autophagosome formation and autophagy, and it =~ RING domain. Collectively, TRIM13 promotes the
requires the cooperation of the RING finger induction of autophagy and oxidative stress in
domain. Several reports indicated the contribution  lung cancer cells through the involvement of the
of reactive oxygen species (ROS) in the induction =~ RING finger domain.
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Note: TEM images were captured, and autophagosomes in oe-NC, oe-TRIM13, or oe-TRIM13-ARING group were counted manually.
Autophagosomes, marked by red arrows, were significantly elevated in TRIM13-overexpressing A549 and HCC827 cells. (a) LC3
immunofluorescence staining was used to detect LUAD cell autophagy. TRIM13 overexpression significantly increased autophagy in
A549 and HCC827 cells as compared to the control and LUAD cells with the mutated version of TRIM13. (c) DCFH-DA staining was
used to detect oxidative stress in all constructs. ROS levels were significantly increased in the LUAD cells expressing TRIM13.

Significance was set at ** P <0.01 and ***P < 0.001.

3.4. TRIM13 interacts with p62 protein in LUAD
cells

Next, we explored the downstream gene of
TRIM13 regulating the LUAD cell malignant
behaviors. String and BioGrid databases were
searched for protein-protein interaction (PPI) of
TRIM13. Interestingly, autophagy-related marker
p62 (SQSTM1) showed a strong correlation with
TRIM13 in both databases (Figure 4a) which were
further validated with RT-qPCR and western blot.
Results showed the reduced protein level of p62 in
TRIM13 overexpressed cells. However, this effect
was only observed at the protein level and mRNA
level of p62 was not influenced (Figure 4b).
Finally, TRIM13 co-localized with p62 in the cyto-
plasm (Figure 4c), and oe-TRIM13 decreased p62
expression in LUAD cells, suggesting that TRIM13
regulates p62 at a post-transcriptional level.
Finally, fusion proteins Flag-TRIM13 and HA-
p62 were constructed to validate the interaction of
both proteins using Co-IP. The results confirmed

that both Flag-TRIM13 and HA-p62 in A549 and
HCC827 cells were co-immunoprecipitated with
anti-Flag or anti-HA rather than IgG (Figure 4d).
Taken together, TRIM13 has been shown to inter-
act with p62 in LUAD cells.

3.5. TRIM13 mediates p62 ubiquitination in
LUAD cells

Ubiquitination is a post-transcriptional modifica-
tion, where ubiquitin moiety is covalently attached
to the substrate protein and indicates autophagic
degradation. TRIM13 is an E3 ligase and mediates
the protein ubiquitination, whereas p62 is an
autophagy substrate. Findings from our previous
results demonstrate that TRIM13 suppresses p62
protein expression, we speculated that TRIM13
may mediate the process via p62 ubiquitination.
Western blot results indicated that the inhibitory
effect of TRIM13 on protein p62 in A549 cells was
abrogated by the addition of 10 mM of a protease
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inhibitor, MG132 (Figure 5a) confirming that
TRIM13 degrades p62 protein. We next treated
oe-TRIM13-A549 cells and oe-NC-A549 cells by
CHX for the indicated time (4,6,8 h) to examine
protein abundance. CHX caused a gradual and
time-dependent decline of the p62 protein level.
The oe-TRMP13-A549 cells had a more significant
decline of p62 protein level than the oe-NC-A549
cells, indicating the role of TRIM13 in degrading
the p62 protein (Figure 5b). Finally, IP and WB
further confirmed the ubiquitination and
decreased protein level of p62 in oe-TRIM13-
A549 cells (Figure 5c). These data suggest that

p62 is targeted by TRIM13 for ubiquitination in
LUAD cells.

3.6. TRIM13 regulates the Keap1/Nrf2 pathway
in LUAD cells

The Keapl-Nrf2 pathway is the primary protec-
tive action of the cell against oxidative stress.
Under normal circumstances, Keapl, a vital
part of an E3 ubiquitin ligase, targets NRF2 for
proteasome-dependent degradation [40].
However, in stress, Keapl allows Nrf2 to escape
ubiquitination and translocate to the nucleus,
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where it can initiate its antioxidant mechanism.
To explore whether TRIM13 regulates the Nrf2/
Keapl pathway, the cytoplasmic level of Keapl,
whereas the cytoplasmic and nuclear levels of
Nrf2 were measured in A549 and HCCS827
cells. The western blot result showed that
TRIM13 overexpression in these LAUD cells
increased cytosolic Keapl whereas reduced the
cytoplasmic and nuclear expression of Nrf2,
indicating the inactivation of the Nrf2 pathway
(Figure 6a). Nrf2 is a transcriptional regulator of
cellular antioxidant genes. Therefore, the mRNA
level of downstream antioxidant enzymes, HO-1
and NQOI1, was measured in LUAD cells.
Accordingly, the mRNA levels of antioxidant
HMOX1 and NQO1 were much lower in A549
and HCC827 cells overexpressed with TRIM13
(Figure 6b). The collective results indicate that
TRIM13 exerts tumor suppressor functions in
lung cancer cells by negatively regulating Nrf2
signaling and downstream antioxidants.

3.7. TRIM13 regulates LUAD cell malignancy
through Nrf2

Next, A549 cells were transfected with Nrf2 over-
expression vector (oe-NRF2) to investigate
whether Nrf2 regulates the functions of LUAD
cells. Figure 7a shows successful transfection in
these cells by RT-PCR. Interestingly, oe-Nrf2
increased cell proliferation (Figure 7b), enhanced
cell viability (Figure 7c), and reduced apoptotic
rate (Figure 7d-e), autophagosome number
(Figure 7f), LC3 expression (Figure 7gG) and oxi-
dative stress (Figure 7h) thus countering the effects
of TRIM13 to some extent (Figure 7b-h). It sug-
gests that TRIM13 suppresses LUAD cell malig-
nancy through controlling NRF2.

3.8. TRIM13 suppresses LUAD tumor growth
through NRF2 in vivo

Based on in vitro data, we sought to determine
whether TRIM13 exerts an antitumor effect via
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Nrf2 in vivo. 5x 10° A549 cells expressing oe-NC,
oe-TRIM13, and oe-TRIM13+oe-Nrf2 were subcu-
taneously injected into the flank of nude mice.
Tumor volume was monitored for 28d. Mice
were killed after 28 d of implantation, and xeno-
grafts were weighed. The results revealed that
injecting oe-TRIM13-A549 cells reduced the

tumor volume, size, and weight in the xenografts.
Interestingly, tumor volume, size, and weight from
xenograft established by injecting the oe-TRIM13-
oe-NRF2-A549 cells were bigger than oe-TRIM13-
A549 tumors (Figure 8a, b). IHC analysis revealed
a significant decrease in Ki67 (proliferation mar-
ker) in xenograft sections from oe-TRIM13-A549
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in all constructs. (d-e) Flow cytometry analysis demonstrated reduced LUAD cell apoptosis following Nrf2 transfection. (f) TEM
images were captured, and autophagosomes in LUAD cells (marked by red arrows) were counted in each construct. NRF2 expression
resulted in a decrease in the autophagosome level in A549 LUAD cells, partially reversing the effects of TRIM13. (g) LC3 staining was
performed to detect LUAD cell autophagy. (h) DCFH-DA staining was used to measure LUAD cell oxidative stress. **P < 0.01, ***P <
0.001 and #P < 0.05, ##P < 0.01, ###P < 0.001 were considered significant.

group when compared to sections from oe-
TRIM13+oe-Nrf2 and the control group
(Figure 8c, d). This suggests that TRIM13 is
a tumor suppressor and controls excessive cell
proliferation. Ki67 data from Oe-TRIMI13+oe-
Nrf2 xenograft tissue sections revealed that cells
can proliferate at a higher rate in the presence of
Nrf2, but this proliferation was controlled by
TRIM13 and thus proliferation was lower than
the control group. Moreover, there was
a significant increase in TUNEL positive cells and
a significant decrease in p62 positive cells in xeno-
graft sections from oe-TRIM13-A549 group when
compared to sections from oe-TRIM13+oe-Nrf2
and the control group (Figure 8e, f). These

findings revealed that TRIM13 induces apoptosis
and autophagy in vivo dependent on Nrf2
depletion.

These findings provide compelling evidence that
TRIM13 overexpression reduces tumor development
in the xenograft mice model. Altogether, these results
provide the first in vivo evidence that TRIM13 nega-
tively regulates tumor growth in mice models via Nrf2
downregulation and provides a novel insight for seek-
ing targeted therapy of LUAD.

4. Discussion

Though multiple treatment strategies and diagnos-
tic techniques have been developed for LC, the
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Figure 8. TRIM13 suppressed LUAD tumor growth through NRF2 in vivo.

Note: (a) Xenografts injected with TRIM13-overexpressing A549 cells showed a significant reduction in tumor volume. (b) Tumors
derived from TRIM13-overexpressing A549 cells exhibited reduced weight in each mouse, whereas the presence of NRF2 increased
the tumor weight. The images of tumors in panel B illustrate the reduced tumor size due to TRIM13 overexpression. (c)
Immunohistochemical analysis of Ki67 expression in mouse xenograft tissues showed reduced tumor cell proliferation due to
TRIM13 overexpression, as revealed by quantitative results presented in the graph (d). In E illustration, TUNEL staining of mouse
xenografts and corresponding quantitative data indicated an increase in apoptotic events in the presence of TRIM13, which were
reduced by NRF2. (f) IHC of p62 staining in mouse xenografts and corresponding quantitative data revealed a significant reduction in
p62-positive cells in the presence of TRIM13, which was reversed by NRF2. Statistical significance was denoted by ***P < 0.001, #P <

0.05, and ###P < 0.001.

survival rate of LC remains low, causing great
distress to the physical and mental health of
patients. Thus, it is of great significance to inves-
tigate the mechanism behind LC progression to
develop appropriate therapeutic targets.

TRIM13 is an important member of the TRIM
family and plays a diverse role in cell death [29]
and endoplasmic reticulum-associated degrada-
tion [31]. It facilitates apoptosis via protein kinase
B [29] and regulates autophagy in endoplasmic
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reticulum stress [26]. Further studies have shown
that Trim13 ubiquitinates Akt, L-type channels,
and caspase-8 [41-43]. Bioinformatics analysis
revealed lower TRIM13 expression in breast can-
cer. TRIM13 has been shown to inhibit cell
migration and invasion in renal cell carcinoma
cell lines of 786-0O [42]. A recent report showed
that TRIM13 is downregulated in NSCLC cells
and regulates NF-KB signaling in these cells
[33]. These studies suggest the tumor suppressor
function of TRIM13. Here, we found the reduced
expression of TRIM13 in human LUAD tissues as
compared to non-cancerous tissues, which is
further confirmed by cbioportal data analysis.
Additionally, TRIM13 overexpression in LUAD
cell lines hampered cell proliferation and stimu-
lated apoptosis in LUAD cells. However, this
effect is reversed by a mutation in the RING
domain of TRIMI13 suggesting that tumor sup-
pressor activity of TRIM13 depends on its RING
tinger domain.

Autophagy is a cellular protective mechanism
against pathological conditions like infection, cancer,
etc. [26]. The relationship between autophagy and
apoptosis is controversial and highly dependent on
the context. In some circumstances, autophagy
counteracts apoptosis, whereas in other situations,
autophagy acts synergistically with apoptosis [44].
Previous studies suggested that TRIM13 regulates
autophagy and oxidative stress [45]. Autophagy has
been closely associated with ROS [46,47]. ROS has
been copiously reported as early inducers of autop-
hagy upon nutrient deprivation [48].

In the present study, we found activation of
autophagy and enhanced ROS accumulation in
LUAD cells overexpressed with TRIM13, suggest-
ing TRIM13 facilitated activation of autophagy
and enhanced the oxidative stress in these cells.
Ubiquitination plays an important role in the
degradation of proteins or defective organelle
either through proteasome or autophagy [26].
Different autophagy receptors interact with autop-
hagy machinery [49]. p62 is a best-studied autop-
hagy marker that can interact with ubiquitinated
cargo [50]. This interaction leads to the degrada-
tion of the p62 level, which is associated with the
activated autophagy process. LC3 is also often
employed as a surrogate marker for autophagic
vesicles [51].

Our study indicates a strong correlation of
TRIM13 with p62 using String and BioGrid path-
way, which was further validated experimentally.
Interestingly, TRIM13 overexpression reduces the
p62 level only at the protein level but not the
mRNA value, indicating that TRIM13 degrades
p62. We also found increased staining of LC3 in
TRIM13-overexpressed LUAD cells suggesting
autophagy activation in these cancer cells. This
reduced protein level of an autophagy substrate,
p62 in oe-TRIM13-A549 cells is caused by ubiqui-
tination of TRIM13-mediated ubiquitination of
p62, which was reversed by protease inhibitor,
MG132. The RING finger domain can bind to
ubiquitinase and substrate simultaneously and
mediate ubiquitination. We demonstrated that
ubiquitination of p62 by TRIM13 in LUAD cells
takes place through its RING finger domain.

p62 is involved in multiple signal transduction
pathways, including the Keap1-Nrf2 pathway [52].
It is a major signaling pathway that responds to
increased oxidative stress [53]. Keapl normally
functions as an adaptor protein for the E3 ubiqui-
tin ligase complex and sequesters Nrf2 in the cyto-
plasm at a low level [54]. Genomic data of humans
have demonstrated that deregulation of this path-
way is reported in multiple disorders. Mutations in
Keapl-Nrf2 in lung cancer are associated with
therapeutic resistance and poor prognosis [55].
Blake et al. showed malignant lung cancer in
Keap Knock-out mice when exposed to additional
proliferative stimuli [56]. Nrf2 inhibitors in
advanced NSCLC patients harboring Keapl-Nrf2
mutation appear to be a promising treatment [57].
Substantial evidence has shown that p62 links
autophagy to the Keapl-Nrf2 pathway [53,58].

In the p62-Keapl-Nrf2 interaction, the
Keapl-interacting region of p62 binds to
Keapl, thereby restricting Keapl from trapping
Nrf2. It results in stabilization and finally acti-
vation of Nrf2 [59]. The p62 gene is a target of
Nrf2 [60], suggesting a positive-feedback loop
within the p62-Keapl-Nrf2 axis. Autophagy is
directly involved in the whole process. p62 is
degraded by autophagy [61], and Keapl is also
degraded by autophagy in a p62 interaction
manner [62]. We found the reduced cell apop-
tosis and increased cell proliferation and viabi-
lity of LUAD cell line by transfection with oe-



Nrf2, suggesting that the negative impact of
TRIMI13 on tumor growth was through Nrf2
regulation. Accordingly, we found big tumors
in xenografts injected with control cells, but
with TRIM13 overexpression in these injected
cells, the tumor remained smaller. Nrf2 in the
presence of TRIM13 showed bigger tumors than
TRIM13 overexpression ones, indicating that
TRM13 is a tumor suppressor and regresses
tumor growth via the Nrf2 pathway.

In conclusion, TRIM13 triggers apoptosis and
autophagy in LUAD cells through mediating p62
ubiquitination via KEAP1/NRF2 pathway, providing
a novel insight for seeking targeted therapy for LUAD
patients.
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