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Renal fibrosis is considered as the final pathway of all types of kidney diseases, which

can lead to the progressive loss of kidney functions and eventually renal failure. The

mechanisms behind are diversified, in which the mammalian target of rapamycin (mTOR)

pathway is one of the most important regulatory pathways that accounts for the disease.

Several processes that are regulated by the mTOR pathway, such as autophagy,

epithelial-mesenchymal transition (EMT), and endoplasmic reticulum (ER) stress, are

tightly associated with renal fibrosis. In this study, we have reported that the expression

of tripartite motif-containing (TRIM) protein 6, a member of TRIM family protein, was

highly expressed in renal fibrosis patients and positively correlated with the severity of

renal fibrosis. In our established in vitro and in vivo renal fibrosis models, its expression

was upregulated by the Angiotensin II-induced nuclear translocation of nuclear factor-κB

(NF-κB) p50 and p65. In HK2 cells, the expression of TRIM6 promoted the ubiquitination

of tuberous sclerosis proteins (TSC) 1 and 2, two negative regulators of the mTORC1

pathway. Moreover, the knockdown of TRIM6 was found efficient for alleviating renal

fibrosis and inhibiting the downstream processes of EMT and ER in both HK2 cells and

5/6-nephrectomized rats. Clinically, the level of TRIM6, TSC1/2, and NF-κB p50 was

found closely related to renal fibrosis. As a result, we have presented the first study on

the role of TRIM6 in the mTORC1 pathway in renal fibrosis models and our findings

suggested that TRIM6 may be a potential target for the treatment of renal fibrosis.
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INTRODUCTION

Kidney diseases, such as chronic kidney diseases (CKD), glomerulonephritis, and polycystic
kidney disease are usually caused by injuries and damages that influence normal renal functions.
Associated with other common diseases, e.g., diabetes, hypertension, and pathogenic infections,
kidney diseases have currently become more threatening to human life, affecting over 25 million
American adults (Coresh et al., 2007). Through influencing the vasculature, glomerulus, and
tubulointerstitium of the kidney, various factors, including immunological, mechanical, metabolic,
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and toxic factors, attribute to kidney diseases, leading to end-
stage renal failure (Kato et al., 2008; Arnold et al., 2016). Renal
fibrosis, occurring in the parenchyma, is considered as the final
pathway for all types of chronic and progressive nephropathies
(Humphreys, 2018).

Epithelial-mesenchymal transition (EMT) is a reversible
cellular process in which epithelial cells transform into a
transient quasi-mesenchymal cell states (Dongre and Weinberg,
2019). During this process, epithelial cells progressively lose
the epithelial morphology and further adopt a spindle-shaped,
mesenchymal morphology. EMT involves tumor progression,
embryological development, wound healing, which is identified
as one of the driving forces for fibrosis (Lamouille et al., 2014).
As an upstream EMT-regulating process, endoplasmic reticulum
(ER) stress is responsible for the regulation of calcium storage,
lipid biosynthesis, and protein folding and protein transport
(Ulianich et al., 2008; Tanjore et al., 2011; Zhou et al., 2020).
The mammalian target of rapamycin (mTOR) pathway plays a
central role in regulating cell growth, proliferation, ER stress,
metabolism, and autophagy. It exhibits indispensable functions
in regulating renal cell homeostasis and cellular processes, which
is critical to kidney diseases (Lui et al., 2006; Mostov, 2006;
Lieberthal and Levine, 2009; Grahammer et al., 2014; Inoki, 2014;
Fantus et al., 2016; Yao and Inoki, 2016). In the mTOR pathway,
the mTORC1 signaling is mainly responsible for regulating
these processes (Yuan et al., 2013; Rabanal-Ruiz et al., 2017).
The upstream mTORC1 regulators TSC1 and TSC2 form a
heterodimeric complex, which negatively regulates mTORC1
through activating GTPase Rheb, thereby affecting the activities
of downstream effectors and cellular processes (Dibble and
Cantley, 2015).

The TRIM protein superfamily consists of 70 protein
members that are responsible for regulating critical cellular
processes, including intracellular signaling, innate immunity,
transcription, autophagy, and carcinogenesis (Hatakeyama,
2017). Several members of the TRIM protein have been
implicated in renal fibrosis-related pathways (Liu, 2011; Nogueira
et al., 2017), such as TGF-β1/Smads (Lee, 2018), PDGF (Wang
et al., 2020), and Wnt/β-catenin (Yang et al., 2017). TRIM6
belongs to the PY/SPRY-domain-containing group. It mediates
the IKKe-dependent signaling by interacting with IKKe via
its SPRY domain (Rajsbaum et al., 2014). It also assists in
the synthesis of unanchored K48-linked polyubiquitin chains
to upregulate the activity of IKKe (Rajsbaum et al., 2014;
Bharaj et al., 2016). However, the precise functions of TRIM6
in the TRIMosome-involved regulation are unknown. TRIM6
expression was increased in the peripheral blood samples of
idiopathic pulmonary fibrosis (Li et al., 2020), but its role in
fibrosis-related diseases, i.e., renal fibrosis, still remains veiled.

Angiotensin (Ang) II can not only induce EMT (Seccia
et al., 2019), ER stress (Menikdiwela et al., 2019), and renal
fibrosis (Mezzano et al., 2001; Xu Z. et al., 2017), but also
promote the production of reactive oxygen species (ROS) that
further mediates the regulation of the nuclear factor-κB (NF-
κB) pathway (Morgan and Liu, 2011), a crucial process tightly
associated with different renal diseases (Zhang and Sun, 2015).
In this study, we have reported that TRIM6 is tightly associated

with renal fibrosis by participating in the regulation of the
mTORC1 signaling. When treated with Ang II, HK2 cells showed
a high expression of TRIM6, which was upregulated by the Ang
II-induced nuclear translocation of nuclear factor-κBp50 and
p65. The expression of TRIM6 promoted the ubiquitination of
TSC1 and TSC2, thereby activating mTORC1 and downstream
processes of ER stress and EMT in renal fibrosis models. The
knockdown of TRIM6 in HK2 cells and 5/6-nephrectomized rats
remarkably improved the status of renal fibrosis, which inspires
the development of TRIM6 inhibitors for treating renal fibrosis
in kidney diseases.

MATERIALS AND METHODS

Bioinformatics Analysis
The gene expression data were obtained from the GEO dataset
(Access id: GSE7392, http://www.ncbi.nlm.nih.gov) (Park and
Stegall, 2007). Our GSEA of pathways and genes was performed
based on the GEO dataset (GSE7392) using the GSEA version 2.0
from the Broad Institute at MIT. In our analysis, the gene sets
of fewer than 10 genes were excluded. Using a permutation test
1,000 times, the cutoff of p-values was chosen as 0.01 for the most
significant pathways related to TRIM6 expression.

Kidney Tissue Samples
In total, kidney tissue samples were obtained from 75 patients,
and processed using hematoxylin–eosin staining. Renal fibrosis
severity was determined on the basis of the Banff criteria
(Solez et al., 2008). The 75 cases were divided into four
groups (Interstitial Fibrosis/Tubular Atrophy [IF/TA] 0, ≤ 5%
interstitial fibrosis of cortical area, n = 12; IF/TA 1, 6–25%,
n = 22; IF/TA 2, 26–50%, n = 27; IF/TA 3, >50%, n = 14).
All the protocols conformed to the ethical guidelines of the
1975 Helsinki Declaration. The present study was approved by
the ethics committee of Seventh People’s Hospital of Shanghai
University of Traditional Chinese Medicine (Shanghai, China,
Approval number: 2019-AR-005). Written consent was obtained
from all patients.

Cell Cultures and Angiotensin II Treatment
Human kidney-2 (HK2) cells, which are immortalized human
renal proximal tubular epithelial cells, were obtained from the cell
bank of Shanghai Biology Institute, Chinese Academy of Science
(Shanghai, China). The cells were cultured in the RPMI-1640
medium (Hyclone, Logan, UT, USA) supplemented with 10%
fetal bovine serum (Invitrogen) and 1% streptomycin/penicillin
(Invitrogen). Cells were incubated at 37◦C, with 5% CO2. At 60–
70% of confluence, cells were growth-arrested in a serum-free
medium for 24 h before the experiments. HK2 cells were treated
with 0, 0.25, 0. 5, 1.0, 2.0, and 4.0µM of angiotensin II (Ang
II). Cell morphology was observed under the Olympus inverted
microscope (Lake Success, NY, USA).

RNA Isolation and Quantitative RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. The mRNA levels
of indicated genes were determined by quantitative RT-PCR
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using the SYBR R©Green (Thermo Fisher Scientific) on an ABI
7300 instrument (Applied Biosystems), with GAPDH being used
as an internal control. All reactions were conducted using the
following cycling parameters: 95◦C for 10min, followed by 40
cycles of 95◦C for 15 s and 60◦C for 45 s. The verification of
specific product amplification was performed by dissociation
curve analysis. The comparative Ct method was used for the
quantification of the transcripts. The fold-change for target genes
normalized by internal control was determined by the formula
2−11CT. All data represent the average of three replicates. The
primers are listed in Supplementary Table 1.

Preparation of Total Cell Lysates, Cytosolic
Fraction and Nuclear Extracts, and
Western Blot Analysis
Total cell lysates were prepared with a radioimmunoprecipitation
buffer containing the proteinase inhibitor (Beyotime). The
cytosolic fraction and nuclear extracts were prepared with NE-
PERTM Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher Scientific) as per the manufacturers’ instructions. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electroblotted onto
nitrocellulose membranes (Millipore, Billerica, WI, USA).
After blocking with 5% skimmed milk, the membranes
were incubated overnight at 4◦C with primary antibodies
(Supplementary Table 2) following the instructions. After
washing away the unbound antibody, the membranes were
incubated at room temperature for 1 h with the HRP-conjugated
rabbit secondary antibody (Beyotime, Shanghai, China). The
enhanced chemiluminescence system (ECL) (Millipore) was
employed to visualize the protein bands. Densitometry analysis
was performed using Imag J software (http://rsb.info.nih.gov/ij/,
Bethesda, MD, USA).

Lentivirus Preparation
Short hairpin RNA (shRNA) oligos targeting TRIM6
(Supplementary Table 3) were annealed and cloned into
AgeI- and EcoRI-digested pLKO.1 (Addgene, Cambridge, MA,
USA). The full-length coding sequences of human TRIM6, TSC1,
and TSC2 were cloned into pLVX-puro (Clontech, Palo Alto,
CA, USA). The lentivirus was produced in HEK293T cells along
with the packaging plasmids of psPAX2, and pMD2.G.

Small Interference RNA (siRNA)
siRNAs targeting NF-κB p65 (sip65#1, #2, #3) and NF-κB p50
(sip50#1, #2, #3) and scrambled siRNA (siNC) were synthesized
by Genepharma (Shanghai, China) (Supplementary Table 4).
To knock down the expression of NF-κB p65 and NF-κB
p50, HK2 cells were transfected with siRNAs by Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacture’s protocol.

Transwell Assay
Transwell assay was performed using chamber with 8µm pore
filters (Corning, New York, NY, USA). HK2 cells were transduced
with virus expressing TRIM6 shRNAs (shTRIM6-1#, 2#) or the
control shRNA (shNC). After 24 h, the cells were trypsinized and

plated onto the upper chamber. 1µM of Ang II was added to the
lower chamber. After incubation for 24 h at 37◦C, non-migrating
cells were completely removed, and the migrated cells were
fixed in 4% paraformaldehyde, stained with 0.5% crystal violet,
visualized under a microscope, and counted in five random fields.

Evaluation of ROS Production by Flow
Cytometry
Cells were harvested, washed with ice-cold PBS, and probed
with 10µM 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-
DA) (Beyotime) at 37◦C for 20min. At the end of incubation,
the samples were analyzed with flow cytometry (BD Biosciences,
Franklin Lakes, NJ, USA). The experiment was performed using
an excitation wavelength of 480 nm and an emission wavelength
of 525 nm.

Immunoprecipitation (IP) and Liquid
Chromatography/Mass Spectrometry
(LC/MS) Analysis
pCMV-Tag2-TIRM6 or pCMV-Tag2 vector was transfected into
HEK293T cells, which were harvested and extracted in the
RIPA buffer 48 h later. The overexpression of FLAG-TRIM6
was confirmed by western blotting. Following a pre-clearance
with IgG and protein A/G beads (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 4◦C for 2 h, extracts were incubated
with anti-FLAG beads (Sigma-Aldrich) overnight at 4◦C. The
immunoprecipitated protein complexes were eluted with FLAG
peptide (Sigma-Aldrich), resolved on SDS-PAGE, and stained
with Coomassie Brilliant Blue. Several differently migrating
bands were excised, digested with trypsin, and analyzed by
LC/MS following the reported protocol (Tang et al., 2013).

Coimmunoprecipitation (co-IP) Assays
Cell lysates were first incubated with anti-TRIM6 (Biorbyt,
Orb1893), anti-TSC1 (Cell Signaling Technology, #4906) anti-
TSC2 (Cell Signaling Technology, #4308) or control IgG (Santa
Cruz Biotech., Santa Cruz, CA, USA) for 1 h at 4◦C and then with
protein A/G-agarose for an additional 3 h at 4◦C. Precipitates
were washed three times in the lysis buffer and detected by
western blot analysis.

Immunofluorescence Staining
HK2 cells cultured on the coverslips were washed twice in
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
for 30min, and then blocked with 5% BSA at RT for 1 h.
The cells were incubated with rabbit anti-TRIM6 (Bioss Inc.,
bs-9165R) and mouse anti-TSC1 (Santa Cruz, sc-514817) or
mouse anti-TSC2 (Novus Biologicals, Inc.; Littleton, CO, USA,
MAB40401) overnight at 4◦C. Cells were washed three times
with PBS and then incubated with the Alexa Fluor 555-labeled
goat anti-rabbit IgG(H+L) (Beyotime Biotech.) and Alexa Fluor
488-labeled goat anti-mouse IgG(H+L) (Beyotime Biotech.) at
room temperature for 1 h. After washing twice with PBS, 4′-6-
diamidino-2-phenylindole (DAPI, Beyotime Biotech.) was used
to stain the nuclei.
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Luciferase Reporter Assay
The full-length TRIM6 promoter (GenBank: NM_058166) was
synthesized by GeneWiz (Suzhou, China), and inserted into the
firefly luciferase reporter gene vector, pGL3 (Promega, Madison,
WI). HK2 cells were transfected with pGL3-TRIM6 promoter
and the pRL-TK plasmid (Renilla luciferase, Promega) using
Lipofectamine 2000 and treated as indicated. Luciferase and
Renilla activity was determined using Dual-Luciferase R© Reporter
Assay kit (Promega) using a GloMax R©-Multi+ Detection
System. The promoter activity was calculated as the ratio between
the activities of firefly to Renilla intensity.

Construction of Adenovirus Expressing
TRIM6 shRNAs
shRNAs targeting rat TRIM6 and negative control
(Supplementary Table 5) were designed, synthesized, annealed,
and subcloned into pShuttle-H1 (GenScript). The shuttle plasmid
linearized by PmeI was recombined with back-bone pAdEasy-
1 (GenScript) in E.coli BJ5183 to construct pAd-shTRIM6
and pAd-shNC. pAd-shTRIM6 and pAd-shNC were then
transfected into 293T cells using Lipofectamine 2000 according
to the protocol provided by the manufacturer. Recombinant
adenovirus Z was grown and purified with a cesium chloride
gradient. After viral titers were determined by the plaque assay,
the virus was aliquoted and stored at−80◦C.

Animal Model
Male Sprague–Dawley rats (8 weeks, 200–250 g) were obtained
from the Shanghai Sippr-BK laboratory animal Co. Ltd.
(Shanghai, China). Eighteen rats were randomly divided into
three groups: Group I, sham-operated (sham)+shNC; Group II,
5/6 NX+ shNC; Group III, 5/6 NX+shTRIM6#3. The entire
surgical procedure was performed under strict sterile conditions
as previously described (Zhao et al., 2012). One month after
surgery, recombinant adenovirus shNC (5 × 109 pfu per rat,
0.5mL) were injected into the tail vein of rats in group II, while
recombinant adenovirus shNC and shTRIM6#3 (5× 109 pfu per
rat, 0.5mL) were injected into the tail vein of rats in group II
and group III, respectively. Four weeks after treatment, all rats
were sacrificed, and serum was collected for determination of
creatinine and urea nitrogen. Kidneys were immediately excised.
Some samples were fixed with 4% paraformaldehyde and others
were frozen in liquid nitrogen for later use. For histological
examination, renal tissues were stained with hematoxylin & eosin
(HE) and Masson’s trichrome. All procedures were performed
as per our university’s guidelines for animal care (Approval
number: 2019-AR-005).

Hydroxyproline Assay
The hydroxyproline assay was performed as per the
manufacturer’s product protocol (A030-2, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The urine sample
(1mL) was diluted with the solubilization solution and boiled at
95◦C for 20min. The pH of the solution was then adjusted to
6.8 followed by the incubation with 30mg of activated carbon.
The mixture was then centrifuged at 3,500 rpm for 10min. The
supernatant was saved for further tests. Distilled water, standard

solution, and detection solution were added to 1mL of the
sample respectively as the blank, standard, and test groups.

Reagent I was added to the sample following 10-min
incubation. Reagent II was then added and incubated for 5min.
After adding Reagent III, the sample was incubated at 60◦C for
15min and centrifuged at 3,500 rpm for 10min. The supernatant
was used for spectrophotometry at 550 nm.

Blood Urea Nitrogen Assay
The blood urea nitrogen assay was performed as per the
manufacturer’s product protocol (C030-2, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Distilled water,
standard solution, and detection solution as well as the buffer
were added to 1mL of the sample respectively as the blank,
standard, and test groups. The sample was incubated at 37◦C for
10min. The chromogenic reagent and the sodium hypochlorite
solution were added with incubation at 37◦C for 10min. The
absorbance at 640 nm was detected.

Serum Creatinine Assay
The serum creatinine assay was performed as per the
manufacturer’s product protocol (C011-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The sample was
diluted with double distilled water and Reagent III and Reagent
IV were sequentially added followed by incubation at 37◦C for
10min. The absorbance was detected at 510 nm.

Statistical Analysis
Statistical analysis was carried out using Graphpad Prism
software (version 6.0, San Diego, CA, USA). Student’s t-test and
analysis of variance (ANOVA) were used to compare the data.
P-values < 0.05 were considered significant.

RESULTS

TRIM6 Is Highly Expressed in Renal
Fibrosis and Positively Correlated With the
Severity of Renal Fibrosis
Elevated TRIM6 has been observed in the peripheral blood
samples of idiopathic pulmonary fibrosis (Li et al., 2020). We
first examined the gene expression pattern of TRIM6 in renal
fibrosis tissues (Figure 1). Based on the dataset of GSE7392 from
the GEO database (Gene Expression Omnibus, https://www.
ncbi.nlm.nih.gov/geo/), it was identified that the expression of
TRIM6 in fibrosis tissues was significantly higher than that in
normal tissues (Figure 1A). Using quantitative RT-PCR, we then
explored the TRIM6 transcription level in the tissues obtained
from 75 cases of renal fibrosis (Figure 1B). The expression of
TRIM6 was proportional to the severity of renal fibrosis based
on the estimated IF/TA score—TRIM6 mRNA expression in
the IF/TA 3 group was ∼4 times its expression in the IF/TA 0
group. These results suggested that TRIM6 may be associated
with renal fibrosis.
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FIGURE 1 | TRIM6 is highly expressed in renal fibrosis and positively correlated with the severity of renal fibrosis. (A) The gene expression level of TRIM6 in the

GSE7392 renal fibrosis dataset from the GEO. P < 0.001 (t-test). (B) Based on the Banff criteria, patients with renal fibrosis were classified into IF/TA 0 to IF/TA 2

groups. The mRNA expression of TRIM6 was detected in renal fibrotic tissues by quantitative RT-PCR. ***P < 0.001 vs. IF/TA 0; ###P < 0.001 vs. IF/TA 1; +++P <

0.001 vs. IF/TA 2 (ANOVA test).

Inhibition of TRIM6 Ameliorates Renal
Fibrosis and ER Stress
To elucidate the regulatory function of TRIM6 in renal
fibrosis, we treated HK2 proximal tubule epithelial cells with
Angiotensin II (Ang II), which induces EMT and ER stress
during the progression of chronic kidney damage, eventually
contributing to renal fibrosis (Carlisle et al., 2012; Lavoz
et al., 2012). Then, hydroxyproline, an amino acid specific to
collagen synthesis, was used to measure fibrosis (Woessner,
1961). As shown in Figure 2A, when treated with 0–4.0µM
of Ang II, HK2 cells demonstrated augmented quantities of
hydroxyproline aligning with the stimulation concentrations.
The transcription of TRIM6 in HK2 cells followed the same trend
with elevated Ang II concentrations (Figure 2B), substantiating
the correlation between the TRIM6 expression and renal fibrosis.
Ang II at the dose of 1µM, according to previous studies
(Chang et al., 2016; Li et al., 2016), was chosen for the
subsequent experiments.

To investigate whether TRIM6 influence the effects of Ang
II, TRIM6 expression was downregulated using shRNA toward
TRIM6 (Supplementary Figure 1 and Figure 2C). As shown
in Figure 2D, Ang II-increased hydroxyproline concentration
was significantly dropped when TRIM6 expression was knocked
down (shTRIM6#1 and #2). Ang II promoted the transition
of HK2 cells from the epithelial state to the spindle-shaped
mesenchymal state, while in the presence of shRNAs, the cellular
morphology transition of HK2 cells was efficiently inhibited
(Supplementary Figure 2). Transwell assay (Figure 2E) and
detection of the cellular expression of EMT biomarkers,

including E-cadherin, α-SMA, and Snail, also demonstrated an
inhibited EMT process in HK2 cells with TRIM6 knockdown
(Figure 2F). Similarly, despite the stimulation of HK2 cells by
Ang II, the expression of effector proteins in the ER stress
pathway, PERK, GRP78 and CHOP, was also lowered by the
TRIM6 knockdown (Figure 2G). Together, these results reveal
the important role of TRIM6 in EMT and ER stress in Ang
II-treated HK2 cells.

TRIM6 Attenuates EMT and ER Stress
Through the mTORC1 Pathway
To further examine the pathway TRIM6 participated in,
Gene Set Enrichment Analysis (GSEA) was performed with
the GSE7392 renal fibrosis dataset (Figure 3A). Interestingly,
we identified a positive correlation between the TRIM6
expression and the mTORC1 signaling. It has been reported
that Ang II can induce the phosphorylation of S6K1, an
indication of mTORC1 activation (Muta et al., 2016). When
treated with shRNAs targeting TRIM6, even in the presence
of Ang II, HK2 cells exhibited reduced phosphorylation
of S6K1 (Thr389) without changing the protein level of
S6K1 (Figure 3B), suggesting that the knockdown of TRIM6
counteracted the activation of the mTORC1 signaling. By
contrast, the overexpression of TRIM6 inHK2 cells aided in S6K1
phosphorylation (Thr389), demonstrating a robustly activated
mTORC1 pathway, while rapamycin was able to abolish this
activation (Figure 3C). Overexpression of TRIM6 showed the
same effects as Ang II on the phosphorylation of S6K1, release
of hydroxyproline, as well as the expression of EMT and ER
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FIGURE 2 | TRIM6 mediated Angiotensin II-induced EMT and ER stress in HK2 cells. (A,B) HK2 cells were treated with augmented concentrations of Ang II (0, 0.25,

0. 5, 1.0, 2.0, and 4.0µM) for 24 h, the concentration of hydroxyproline in the cultured medium (A) and the TRIM6 transcription level (B) were detected by the

hydroxyproline assay and quantitative RT-PCR, respectively. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0µM; ##P < 0.01, ###P < 0.001 vs. 0.25µM; ++P < 0.01,
+++P < 0.001 vs. 0.5µM; −P < 0.01, −−P < 0.001, −−−P < 0.001 vs. 1.0µM; $$P < 0.01 vs. 4.0µM. (C–G) HK2 cells were transduced with TRIM6 shRNAs

(shTRIM6-1#, 2#) or the control shRNA (shNC), and then treated with 1µM of Ang II. (C) TRIM6 protein expression was detected by western blotting. (D)

Hydroxyproline release in the culture medium was determined by the hydroxyproline assay. (E) Migration ability was assessed by Transwell assay. Scale bar: 100µm.

(F) Expression of EMT biomarkers was detected by western blotting. (G) ER stress-related proteins were detected by western blotting. aaaP < 0.001 vs. shNC; bP <

0.05, bbP < 0.01, bbbP < 0.001 vs. shNC+Ang II (ANOVA test).

stress-related proteins, which were tremendously blocked in
the presence of rapamycin (Figures 3C–E). Similarly, using 4-

phenylbutyric acid (4-PBA), an ER stress inhibitor, we also

observed inhibited EMT and ER stress in TRIM6-overexpressing

HK2 cells (Figure 3F). These findings manifest that TRIM6

facilitates downstream processes of ER stress and EMT via the

mTORC1 signaling.

TRIM6 Participates in the mTORC1
Signaling Through Activating the
Ubiquitination of TSC1 and TSC2
To identify the TRIM6-interacting proteins in the mTORC1
signaling, we performed mass spectrometry-based immuno-
precipitation proteomics, in which TSC1 and TSC2 ranked
high among the candidate proteins that interact with TRIM6
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FIGURE 3 | TRIM6 regulates EMT and ER stress through the mTORC1 pathway. (A) The GSEA results showed a positive correlation between TRIM6 expression and

the mTORC1 signaling in the GSE7392 renal fibrosis dataset. (B) HK2 cells were transduced with TRIM6 shRNAs (shTRIM6-1#, 2#) or control shRNA (shNC) and

treated with 1µM of Ang II. The levels of S6K1 expression and phosphorylation [p-S6K1 (Thr389)] were examined by western blotting. (C–E) HK2 cells were

transduced with lentivirus overexpressing (oeTRIM6) or control Vector, and then exposed to 100 nM of Rapamycin or Vehicle. S6K1 phosphorylation (C), the

concentration of hydroxyproline (D), and the expression of biomarkers of EMT and ER stress (E) were detected. ***P < 0.001 vs. Vector+Veh; ###P < 0.001 vs.

oeTRIM6+Veh (ANOVA test). (F) HK2 cells were transduced with lentivirus overexpressing (oeTRIM6) or control Vector, and then exposed to 2mM 4-BPA or Vehicle.

The expression of biomarkers of EMT and ER stress was examined by western blotting.
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(Supplementary Table 6 and Supplementary Figure 3). An in-
depth exploration of the relationship between TRIM6 and
TSC1 and TSC2 was further conducted in HK2 cells in vitro
(Figure 4A). According to our results, TRIM6 overexpression
downregulated the protein levels of TSC1 and TSC2 while the
TRIM6 shRNA recovered their cellular levels. This regulation
was irrelevant to changes in the transcription level of the
two proteins (Figure 4B). Moreover, the results of the Co-IP
and immunofluorescence staining both indicated that TRIM6
was tightly associated with TSC1 and TSC2 (Figures 4C,D).
MG132, a proteasome inhibitor, was able to restore the decreased
levels of TSC1 and TSC2 in cells overexpressing TRIM6,
suggesting that TRIM6 mediated the proteasome-dependent
degradation of TSC1 and TSC2 (Figure 4E). To determine
whether TRIM6 overexpression altered the stability of TSC1
and TSC2, protein synthesis was blocked by cycloheximide
(CHX, 20mM). The results showed that the half-life of TSC1
and TSC2 protein was reduced by TRIM6 overexpression and
elevated by TRIM6 knocking down (Figure 4F). To better
clarify the role of TRIM6 in regulating TSC1 and TSC2, we
examined the ubiquitination of the two proteins in TRIM6-
overexpressing cells (Figure 4G). Notably, the ubiquitination of
both proteins increased when TRIM6 was overexpressed. On the
other hand, the overexpression of TSC1 and TSC2 in HK2 cells
was found to synergically inhibit the TRIM6-induced processes
of ER stress and EMT (Figure 4H and Supplementary Figure 4),
which reinforces our speculation that TRIM6 plays a role in the
mTORC1 pathway.

The Angiotensin II-Activated NF-κB
Signaling Facilitates the Transcription of
TRIM6
Considering the expression of TRIM6 is critical to renal
fibrosis, we then investigated how TRIM6 expression is regulated
in HK2 cells. Ang II can induce the formation of reactive
oxygen species (ROS) that account for the development of
kidney diseases (Benigni et al., 2009). We added NAC (N-
acetyl-L-cysteine), a ROS scavenger, to Ang II-treated HK2
cells to examine the effect of ROS accumulation on TRIM6
expression (Figures 5A,B). NAC significantly decreased the
ROS accumulation (Figure 5A) and accordingly suppressed the
expression of TRIM6 (Figure 5B), suggesting an important
role of ROS in the regulation of TRIM6 expression. Further
exploration showed the transcription of TRIM6 was suppressed
by NAC treatment (Figures 5C,D), with both absolute mRNA
level and promoter activity of TRIM6 being significantly
inhibited. These results indicate that ROS can regulate TRIM6
expression at the transcription level. Considering that ROS
can activate the NF- κB signaling (Lingappan, 2018), we
queried the GSEA and found that the expression of TRIM6
in renal fibrosis was tightly correlated with the NF-κB
signaling (Figure 5E). Additionally, a putative binding site
for NF- κB was predicted in TRIM6 promoter by using the
ALGGEN PROMO software program (http://alggen.lsi.upc.es).
Upon Ang II treatment, the nuclear translocation of p50
and p65 was actively driven to control the transcription of

TRIM6 (Figure 5F). Accordingly, the knockdown of either
p50 or p65, especially p50, had led to a decline in protein
level (Figure 5G and Supplementary Figure 5), transcription
(Figure 5H), and promoter activity (Figure 5I) of TRIM6.
Therefore, the expression of TRIM6 was regulated by the Ang
II-activated NF-κB pathway.

Knockdown of TRIM6 Attenuates Renal
Fibrosis in 5/6 NX Rats
Evidenced by all the aforementioned in vitro assay results, we
believed that the expression of TRIM6 was closely correlated with
renal fibrosis. Therefore, we used the 5/6 NX rat as an in vivo
model to study the effect of TRIM6 knockdown on renal fibrosis.
The entire surgical procedure of 5/6 NX and sham operation
was performed as previously described (Zhao et al., 2012). The
most potent shRNA targeting TRIM6 (shTRIM6#3) was selected
in NRK-52E cells (Supplementary Figure 6). One month after
5/6 NX, shTRIM6#3 virus, or control shRNA (shNC) virus was
injected into the tail vein of rats. The rats with sham operation
were injected with shNC virus. Four weeks after treatment,
kidney tissues were sampled from different treatment groups for
hematoxylin and eosin (HE) and Masson stainings according
to the established protocols (Zhao et al., 2012) (Figure 6A).
The shTRIM6#3-treated group demonstrated alleviated renal
fibrosis. Consistent with the staining results, the concentrations
of kidney disease biomarkers, including blood urea nitrogen,
serum creatine, and hydroxyproline, were strongly reduced in
the shTRIM6#3-treated group (Figure 6B). Collectively, these
results indicate that knockdown of TRIM6 can alleviate renal
fibrosis in 5/6 NX rats. Consistent with the findings of the in
vitro assays, the mTORC1 pathway was robustly attenuated by
TRIM6 knockdown (Figure 6C), thereby resulting in suppressed
downstream processes of ER stress and EMT (Figure 6D). These
data suggest that knockdown of TRIM6 using shRNA that
targeted the TRIM6 gene effectively attenuated renal fibrosis
in vivo.

The Levels of TRIM6, TSC1, TSC1, and
Nuclear NF-κB p50 Are Clinically Related to
the Severity of Renal Fibrosis
Given the roles of TRIM6, TSC1, TSC2, and nuclear NF-κB
p50 in renal fibrosis, we explored the relationships between
the levels of TRIM6, TSC1, TSC1, and nuclear NF-κB p50
and severity of renal fibrosis based on the estimated IF/TA
scorein patients suffering from renal fibrosis of different severities
(Figure 7). With the severity of renal fibrosis score, the protein
levels of TRIM6 and the nuclear translocation of p50 increased
significantly, while the protein levels of TSC1 and TSC2
decreased significantly in the kidney tissues of the patients
(Figures 7A,B). Pearson correlation analysis was then performed
to elucidate the correlations among the protein levels of TRIM6,
TSC1, TSC2, and nuclear NF-κB p50 in renal tissues of the
patients (Figure 7C). According to our results, the protein level
of TRIM6 is negatively correlated with the protein levels of TSC1
and TSC2 but positively correlated with the nuclear translocation
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FIGURE 4 | TRIM6 interacts with TSC1 and TSC2 to participate in the mTORC1 signaling. (A,B) The protein levels (A) and the mRNA levels (B) of TSC1 and TSC2

when TRIM6 was knocked down and overexpressed in HK2 cells. (C) Co-immunoprecipitation analysis of the interactions between TRIM6 and TSC1/2. (D) The

cellular colocalization of TRIM6 and TSC1/2. TRIM6 in green, TSC1/2 in red, and DAPI in blue. Scale bar: 50µm. Magnified view fields are shown at the right. (E) The

protein levels of TSC1 and TSC2 in TRIM6-overexpressing HK2 cells with or without the treatment of 10µM of MG132. (F) HK2 cells were transduced with lentivirus

expressing TRIM6 (oeTRIM6), shTRIM6, or shNC+Vector for 24 h, and exposed to 20mM cycloheximide (CHX, Sigma-Aldrich) at 0, 3, and 6 h after exposure. The

expression of TRIM6, TSC1, and TSC2 was detected by western blotting analysis. (G) Cell lysates from HK2 cells infected with lentivirus overexpressing TRIM6, or

Vector were IP with anti-TSC1, anti-TSC2, or control IgG, and then immunoblotted for ubiquitin (Ub). (H) HK2 cells overexpressed with TRIM6, TSC1, and/or TSC2.

The levels of TRIM6, TSC1, TSC2, S6K1, p-S6K1 (Thr389), EMT biomarkers, and ER biomarkers were examined by western blotting. *P < 0.05, **P < 0.01, ***P <

0.001 (ANOVA test).
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FIGURE 5 | Angiotensin II-induced ROS production activated the NF-κB pathway to facilitate the transcription of TRIM6. (A–D) 100µM of NAC or the control reagent

(Veh) was applied to Ang II-treated HK2 cells. (A) Flow cytometry analysis of ROS accumulation in Ang II-treated HK2 cells. (B–D) The effects of NAC on TRIM6

expression in Ang II-treated HK2 cells. NAC downregulated the protein level (B), transcription (C), and promoter activity (D) of TRIM6. (E) The correlation between

TRIM6 expression and the NF-κB signaling as revealed by the GSEA. (F) The effects of NAC on Ang II-induced nuclear translocation of p50 and p65. Knockdown of

either p50 or p65 suppressed the protein level (G), mRNA level (H), and promoter activity (I) of TRIM6. ***P < 0.001 vs. Veh; ###P < 0.001 vs. Veh+Ang II. +++P <

0.001 vs. siNC (ANOVA test).
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FIGURE 6 | TRIM6 knockdown attenuated renal fibrosis in 5/6 NX rats. Eighteen rats were randomly divided into three groups: Group I, sham-operated (sham)+shNC;

Group II, 5/6 NX+ shNC; Group III, 5/6 NX+shTRIM6#3. One month after surgery, recombinant adenovirus shNC were injected into the tail vein of rats in group 1.

Recombinant adenovirus shNC and shTRIM6#3 were injected into the tail vein of rats in group II and group III, respectively. Four weeks after treatment, all rats were

sacrificed. (A) H&E and Masson staining results of the renal tissues with or without shTRIM6 treatment. Scale bar: 100µm. (B) Concentrations of blood urea nitrogen,

serum creatine, and hydroxyproline in the intervened 5/6 NX rats. (C) The effects of TRIM6 knockdown on TSC1 and TSC2 protein levels and the phosphorylation of

S6K1 in the kidney of 5/6 NX rats. The levels of TSC1/2 and S6K1 phosphorylation [p-S6K1 (Thr389)] were examined by western blotting. (D) The protein levels of

EMT and ER stress biomarkers in the kidneys of 5/6 NX rats under the treatment of shTRIM6 by western blot. *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA test).

of p50. In summary, these clinical data support our findings in
both in vitro and in vivomodels.

DISCUSSION

Renal fibrosis, a direct consequence of reduced kidney capacity
due to damages or injuries, occurs in all types of kidney diseases,
which leads to a progressive loss of kidney functions and even
kidney failure (Humphreys, 2018). There are only limited studies
on the role of TRIM family members on kidney diseases (Duann
et al., 2015; Xiao et al., 2018; Chen et al., 2020). In our research,
we found that TRIM6 expression was positively correlated with
the severity of renal fibrosis. Moreover, we have for the first time
clarified the relationship between TRIM6 and renal fibrosis in
different models: The Ang II-induced formation of ROS favored
the nuclear translocation of NF-κB p50 and p65 to activate the
transcription of TRIM6, which further activated the mTORC1
signaling by promoting the ubiquitination of two TSC proteins
(Figure 8).

Numerous pathways, such as TGF-β1/Smads, PDGF, Wnt/β-
catenin, and mTOR signalings, have been implicated in renal
fibrosis (Lieberthal and Levine, 2009; Liu, 2011; Fantus et al.,

2016; Nogueira et al., 2017). Increasing evidence has supported
that members of the TRIM protein are involved in renal fibrosis-
related pathways. For example, TRIM33 (TIF1γ) functions as
a ubiquitin ligase for Smad4 and negatively regulates TGF-β
signaling (Dupont et al., 2005). TRIM27 and TRIM28 form
a complex, which regulates the expression of PDGF receptor-
β (PDGFRβ) in vascular smooth muscle cells (Wang et al.,
2020). TRIM65 activates the Wnt/β-catenin signaling pathway
via ubiquitination of Axin1 (Yang et al., 2017). TRIM14 induces
the activation of the AKT/mTOR pathway in osteosarcoma cells
(Xu G. et al., 2017). In this study, we confirm the role of TRIM6 as
a key upstream regulator of the mTORC1 pathway. Furthermore,
the mTORC1 signaling is able to stimulate the synthesis of
proteins, lipids and nucleotides, thus inhibiting autophagy (Yuan
et al., 2013). Autophagy dysfunction has been implicated in the
pathogenesis of renal fibrosis (Zhao et al., 2019; Tang et al., 2020).
TRIM proteins including TRIM6 (Mandell et al., 2014; Di Rienzo
et al., 2020) have been link to the induction of autophagy. The
current study confirmed that TRIM6 overexpression resulted in
higher TSC1 and TSC2 ubiquitination levels, which facilitated
the proteasome-dependent degradation of the two proteins and
led to the activation of the mTORC1 pathway. Previous study
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FIGURE 7 | The levels of TRIM6, TSC1, TSC2, and nuclear NF-κB p50 are clinically related to the severity of renal fibrosis. (A,B) The levels of TRIM6, TSC1/2, and the

nuclear fraction of NF-κB in the renal tissues of patients suffering renal fibrosis. (A) The protein levels of TRIM6, TSC1, TSC2, and nuclear NF-κB p50 in patients’ renal

tissues examined by western blot. (B) Correlations between the tissue protein quantitation of TRIM6, TSC1, TSC2, and nuclear NF-κB p50 and IF/TA scores. *P <

0.05, ***P < 0.001 vs. IF/TA 0; ##P < 0.01, ###P < 0.001 vs. IF/TA 1; ++P < 0.01, +++P < 0.001 vs. IF/TA 2 (ANOVA test). (C) Correlations among the protein

levels of TRIM6, TSC1, TSC2, and nuclear p50 in renal fibrosis tissues.

has shown that the TSC1/2 complex translocate to lysosomes
to inactivate mTORC1 in response to amino-acid starvation
and growth factor removal (Demetriades et al., 2016). Whether
TRIM6 alters the translocaiton capacity of TSC1/2 will be
investigated in the future.

More importantly, the suppressed expression of TRIM6 by
shRNAs largely attenuated renal fibrosis in vitro and in vivo,
suggesting that TRIM6 can be used as a potential therapeutic
target for renal fibrosis. Due to the lack of successful cases
of treating renal fibrosis using shRNAs, our work definitely
fills this knowledge gap. Our results also represent the first
attempt to treat renal fibrosis from the perspective of the
TRIMosome. We prove that the disruption of TRIMosome
formation tremendously affects the progression of renal fibrosis.
As a result, other components of the TRIMosome can be
therapeutic targets for renal fibrosis.

The revelation of the important regulatory role of ROS and the
NF-κB pathway in TRIM6 expression in our study contributes
to a better understanding of the entire picture of TRIM6-related
signaling pathways in renal fibrosis. ROS in cells plays various
inhibitory or stimulatory roles in the NF-κB signaling, which

mediates oxidation of upstream kinases to influence the NF-
κB pathway (Lingappan, 2018). For example, ROS markedly
decreased the ability of TNF to induce IKK activity, resulting
in NF-κB activation (Korn et al., 2001). The production of ROS
induced by Ang II promoted the nuclear translocation of NF-
κB p50 and p65 to facilitate the transcription of the TRIM6
gene. TRIM6 overexpression further led to the activation of
downstream processes of EMT and ER stress that contribute
to renal fibrosis. As a result, these findings reasonably explain
how Ang II induces renal fibrosis in HK2 cells, indicating that
TRIM6 is an important but previously unrevealed piece of
the puzzle.

Considering that the number of current studies on TRIM6
still remains limited, more sophisticated investigations should
be devised and conducted on TRIM6 to explore its precise
molecular functions. Based on our mass spectrometry results, it
is promising to identify more TRIM6-interacting proteins, which
will help better understand the functions of TRIM6. Likewise,
further characterization of TRIM6 as an mTORC1 pathway
effector or regulator protein is likely to unveil the mystery
behind. The establishment of a TRIM6-involved regulatory
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FIGURE 8 | Schematic of the TRIM6-involved regulation of renal fibrosis.

network concerning the ubiquitination of TSC1 and TSC2 can
also be a breakthrough to elucidate the entire picture of the
signaling pathway.

Paces for discovering the mechanism of renal fibrosis have
never stopped. Motivated by the goal of developing novel
therapies for kidney diseases, researchers have made great efforts
to investigate potential solutions (Klinkhammer et al., 2017;

Liu and Zhuang, 2019; Wakui et al., 2020). Our study has
uncovered a TRIM6-involved regulatory mechanism of renal
fibrosis through the mTOCR1 signaling pathway for the first
time. Our work blazes a new way for a potential therapeutic
solution for treating renal fibrosis using TRIM6 inhibitors.
With the development of the technologies of drug delivery,
different forms of inhibitors targeting TRIM6, i.e., shRNAs and
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neutralizing antibodies, can be internalized into kidney tissues
and cells to suppress TRIM6 expression and treat renal fibrosis
in patients with kidney diseases.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found at: https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE7392.

ETHICS STATEMENT

The studies involving human participants were
reviewed and approved by the ethics committee of
Seventh People’s Hospital of Shanghai University of
Traditional Chinese Medicine (Shanghai, China). The
patients/participants provided their written informed
consent to participate in this study. The animal study was
reviewed and approved by Ethics committtee of Seventh
People’s Hospital of Shanghai University of Traditional
Chinese Medicine.

AUTHOR CONTRIBUTIONS

WeiL, JC, and JL designed the experiments. WeiL, YY, CZ,
BZ, LL, and WenL performed the experiments. WeiL, JH, and
QX performed the statistical analysis. WeiL and YY wrote the
manuscript. JC and JL supervised the study. All authors have read
and approved the final version of the manuscript.

FUNDING

This study was supported by National Natural Science
Foundation of China (82074261), Summit Discipline of
Clinical Traditional Chinese Medicine in Pudong New Area of
Shanghai (PDZY-2018-0601), and Health and Family Planning
Commission of Pudong New Area in Shanghai (Joint research
project PW2017D-9).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.
616747/full#supplementary-material

REFERENCES

Arnold, R., Issar, T., Krishnan, A. V., and Pussell, B. A. (2016). Neurological

complications in chronic kidney disease. JRSM Cardiovasc. Dis.

5:2048004016677687. doi: 10.1177/2048004016677687

Benigni, A., Corna, D., Zoja, C., Sonzogni, A., Latini, R., Salio, M., et al. (2009).

Disruption of the Ang II type 1 receptor promotes longevity in mice. J. Clin.

Invest. 119, 524–530. doi: 10.1172/JCI36703

Bharaj, P., Wang, Y. E., Dawes, B. E., Yun, T. E., Park, A., Yen, B., et al. (2016). The

matrix protein of nipah virus targets the E3-ubiquitin ligase TRIM6 to inhibit

the IKKepsilon kinase-mediated type-I IFN antiviral response. PLoS Pathog.

12:e1005880. doi: 10.1371/journal.ppat.1005880

Carlisle, R. E., Heffernan, A., Brimble, E., Liu, L., Jerome, D., Collins, C. A.,

et al. (2012). TDAG51mediates epithelial-to-mesenchymal transition in human

proximal tubular epithelium. Am. J. Physiol. Renal Physiol. 303, F467–481.

doi: 10.1152/ajprenal.00481.2011

Chang, J. W., Kim, H., Baek, C. H., Lee, R. B., Yang, W. S., and Lee, S. K. J. N.

(2016). Up-regulation of SIRT1 reduces endoplasmic reticulum stress and renal

fibrosis. Nephron 133, 116–128. doi: 10.1159/000447067

Chen, Y., Ding, Y., and Wang, L.-M. (2020). Tripartite motif-containing 35

(TRIM35) is up-regulated in UUO-induced renal fibrosis animal model. J.

Histol. Histopathol. 18255. doi: 10.14670/HH-18-255. [Epub ahead of print].

Coresh, J., Selvin, E., Stevens, L. A., Manzi, J., Kusek, J. W., Eggers, P., et al.

(2007). Prevalence of chronic kidney disease in the United States. JAMA 298,

2038–2047. doi: 10.1001/jama.298.17.2038

Demetriades, C., Plescher, M., and Teleman, A. A. J. N. c. (2016). Lysosomal

recruitment of TSC2 is a universal response to cellular stress. Nat. Commun.

7, 1–14. doi: 10.1038/ncomms10662

Di Rienzo, M., Romagnoli, A., Antonioli, M., Piacentini, M., and Fimia,

G. M. (2020). TRIM proteins in autophagy: selective sensors in cell

damage and innate immune responses. Cell Death Differentiat. 27, 887–902.

doi: 10.1038/s41418-020-0495-2

Dibble, C. C., and Cantley, L. C. (2015). Regulation of mTORC1 by PI3K signaling.

Trends Cell Biol. 25, 545–555. doi: 10.1016/j.tcb.2015.06.002

Dongre, A., and Weinberg, R. A. (2019). New insights into the

mechanisms of epithelial-mesenchymal transition and implications for

cancer. Nat. Rev. Mol. Cell Biol. 20, 69–84. doi: 10.1038/s41580-018-

0080-4

Duann, P., Li, H., Lin, P., Tan, T.,Wang, Z., Chen, K., et al. (2015).MG53-mediated

cell membrane repair protects against acute kidney injury. Sci. Transl. Med.

7:279ra236. doi: 10.1126/scitranslmed.3010755

Dupont, S., Zacchigna, L., Cordenonsi, M., Soligo, S., Adorno, M., Rugge, M., et al.

(2005). Germ-layer specification and control of cell growth by Ectodermin, a

Smad4 ubiquitin ligase. Cell 121, 87–99. doi: 10.1016/j.cell.2005.01.033

Fantus, D., Rogers, N. M., Grahammer, F., Huber, T. B., and Thomson,

A. W. (2016). Roles of mTOR complexes in the kidney: implications

for renal disease and transplantation. Nat. Rev. Nephrol. 12, 587–609.

doi: 10.1038/nrneph.2016.108

Grahammer, F., Haenisch, N., Steinhardt, F., Sandner, L., Roerden, M., Arnold, F.,

et al. (2014). mTORC1 maintains renal tubular homeostasis and is essential in

response to ischemic stress. Proc. Natl. Acad. Sci. U. S. A. 111, E2817–2826.

doi: 10.1073/pnas.1402352111

Hatakeyama, S. (2017). TRIM family proteins: roles in autophagy,

immunity, and carcinogenesis. Trends Biochem. Sci. 42, 297–311.

doi: 10.1016/j.tibs.2017.01.002

Humphreys, B. D. (2018). Mechanisms of renal fibrosis. Annu. Rev. Physiol. 80,

309–326. doi: 10.1146/annurev-physiol-022516-034227

Inoki, K. (2014). mTOR signaling in autophagy regulation in the kidney. Semin.

Nephrol. 34, 2–8. doi: 10.1016/j.semnephrol.2013.11.002

Kato, S., Chmielewski, M., Honda, H., Pecoits-Filho, R., Matsuo, S., Yuzawa, Y.,

et al. (2008). Aspects of immune dysfunction in end-stage renal disease. Clin. J.

Am. Soc. Nephrol. 3, 1526–1533. doi: 10.2215/CJN.00950208

Klinkhammer, B.M., Goldschmeding, R., Floege, J., and Boor, P. (2017). Treatment

of renal fibrosis-turning challenges into opportunities.Adv. Chronic Kidney Dis.

24, 117–129. doi: 10.1053/j.ackd.2016.11.002

Korn, S. H., Wouters, E. F., Vos, N., and Janssen-Heininger, Y. M. (2001).

Cytokine-induced activation of nuclear factor-kappa B is inhibited by hydrogen

peroxide through oxidative inactivation of IkappaB kinase. J. Biol. Chem. 276,

35693–35700. doi: 10.1074/jbc.M104321200

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mechanisms of

epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178–196.

doi: 10.1038/nrm3758

Lavoz, C., Rodrigues-Diez, R., Benito-Martin, A., Rayego-Mateos, S., Rodrigues-

Diez, R. R., Alique, M., et al. (2012). Angiotensin II contributes to renal

fibrosis independently of Notch pathway activation. PLoS ONE 7:e40490.

doi: 10.1371/journal.pone.0040490

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 February 2021 | Volume 8 | Article 616747

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE7392
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE7392
https://www.frontiersin.org/articles/10.3389/fcell.2020.616747/full#supplementary-material
https://doi.org/10.1177/2048004016677687
https://doi.org/10.1172/JCI36703
https://doi.org/10.1371/journal.ppat.1005880
https://doi.org/10.1152/ajprenal.00481.2011
https://doi.org/10.1159/000447067
https://doi.org/10.14670/HH-18-255
https://doi.org/10.1001/jama.298.17.2038
https://doi.org/10.1038/ncomms10662
https://doi.org/10.1038/s41418-020-0495-2
https://doi.org/10.1016/j.tcb.2015.06.002
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1126/scitranslmed.3010755
https://doi.org/10.1016/j.cell.2005.01.033
https://doi.org/10.1038/nrneph.2016.108
https://doi.org/10.1073/pnas.1402352111
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1146/annurev-physiol-022516-034227
https://doi.org/10.1016/j.semnephrol.2013.11.002
https://doi.org/10.2215/CJN.00950208
https://doi.org/10.1053/j.ackd.2016.11.002
https://doi.org/10.1074/jbc.M104321200
https://doi.org/10.1038/nrm3758
https://doi.org/10.1371/journal.pone.0040490
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Liu et al. TRIM6 Promotes Renal Fibrosis

Lee, H.-J. (2018). The role of tripartite motif family proteins in TGF-β signaling

pathway and cancer. J. Cancer Prevent. 23:162. doi: 10.15430/JCP.2018.23.4.162

Li, H., Peng, X., Wang, Y., Cao, S., Xiong, L., Fan, J., et al. (2016). Atg5-mediated

autophagy deficiency in proximal tubules promotes cell cycle G2/M arrest and

renal fibrosis. Autophagy 12, 1472–1486. doi: 10.1080/15548627.2016.1190071

Li, L., Zhang, S., Wei, L., Wang, Z., Ma, W., Liu, F., et al. (2020). Anti-

fibrotic effect of melittin on TRIM47 expression in human embryonic

lung fibroblast through regulating TRIM47 pathway. Life Sci. 256:117893.

doi: 10.1016/j.lfs.2020.117893

Lieberthal, W., and Levine, J. S. (2009). The role of the mammalian target of

rapamycin (mTOR) in renal disease. J. Am. Soc. Nephrol. 20, 2493–2502.

doi: 10.1681/ASN.2008111186

Lingappan, K. (2018). NF-kappaB in oxidative stress. Curr. Opin. Toxicol. 7, 81–86.

doi: 10.1016/j.cotox.2017.11.002

Liu, F., and Zhuang, S. (2019). New therapies for the treatment of renal fibrosis.

Adv. Exp. Med. Biol. 1165, 625–659. doi: 10.1007/978-981-13-8871-2_31

Liu, Y. (2011). Cellular and molecular mechanisms of renal fibrosis. Nat. Rev.

Nephrol. 7:684. doi: 10.1038/nrneph.2011.149

Lui, S. L., Chan, K. W., Tsang, R., Yung, S., Lai, K. N., and Chan, T. M. (2006).

Effect of rapamycin on renal ischemia-reperfusion injury in mice. Transpl. Int.

19, 834–839. doi: 10.1111/j.1432-2277.2006.00361.x

Mandell, M. A., Jain, A., Arko-Mensah, J., Chauhan, S., Kimura, T., Dinkins,

C., et al. (2014). TRIM proteins regulate autophagy and can target

autophagic substrates by direct recognition. Dev. Cell 30, 394–409.

doi: 10.1016/j.devcel.2014.06.013

Menikdiwela, K. R., Ramalingam, L., Allen, L., Scoggin, S., Kalupahana, N.

S., and Moustaid-Moussa, N. (2019). Angiotensin II increases endoplasmic

reticulum stress in adipose tissue and adipocytes. Sci. Rep. 9:8481.

doi: 10.1038/s41598-019-44834-8

Mezzano, S. A., Ruiz-Ortega, M., and Egido, J. (2001). Angiotensin II and renal

fibrosis. Hypertension 38, 635–638. doi: 10.1161/hy09t1.094234

Morgan, M. J., and Liu, Z. G. (2011). Crosstalk of reactive oxygen species and

NF-kappaB signaling. Cell Res. 21, 103–115. doi: 10.1038/cr.2010.178

Mostov, K. E. (2006). mTOR is out of control in polycystic kidney disease. Proc.

Natl. Acad. Sci. U. S. A. 103, 5247–5248. doi: 10.1073/pnas.0601352103

Muta, K., Morgan, D. A., Grobe, J. L., Sigmund, C. D., and Rahmouni, K. (2016).

mTORC1 signaling contributes to drinking but not blood pressure responses

to brain angiotensin II. Endocrinology 157, 3140–3148. doi: 10.1210/en.201

6-1243

Nogueira, A., Pires, M. J., and Oliveira, P. A. J.,i.v. (2017). Pathophysiological

mechanisms of renal fibrosis: a review of animal models and therapeutic

strategies. in vivo 31, 1–22. doi: 10.21873/invivo.11019

Park, W. D., and Stegall, M. D. (2007). A meta-analysis of kidney microarray

datasets: investigation of cytokine gene detection and correlation with rt-PCR

and detection thresholds. BMC Genom. 8:88. doi: 10.1186/1471-2164-8-88

Rabanal-Ruiz, Y., Otten, E. G., and Korolchuk, V. I. (2017). mTORC1 as the main

gateway to autophagy. Essays Biochem. 61, 565–584. doi: 10.1042/EBC20170027

Rajsbaum, R., Versteeg, G. A., Schmid, S., Maestre, A. M., Belicha-Villanueva,

A., Martinez-Romero, C., et al. (2014). Unanchored K48-linked polyubiquitin

synthesized by the E3-ubiquitin ligase TRIM6 stimulates the interferon-

IKKepsilon kinase-mediated antiviral response. Immunity 40, 880–895.

doi: 10.1016/j.immuni.2014.04.018

Seccia, T. M., Caroccia, B., Piazza, M., and Rossi, G. P. (2019). The key role of

epithelial to mesenchymal transition (EMT) in hypertensive kidney disease. Int.

J. Mol. Sci. 20:3567. doi: 10.3390/ijms20143567

Solez, K., Colvin, R., Racusen, L. C., Haas, M., Sis, B., Mengel, M.,

et al. (2008). Banff 07 classification of renal allograft pathology:

updates and future directions. Am. J. Transplant. 8, 753–760.

doi: 10.1111/j.1600-6143.2008.02159.x

Tang, S., Bai, C., Yang, P., and Chen, X. (2013). 14-3-3epsilon boosts bleomycin-

induced DNA damage response by inhibiting the drug-resistant activity of

MVP. J. Proteome Res. 12, 2511–2524. doi: 10.1021/pr301085c

Tang, S., Wang, Y., Xie, G., Li, W., Chen, Y., Liang, J., et al. (2020).

Regulation of Ptch1 by miR-342-5p and FoxO3 induced autophagy involved

in renal fibrosis. Front. Bioeng. Biotechnol. 8:1266. doi: 10.3389/fbioe.2020.

583318

Tanjore, H., Cheng, D. S., Degryse, A. L., Zoz, D. F., Abdolrasulnia, R., Lawson,

W. E., et al. (2011). Alveolar epithelial cells undergo epithelial-to-mesenchymal

transition in response to endoplasmic reticulum stress. J. Biol. Chem. 286,

30972–30980. doi: 10.1074/jbc.M110.181164

Ulianich, L., Garbi, C., Treglia, A. S., Punzi, D., Miele, C., Raciti, G. A., et al. (2008).

ER stress is associated with dedifferentiation and an epithelial-to-mesenchymal

transition-like phenotype in PC Cl3 thyroid cells. J. Cell Sci. 121, 477–486.

doi: 10.1242/jcs.017202

Wakui, H., Yamaji, T., Azushima, K., Uneda, K., Haruhara, K., Nakamura, A., et al.

(2020). Effects of Rikkunshito treatment on renal fibrosis/inflammation and

body weight reduction in a unilateral ureteral obstruction model in mice. Sci.

Rep. 10:1782. doi: 10.1038/s41598-020-58214-0

Wang, Y., Hao, Y., Zhao, Y., Huang, Y., Lai, D., Du, T., et al. (2020).

TRIM28 and TRIM27 are required for expressions of PDGFRβ and contractile

phenotypic genes by vascular smooth muscle cells. FASEB J. 34, 6271–6283.

doi: 10.1096/fj.201902828RR

Woessner, J. Jr. (1961). The determination of hydroxyproline in tissue and protein

samples containing small proportions of this imino acid. Archiv. Biochem.

Biophys. 93, 440–447. doi: 10.1016/0003-9861(61)90291-0

Xiao, W., Wang, X., Wang, T., and Xing, J. (2018). TRIM2 downregulation in

clear cell renal cell carcinoma affects cell proliferation, migration, and invasion

and predicts poor patients’ survival. Cancer Manag. Res. 10, 5951–5964.

doi: 10.2147/CMAR.S185270

Xu, G., Guo, Y., Xu, D., Wang, Y., Shen, Y., Wang, F., et al. (2017). TRIM14

regulates cell proliferation and invasion in osteosarcoma via promotion of the

AKT signaling pathway. Sci. Rep. 7, 1–9. doi: 10.1038/srep42411

Xu, Z., Li, W., Han, J., Zou, C., Huang, W., Yu, W., et al. (2017). Angiotensin II

induces kidney inflammatory injury and fibrosis through binding to myeloid

differentiation protein-2 (MD2). Sci. Rep. 7:44911. doi: 10.1038/srep44911

Yang, Y.-F., Zhang, M.-F., Tian, Q.-H., and Zhang, C. Z. (2017). TRIM65 triggers

β-catenin signaling via ubiquitylation of Axin1 to promote hepatocellular

carcinoma. J. Cell Sci. 130, 3108–3115. doi: 10.1242/jcs.206623

Yao, Y., and Inoki, K. (2016). The role of mechanistic target of rapamycin in

maintenance of glomerular epithelial cells. Curr. Opin. Nephrol. Hypertens. 25,

28–34. doi: 10.1097/MNH.0000000000000181

Yuan, H.-X., Xiong, Y., and Guan, K.-L. (2013). Nutrient sensing, metabolism, and

cell growth control.Mol. Cell 49, 379–387. doi: 10.1016/j.molcel.2013.01.019

Zhang, H., and Sun, S. C. (2015). NF-kappaB in inflammation and renal diseases.

Cell Biosci. 5:63. doi: 10.1186/s13578-015-0056-4

Zhao, G., Tu, L., Li, X., Yang, S., Chen, C., Xu, X., et al. (2012). Delivery

of AAV2-CYP2J2 protects remnant kidney in the 5/6-nephrectomized rat

via inhibition of apoptosis and fibrosis. Hum. Gene Ther. 23, 688–699.

doi: 10.1089/hum.2011.135

Zhao, X.-C., Livingston, M. J., Liang, X.-L., and Dong, Z. (2019). “Cell

apoptosis and autophagy in renal fibrosis,” in Renal Fibrosis: Mechanisms

and Therapies eds B. C. Liu, H. Y. Lan, and L. L. Lv (Springer), 557–584.

doi: 10.1007/978-981-13-8871-2_28

Zhou, S., Yang, J., Wang, M., Zheng, D., and Liu, Y. (2020). Endoplasmic reticulum

stress regulates epithelialmesenchymal transition in human lens epithelial cells.

Mol. Med. Rep. 21, 173–180. doi: 10.3892/mmr.2019.10814

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Liu, Yi, Zhang, Zhou, Liao, Liu, Hu, Xu, Chen and Lu. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 February 2021 | Volume 8 | Article 616747

https://doi.org/10.15430/JCP.2018.23.4.162
https://doi.org/10.1080/15548627.2016.1190071
https://doi.org/10.1016/j.lfs.2020.117893
https://doi.org/10.1681/ASN.2008111186
https://doi.org/10.1016/j.cotox.2017.11.002
https://doi.org/10.1007/978-981-13-8871-2_31
https://doi.org/10.1038/nrneph.2011.149
https://doi.org/10.1111/j.1432-2277.2006.00361.x
https://doi.org/10.1016/j.devcel.2014.06.013
https://doi.org/10.1038/s41598-019-44834-8
https://doi.org/10.1161/hy09t1.094234
https://doi.org/10.1038/cr.2010.178
https://doi.org/10.1073/pnas.0601352103
https://doi.org/10.1210/en.2016-1243
https://doi.org/10.21873/invivo.11019
https://doi.org/10.1186/1471-2164-8-88
https://doi.org/10.1042/EBC20170027
https://doi.org/10.1016/j.immuni.2014.04.018
https://doi.org/10.3390/ijms20143567
https://doi.org/10.1111/j.1600-6143.2008.02159.x
https://doi.org/10.1021/pr301085c
https://doi.org/10.3389/fbioe.2020.583318
https://doi.org/10.1074/jbc.M110.181164
https://doi.org/10.1242/jcs.017202
https://doi.org/10.1038/s41598-020-58214-0
https://doi.org/10.1096/fj.201902828RR
https://doi.org/10.1016/0003-9861(61)90291-0
https://doi.org/10.2147/CMAR.S185270
https://doi.org/10.1038/srep42411
https://doi.org/10.1038/srep44911
https://doi.org/10.1242/jcs.206623
https://doi.org/10.1097/MNH.0000000000000181
https://doi.org/10.1016/j.molcel.2013.01.019
https://doi.org/10.1186/s13578-015-0056-4
https://doi.org/10.1089/hum.2011.135
https://doi.org/10.1007/978-981-13-8871-2_28
https://doi.org/10.3892/mmr.2019.10814
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	The Expression of TRIM6 Activates the mTORC1 Pathway by Regulating the Ubiquitination of TSC1-TSC2 to Promote Renal Fibrosis
	Introduction
	Materials and Methods
	Bioinformatics Analysis
	Kidney Tissue Samples
	Cell Cultures and Angiotensin II Treatment
	RNA Isolation and Quantitative RT-PCR
	Preparation of Total Cell Lysates, Cytosolic Fraction and Nuclear Extracts, and Western Blot Analysis
	Lentivirus Preparation
	Small Interference RNA (siRNA)
	Transwell Assay
	Evaluation of ROS Production by Flow Cytometry
	Immunoprecipitation (IP) and Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis
	Coimmunoprecipitation (co-IP) Assays
	Immunofluorescence Staining
	Luciferase Reporter Assay
	Construction of Adenovirus Expressing TRIM6 shRNAs
	Animal Model
	Hydroxyproline Assay
	Blood Urea Nitrogen Assay
	Serum Creatinine Assay
	Statistical Analysis

	Results
	TRIM6 Is Highly Expressed in Renal Fibrosis and Positively Correlated With the Severity of Renal Fibrosis
	Inhibition of TRIM6 Ameliorates Renal Fibrosis and ER Stress
	TRIM6 Attenuates EMT and ER Stress Through the mTORC1 Pathway
	TRIM6 Participates in the mTORC1 Signaling Through Activating the Ubiquitination of TSC1 and TSC2
	The Angiotensin II-Activated NF-κB Signaling Facilitates the Transcription of TRIM6
	Knockdown of TRIM6 Attenuates Renal Fibrosis in 5/6 NX Rats
	The Levels of TRIM6, TSC1, TSC1, and Nuclear NF-κB p50 Are Clinically Related to the Severity of Renal Fibrosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


