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NRF-1 directly regulates TFE3 and promotes
the proliferation of renal cancer cells
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Abstract. The role of transcription factor binding to IGHM
enhancer 3 (TFE3) in renal cell carcinoma (RCC) is not well
understood. Nuclear respiratory factor 1 (NRF-1) may be the
positive upstream regulatory gene of TFE3. The aim of the
present study was to determine whether NRF-1 could directly
regulate the expression of TFE3 and regulate tumorigenesis
and progression of RCC through TFE3. Short hairpin RNA
(shRNA) was used to silence the expression of NRF-1 in the
786-0 human kidney adenocarcinoma cell line and the 293T
human embryonic kidney cell line. Luciferase reporter assays
were used to determine the relationship between NRF-1 and
TFE3. The CHIP experiment was used to verify the actual
binding of NRF-1 and TFE3 promoter regions. MitoTimer
staining was used to measure mitochondrial biosynthesis.
Flow cytometry was used to detect cell cycle and apoptosis.
The 786-0 and 293T cells were used to examine the under-
lying mechanism of action. The results demonstrated that
NRF-1 could bind to the promoter region of the TFE3 gene
and directly regulate the expression of TFE3. Following
NRF-1 knockdown, the protein levels of phosphorylated
(p)-AKT and p-S6 of mTOR pathway was inhibited, cell cycle
progression was blocked, the levels of apoptosis increased, and
mitochondrial generation was reduced. Following overexpres-
sion of TFE3, the levels of mTOR-associated markers were
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restored in NRF-1 knockdown cells. These findings suggest
that NRF-1 may regulate the mTOR pathway through TFE3
and regulate the energy metabolism, proliferation and growth
of cancer cells by directly regulating the expression of TFE3.

Introduction

MiT/TFE transcriptional factors encodes four distinct
genes: MITF, TFEB, transcription factor binding to IGHM
enhancer 3 (TFE3) and TFEC (1-5). Structurally, MiT/TFE
genes encode a protein with a double-helix leucine zipper
motif, a transactivating zone and a domain responsible for
DNA contact and binding (1-5). The TFE3 gene is 14,749-bp
long and is located on chromosome Xp11.22 (6). The functional
domain of the TFE3 gene can fuse with the promoter region
of other genes, usually housekeeping genes, resulting in the
constitutive overexpression of the TFE3 protein and a condi-
tion referred to as Xpll.2-translocation renal cell carcinoma
(tRCC) (7,8). The TFE3 protein plays an important role in the
development of Xpl1.2 tRCC, as well as other types of renal
cell carcinoma (9,10). Indeed, high levels of TFE3 protein tend
to indicate poor prognosis and fast progression (8). Previous
studies have identified that TFE3 binds to coordinated lyso-
somal expression and regulation sequence elements to induce
lysosomal biogenesis and autophagy (11,12). TFE3 also plays
a role in cellular energy metabolism. For instance, TFE3
governs insulin signaling and glucose metabolism by upregu-
lating insulin receptor 1 substrate (IRS)-2 and hexokinase
enzymes, thus inhibiting lipogenesis and increasing glycogen
synthesis (13,14). In addition, TFE3 may promote oncogenesis
by regulating the cell cycle in Xp11.2 tRCC (15,16).

Nuclear respiratory factor-1 (NRF-1) is a transcription
factor that functions primarily as a positive regulator of
genes involved in mitochondrial biogenesis and oxidative
phosphorylation (17,18). NRF-1 belongs to the NRF family
and, together with NRF-2, participates in the regulation of
the expression of components related to respiratory chain
subunits, mitochondrial replication and transcription (16).
NRF-1 plays a vital role in maintaining mitochondrial oxida-
tive respiration and energy production, as well as regulating
cell proliferation and growth (19). In addition, a previous
study demonstrated that NRF-1, the main regulator of various
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genes in the nervous system, is associated with neurodegen-
erative diseases (20). A previous study identified 2,470 NRF-1
target genes in SK-N-SH human neuroblastoma cells using
chromatin immunoprecipitation sequencing (ChIP-Seq) (18).
The molecular pathways of these genes involve regulation of
RNA metabolism, splicing, cell cycle, DNA damage repair,
protein translation initiation and ubiquitin-mediated protein
degradation, along with mitochondrial respiratory function.
TFE3 is also a target gene of NRF-1 (21).

It is well known that tumorigenesis results in a parallel
change in cellular metabolism, which is closely related to the
biosynthesis of mitochondria and linked to NRF-1 (22,23).
Moreover, TFE3 itself is involved in cellular energy metabo-
lism. Previous reports indicated that TFE3 may be one of the
downstream target genes of NRF-1 (1,8,19,22). Therefore, the
aim of the present study was to determine whether NRF-1 had a
direct regulatory effect on TFE3 and whether it could mediate
the occurrence and development of tumors through TFE3.

Materials and methods

Cell culture. The cell lines used in this study included the 786-O
human kidney adenocarcinoma cell line (CRL-1932™) and the
293T human embryonic kidney cell line (CRL11268™"), which
were obtained from the American Type Culture Collection.
DMEM supplemented with 10% FBS (both from Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to culture
cells in a 5% CO, humidified incubator at 37°C.

Gene silencing and plasmid constructs. In the present
study, lentiviral vectors were used, and the virus assembly
and sequence design were completed by OBiO Technology
(Shanghai) Corp. The selected interference vector was
pLKD-CMV-Puro-U6-shRNA vector [OBiO Technology
(Shanghai) Corp.]. The ccdB toxic gene downstream of the U6
promoter was cut with Agel and EcoR and the shRNA sequence
to be constructed was inserted. Lentiviruses were produced by
the transfection of 293T cells [OBiO Technology (Shanghai)
Corp.] with Gag/Pal along with VSV-G [OBiO Technology
(Shanghai) Corp.]. Cells at 50-60% confluence were trans-
duced with lentivirus carrying short hairpin RNA (shRNA)
targeting the human TFE3 or NRF1 genes [multiplicity of
infection, 3; virus titer, 1x10® transduction units/ml (TU)].
The transfection reagent was HitransG (cat. no. GCD0252780;
Shanghai Genechem Co., Ltd.). The sequences used were as
follows: i) NRF1-shRNA, 5'-GTAAGTACAAGAGCATGA
T-3'; ii) TFE3-shRNA, 5-GCTCCGAATTCAGGAACTA-3;
and iii) negative control (NC) shRNA, 5"-TTCTCCGAACGT
GTCACGT-3" The samples were incubated at 37°C for 12-16 h,
the medium was changed to complete medium and then
incubation was continued. After 48-h incubation in a 5% CO,
humidified incubator at 37°C. The infected cells were selected
using 2 pg/ml of puromycin (cat. no. P8833; Sigma-Aldrich;
Merck KGaA) for stable clones.

For overexpression, the cDNA encoding TFE3 was
subcloned into pcDNA3.1 (V790-20; Invitrogen; Thermo
Fisher Scientific Inc.) with ClonExpress II One Step Cloning
kit (cat. no. C112; Vazyme Biotech Co., Ltd.). The primers
used for constructing the TFE3 overexpression plasmid were

as follows: forward, 55GCCACCATGTCTCATGCGGCC
GAA-3'; reverse, 5-CAGGACTCCTCTTCCATGCTG-3".
Cells in the logarithmic growth phase (density, 40-50%)
were plated in a 6-well plate with 3.5 ug plasmid per well.
The plasmid was transfected using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer's instructions. The plasmid suspension and
Lipofectamine ®2000 suspension were mixed gently and
allowed to stand at room temperature for 20 min followed
by incubation in a 5% CO, humidified incubator at 37°C for
48 h. The expression plasmids for NRF-1 were constructed
according to a previous report (24).

ChIP. ChIP was performed according to the protocol from the
Pierce™ Agarose ChIP kit (Thermo Fisher Scientific, Inc.;
cat. no. 26156). Briefly, 293T cells were fixed with in 1% form-
aldehyde in culture medium at room temperature for 5 min.
The remaining unreacted formaldehyde was quenched with
glycine. Cells were lysed in Buffer 1, centrifuged at 9,000 x g
for 3 min and the supernatant was removed. Pellets were
resuspended in Buffer 1, homogenized on ice, then pelleted
again. Next, the pellet was resuspended in Buffer 2. The chro-
matin fraction was sheared by sonication in 1.5 ml siliconized
microcentrifuge tubes. The sheared chromatin was immuno-
precipitated with either anti-NRF-1 antibody (10 pxg/sample;
cat. no. ab175932; Abcam) or normal rabbit IgG (1-2 ul;
cat. no. 26156; Thermo Fisher Scientific Inc.) overnight at 4°C
with constant rotation. The isolated complexes were washed
with IP Wash Buffer 2 and IP Wash Buffer 3 prior to elution.
The DNA fragments were then separated from complexes
and recovered through column purification (Thermo Fisher
Scientific, Inc.; cat. no. 26156). The co-precipitated DNA frag-
ments were identified by quantitative PCR (qPCR) as detailed
below using primers. Specific for the TFE3 promoter region:
forward primer, 5'-GGTCGTCCGGGGTTAGGTT-3'; reverse
primer, 5"-TCCGCTAAGCCATGGAGCTA-3

Luciferase reporter assay. The promoter region online analysis
software JASPER (http://jaspar.genereg.net/cgi-bin/jaspar_
db.pl) was used to analyze NRF-1 binding sites in the
promoter region of TFE3. The TFE3 promoter was obtained
from the NCBI and cloned into the pGL4.10 vector (Shanghai
Obio Technology Co., Ltd.). The amplified plasmid was
verified by restriction enzyme digestion and the monoclonal
was in accordance with the theoretical design (Fig. 1C). The
sequences of the plasmids were verified using sequencing.
The plasmid was transfected using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer's recommendations. Plasmid constructs were
co-transfected with pGMLR-TK Renilla luciferase-containing
plasmid (cat. no. 11558ES03; Shanghai Yeason Biotechnology
Co., Ltd.) as an internal control. Reporter activity was detected
using Dual Luciferase Reporter Gene Assay Kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. The TFE3 luciferase reporter gene plasmid was
transfected into 293T cells, interfered with NRF1-shRNA
and luciferase activity was detected 48 h later. The cells were
then lysed, and luciferase activity was detected using the
Dual-Glo luciferase assay system. Renilla luciferase was used
the internal control, the RLU value was obtained by the firefly
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luciferase measurement divided by the RLU value obtained by
the Renilla luciferase measurement. According to the obtained
ratio, the activation degree of the target reporter gene was
assessed among different samples. The sequences of shRNA
used were as follows: NRF1-shRNA, 5-GTAAGTACAAGA
GCATGAT-3"; and negative control (NC) shRNA, 5-TTCTCC
GAACGTGTCACGT-3". The virus assembly and sequence
design were completed by Dharmacon.

Western blot analysis. Total cellular proteins were treated with
extraction buffer (50 mM Tris-HCI, pH 7.4; 150 mM NaCl,
1% NP-40 Lysis Buffer; 0.1% SDS; 1X protease inhibitor
cocktail). Whole cell lysates were centrifuged at 12,000 x g
at 4°C. Total protein was quantified via the BCA assay. Total
cellular protein (40 ug/lane) was subjected to 10% SDS-PAGE,
then transferred to a PVDF membrane (Roche Diagnostics).
Blots were blocked with 5% non-fat milk in TBS + 0.05%
Tween-20 (Sigma-Aldrich; MerckKGaA) (TBST). The
membranes were incubated with primary antibodies over-
night at 4°C. After washing with TBST, HRP-conjugated
secondary antibodies were applied at room temperature for
2 h. After antibody incubation, the blots were washed with
TBST 5 times for 5 min each time. The protein bands were
visualized using an enhanced chemiluminescence detection
kit (cat. no. POO18A; Beyotime Institute of Biotechnology) and
recorded on a radiographic film (Alpha Innotech Corporation).
The following primary antibodies were: Anti-TFE3 (1:2,000;
cat. no. HPA023881; Sigma-Aldrich; Merck KGaA);
anti-NRF-1 (1:2,000; cat. no. ab175932; Abcam); anti-mTOR
(1:5,000; cat. no. ab134903; Abcam); anti-S6 (1:1,000;
cat. no. CST 54D2; Cell Signaling Technology Inc.); anti-p-S6
(1:2,000; cat. no. CST D57.2.2E; Cell Signaling Technology
Inc.); anti-AKT (1:1,000; cat. no. CST 9272; Cell Signaling
Technology Inc.); anti-p-AKT (1:2,000; cat. no. CST 4060;
Cell Signaling Technology Inc.); and anti-GAPDH (1:2,500;
cat. no. BM3876; Wuhan Boster Biological Technology, Ltd.).
The following secondary antibodies were used: anti-Rabbit
IgG (1:5,000; BA1054; Wuhan Boster Biological Technology,
Ltd.) and anti-Mouse IgG (1:5,000; cat. no. BA1051; Wuhan
Boster Biological Technology, Ltd.). Semi-quantitative anal-
ysis was performed using ImageJ v.1.8.0 software (National
Institutes of Health).

RNA isolation and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted from the 786-0O and 293T
cells at room temperature using Trizol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) and reverse-transcribed using
HiScript Q RT Supermix for gPCR (Vazyme Biotech Co., Ltd.,
cat. no. R122-01) according to the manufacturer's instructions.
In RT process, reaction system including RNA was incubated
at 42°C for 60 min to synthesize cDNA, then incubated at 80°C
for 10 min to inactivate the reverse transcriptase and termi-
nate the RT reaction. For qPCR analysis, SYBR Green ER
(Roche Diagnostics) was used according to the manufacturer's
protocol. Total RNA samples were prepared from control and
various treated cells and analyzed by real-time PCR analysis
using a 7300 system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The thermocycling conditions were as follows:
amplification was done for 25 cycles, each with denaturation
at 95°C for 30 sec, annealing at 60°C for 30 sec and extension
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at 72°C for 30 sec. The Cq values were analyzed using the
22444 method (25). Amplification of the reference endogenous
gene GAPDH was used to normalize the data. The primer
sequences used for RT-qPCR are listed in Table I.

Cell cycle analysis. 786-0O cells with different treatments
were fixed with 70% ethanol for 1 h at 4°C and stained with
50 ug/ml propidium iodide for 30 min at 4°C in the dark. Cell
cycle data was acquired using an LSR II flow cytometer (BD
Biosciences). Quantification of cells in each phase of the cell
cycle was carried out using FlowJo (version 10; FlowJo LLC).

Apoptosis analysis. To quantify apoptosis, annexin V and
propidium iodide staining was carried out, followed by
flow cytometry. The 786-0 cells with different treatments
were collected and washed twice with PBS. Subsequently,
Binding Buffer was added to 400 ul of cell suspension,
stained with 5 pl of Annexin V-FITC and propidium iodide
(PI) staining solution at room temperature for 15 min in the
dark (all part of a kit; cat. no. C1062S; Beyotime Institute
of Biotechnology). Data was acquired using an LSR II flow
cytometer (BD Biosciences). Quantification of apoptotic cells
was carried out using FlowJo (version 10; FlowJo LLC).

Measurement of mitochondria using MitoTimer. MitoTimer
is a novel tool for monitoring real-time mitochondrial aging,
turnover and biogenesis, which can be used to evaluate indi-
vidual mitochondria or mitochondrial populations within a
cell (26). MitoTimer encodes a ‘timer fluorescent protein’ that
is targeted to the mitochondrial matrix (26). MitoTimer green
fluorescence enters the mitochondrial matrix and matures into a
red fluorescent protein (26,27). In this study, MitoTimer plasmid
(cat.no. 50547; Biovector NTCC Inc.) was transfected into 293T
cells. The plasmid was transfected using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) following the manu-
facturer's recommendations. Cells in the logarithmic growth
phase (density, 40-50%) were plated in a 6-well plate with 3.5 ug
plasmid/well and incubated in a 5% CO, humidified incubator
at 37°C. Subsequently, 24 h later production was induced with
doxycycline (Dox) (2 ug/ml) at 37°C for 24 h. Mitophagy was
then observed using a Olympus confocal microscope.

Cell Counting Kit-8 (CCK-8) analysis. The target cells
were digested and seeded into a 96-well plate at a density of
3x10° cells. After 24 h of incubation in an incubator, 10 ul
CCK-8 reagent was added to each well. After incubation in
the incubator for another 2 h, the absorbance was measured
at 450 nm wavelength.

Statistical analysis. Data analysis was performed using Excel
(version 16.11.1; Microsoft Corporation) or SPSS for Windows
(version 13.0; SPSS, Inc.). Differences between groups were
analyzed using Student's unpaired t-tests or one-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

NRF-1 has functional binding sites in the promoter region of
TFE3. The promoter region online analysis software JASPER
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Table I. Primer sequences used for RT-qPCR.

Gene name Primers (5'-3")
GAPDH F:  GGAGCGAGATCCCTCCAAAAT
R: GGCTGTTGTCATACTTCTCATGG
TFE3 F: TGTGTACAGTAGTCAAGGCGT
R: AGTGCCCAGTTCCTTGATCC
NRF-1 F: GTACAAGAGCATGATCCTGGA
R: GCTCTTCTGTGCGGACATC
mTOR F: TCCGAGAGATGAGTCAAGAGG
R: CACCTTCCACTCCTATGAGGC
CCND1 F: GCTGCGAAGTGGAAACCATC
R: CCTCCTTCTGCACACATTTGAA
CCND2 F: CTGTCTCTGATCCGCAAGCAT
R: GGTGGGTACATGGCAAACTTAAA
AKT F: GTCATCGAACGCACCTTCCAT
R: AGCTTCAGGTACTCAAACTCGT
S6 F: AGGGTTATGTGGTCCGAATCA
R: TTGGTCTGTAACAGGAATGCC

RT-qPCR, reverse transcription-quantitative; NRF1, nuclear respi-
ratory factor-1; TFE3, IGHM enhancer 3; CCNDI1, cyclin DI1;
CCND2, cyclin D2; F, forward; R, reverse.

was used to analyze whether there are NRF-1 binding sites in
the promoter region of TFE3. A total of 12 potential binding
sites for NRF-1 were identified in the promoter region of
TFE3. Primers for the two sites with the highest scores were
designed for subsequent experiments (Fig. 1A).

To determine whether the TFE3 promoter interacted
with NRF-1, ChIP was performed using genomic DNA and
NRF-1-specific antibodies, and qPCR was used to analyzed
the target DNA fragments. The ChIP results indicated that
NRF-1 could directly bind to the TFE3 promoter region at
position 477-487 (Fig. 1B).

The results of the luciferase assay demonstrated luciferase
activity of the TFE3 gene promoter in the NRF-1 shRNA
group decreased by ~20% compared with the control group
(Fig. 1D). This confirmed that NRF-1 could bind the promoter
region of the TFE3 gene, which may have a positive regulatory
effect on the transcription of TFE3 gene. Thus, the potential
regulatory effect of NRF-1 on TFE3 was further examined.
NRF-1 expression was silenced using shRNA, and the mRNA
and protein expression levels of TFE3 were measured. The
results indicated that NRF-1 silencing reduced the expression
of TFE3 compared with NRF-1 NC (Fig. 2A-C). Moreover,
the mRNA and protein expression levels of TFE3 were
measured following NRF-1 overexpression. The mRNA and
protein levels of TFE3 were upregulated following NRF-1
overexpression, which was consistent with the aforementioned
results (Fig. 2D-F).

Function of NRF-1 in kidney cancer cells. TFE3 have also
been implicated in mTOR signaling, a major regulator of
protein synthesis contributing to the growth of several
tumor types, including RCC (28). NRF-1 expression was

silenced in 786-0O cells using shRNA and the expression
of mTOR-related indicators (mMTOR, AKT/p-AKT and
S6/p-S6) was measured. The protein levels of p-AKT and
p-S6 were decreased compared with the control group and
the results showed that the expression levels of components
of the mTOR pathway were downregulated following NRF-1
shRNA transfection (Fig. 3A-C). In order to further verify
that NRF-1 can regulate the mTOR pathway through TFE3,
the TFE3 protein was overexpressed in NRF-1 shRNA 786-O
cells. The overexpression plasmid of TFE3 was verified
using western blot analysis (Fig. S1). The results showed that
the overexpression of the TFE3 protein together with NRF-1
silencing restored the expression mTOR pathway-associated
proteins compared with NRF-1 or TFE3 silencing alone
(Fig. 3D and E).

In order to detect the effect of NRF-1 on tumor cell apop-
tosis and proliferation, flow cytometry was used following
NRF-1 silencing using shRNA. The results demonstrated
that NRF-1 silencing promoted the apoptosis of 786-O cells
(Fig. 4A and B). Compared with the control group, NRF-1
shRNA 786-0 cells showed an increase in the fraction of cells
in the G, phase and a decrease in the G, phase of the cell cycle.
These results indicated that NRF-1 silencing resulted in G,
cycle arrest (Fig. 4C and D).

Further experiments showed that TFE3 and NRF-1
silencing promote cell apoptosis to varying degrees. Indeed,
following simultaneous NRF-1 silencing and TFE3 overex-
pression, the apoptosis of 786-0 cells was significantly reduced
compared with all other groups (Fig. 5A and C). These results
indicated that TFE3 played a key role in tumor cell apoptosis.
NRF-1 can participate in the regulation of cell apoptosis by
directly regulating the expression of TFE3 protein.

NRF-1 and TFE3 silencing alone resulted in G,-phase
cell cycle arrest in 786-O cells. By contrast, following NRF-1
silencing and TFE3 overexpression, cell cycle arrest in G,
phase was suppressed, restoring the fraction of cells to levels
similar to those of the control group (Fig. 5B and D).

In order to detect changes in cell proliferation, CCK-8
was used. Compared with the control group, NRF-1 and
TFE3 silencing alone inhibited cell proliferation. However,
following TFE3 overexpression in NRF-1 shRNA cells, prolif-
eration increased compared with NRF-1 and TFE3 silencing
alone (Fig. SE).

Effect of NRF-1 expression on mitochondria production of
tumor cells. To determine how changes in NRF expression
might affect mitochondria, the MitoTimer plasmid to detect
changes in mitochondrial formation in cells. Under the same
shooting conditions, significantly reduced fluorescence signals
were observed in the NRF-1 shRNA group, and down-regu-
lation of mitochondrial generation was observed. The results
showed that the fluorescence of cells in the NRF-1 shRNA
group showed a significant decrease compared with the NC
(Fig. 6). Thus, the mitochondrial generation rate was slowed
down following knockdown of NRF-1.

Discussion

In the present study, the expression of the TFE3 gene was directly
regulated by NRF-1, a crucial transcription factor involved in
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oxidative phosphorylation and mitochondrial biogenesis (19).
The role of TFE3 and its fusion gene in renal cancer has not
been fully elucidated since its first discovery (9,10). The occur-
rence and progression of tumors are closely related to energy
metabolism and NRF-1 coordinates synaptic activity and energy
metabolism (22,29). Previous reports have indicated that TFE3
may be one of the downstream target genes of NRF-1 (30).

Therefore, the aim of the present study was to confirm the
regulatory relationship between NRF-1 and TFE3, in order to
explore the role of NRF-1/TFE3 in the process of tumorigenesis.

A previous study on NRF-1 in the literature have focused on
mitochondria and energy metabolism (31). Autophagy, as well
as tumor-related autophagy and even cellular immunity (32-35).
However, there is less research on the interaction between NRF-1
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S6, S6 ribosomal protein; NRF-1, nuclear respiratory factor-1; TFE3, transcription factor binding to IGHM enhancer 3; NC, negative control; shiRNA, short

hairpin RNA; OE, overexpression; ns, not significant; p-, phosphorylated.
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Figure 4. Increased levels of apoptosis and cell cycle arrest. (A and B) Apoptosis rates increased following NRF-1 knockdown in 786-O cells. (C and D) NRF-1
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and TFE3. In the present study, NRF-1 directly regulated the
expression of the TFE3 protein. The present findings confirmed
that NRF-1 could functionally bind to the TFE3 promoter region,
thereby regulating the expression of the TFE3 protein. The mTOR
signaling pathway is activated in a variety of cancer types (36).
It regulates the metabolism of amino acids, glucose, nucleotides,
fatty acids and lipids by changing the expression and/or activity of
several key metabolic enzymes and participates in the control of

cell growth and metabolism (36). Moreover, studies have shown
that metabolic changes, such as increased glucose or amino acid
intake, can affect mTOR signaling (37,38). The present results
indicated that following NRF-1 knockdown, the expression
levels of TFE3 and components of the mTOR signaling pathway
were also downregulated. The rate of apoptosis also increased,
while cell proliferation was suppressed. These results indicated
that NRF-1 regulated the mTOR pathway through TFE3.
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Figure 6. NRF-1 downregulation reduces mitochondrial production . 293T cells were co-transfected with the MitoTimer plasmid together with NRF-1 NC
or NRF-1 shRNA. After 24 h, DOX was added to induce the expression of MitoTimer plasmid for 24 h. Mito-timer green fluorescent protein entered the
mitochondrial matrix and matured into a red fluorescent protein. The amount of green fluorescence that entered the mitochondrial matrix and matured into
red fluorescent protein depends on the rate of mitochondrial biosynthesis. NRF-1, nuclear respiratory factor-1; NC, negative control; shRNA, short hairpin
RNA; DOX, doxycycline.
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A variety of signaling pathways are mediated by TFE3, the
dysregulation of which might contribute to renal carcinogen-
esis (39). A previous study have suggested that TFE3 can be a
target of the mTOR signaling pathway and is regulated by mTOR
signaling (40). However, a previous study involving CHIP-Seq
detection of the SFPQ-TFE3 fusion gene have identified other
target genes that were related to PI3K/AKT/mTOR, including
PI3KCA, TSC1, AKT3, PTEN, 14-3-3,1TGBI1, IGFR1 and IRS-1
genes (41). This may also explain why, in addition to being regu-
lated by mTOR, TFE3 can also positively regulate the expression
of mTOR. In the present study, simultaneous overexpression of
TFE3 and NRF-1 silencing restored the downregulated expres-
sion of molecules involved in the mTOR signaling pathway,
inhibited apoptosis, and increased proliferation. These results
indicated that the TFE3 protein itself could also play a positive
regulatory role on the mTOR signaling pathway. The TFE3
protein is directly related to the apoptosis and growth of cells.
This is also consistent with a previous study (42). There may be
a circular relationship between TFE3 and mTOR. Moreover, the
present study also confirmed the direct regulation of NRF-1 on
the TFE3 gene. Further experiments are needed to determine
whether there is a circular relationship between TFE3 and NRF-1.

NRF-1 itself is involved in the production of mitochondria
and the regulation of cell energy metabolism under various condi-
tions (43), and there are few studies on the role of NRF-1 in renal
cell carcinoma (23). For tumor cells, metabolic remodeling is an
important feature (44). This allows tumor cells to adapt to various
environments and survive under the body's immune system (22).
TFE3 plays a key role in certain renal cell carcinoma types, and
NRF-1, as its upstream regulatory gene, is highly related to its
expression level (23). These findings may provide insight into
TFE3-positive renal cancer treatment and suggest that NRF-1
may become a new target for the treatment of this condition.

Given the important role of TFE3 in tumors, particularly
tRCC, TFE3 may be an important target for researching tumor
treatment measures. As a direct upstream regulatory gene of
TFE3, NRF-1 may also play a key role in this process. This
study showed that NRF-1 directly regulates TFE3 and may
influence downstream tumorigenesis and progression through
TFE3. Therefore, understanding the specific regulatory effect
of NRF-1 on TFE3 may help discover new therapeutic targets
for renal tumors.
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