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TFE3 fusion proteins promote the progression @
of TFE3 rearranged renal cell carcinoma via
enhancing chaperone-mediated lipophagy

Wenliang Ma'", Yi Chen?!, Guijuan Chen**', Lei Yang®*, Yanwen Lu', Xiang Dong', Dongmei Li** and Weidong Gan'"

Abstract

Background TFE3 rearranged renal cell carcinoma (TFE3 rRCC), classified as a distinct entity of RCCs, exhibits
aggressive biological behavior and possesses unique metabolic characteristics. In the present study, TFE3 rRCC
with high expression of TFE3 fusion proteins was employed to investigate the features of lipid metabolism and its
underlying mechanism in cancer progression.

Methods Fluorescence microscope and flow cytometry were employed to detect lipid droplets (LDs). GPO-PAP
method and Qil Red O staining were used to quantify triacylglycerol levels. The data for bioinformatics analysis were
sourced from GEO and iProX. The biological roles of TFE3 and LAMP2A were investigated by CCK8 assay, EdU staining,
seahorse, transwell assay, colony, and sphere formation assay. The regulatory mechanisms involving TFE3, LAMP2A and
Hsc70 were investigated using western blotting, immunohistochemistry, qRT-PCR, luciferase assays, Co-IP techniques,
and ChIP analyses.

Results The level of LDs accumulation in TFE3 rRCC was relatively low, and the knockdown of TFE3 led to an increase
in LDs accumulation while inhibiting tumor progression. The underlying mechanism revealed that TFE3 fusion
proteins inhibited the biosynthesis of LDs within the endoplasmic reticulum by promoting the degradation of DGAT1
and DGAT2 via autophagy. Furthermore, TFE3 fusion proteins upregulated LAMP2A, thereby enhancing chaperone-
mediated autophagy pathways. The process facilitated the degradation of LDs and promoted oxidative metabolism of
long-chain fatty acids in mitochondria.

Conclusions TFE3 fusion proteins facilitated the progression of TFE3 rRCC through enhancing the degradation of LDs
via chaperone-mediated lipophagy. LAMP2A could serve as a novel potential prognostic biomarker and therapeutic
targets.
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Introduction
TFE3 rearranged renal cell carcinoma (TFE3 rRCC) is a
unique subtype of renal cell carcinoma characterized by
high expression of TFE3 fusion proteins. The wild-type
TFE3 is an evolutionarily conserved transcription factor
that plays a crucial role in the regulation of various cel-
lular metabolic processes [1-4]. For instance, a high-fat
diet has been shown to induce mitochondrial metabolic
disorders, systemic abnormalities in glucose and lipid
metabolism, as well as increased obesity and diabetes
in TFE3-knockout mice. Conversely, overexpression of
TFEB can alleviate the metabolic abnormalities caused
by TFE3-knockout, indicating a synergistic interaction
between TFE3 and TFEB. Skeletal muscle contraction
requires substantial energy consumption. Mechanism
have demonstrated that intracellular high Ca** levels
promoted nuclear translocation and activation of TFE3,
thereby upregulating downstream metabolism-related
genes and increasing energy production [5]. These find-
ings suggested that TFE3 fusion proteins may play a sig-
nificant role in the metabolic remodeling associated with
TFE3 rRCC. A previous study from our center revealed
that the primary energy source of TFE3 rRCC was mito-
chondrial oxidative respiration rather than glycolysis.
Furthermore, TFE3 fusion proteins enhanced mitochon-
drial oxidative respiration by transcriptional upregula-
tion of NMRK?2 [6]. While the characteristics of glucose
metabolism and mitochondrial oxidative respiration in
TFE3 rRCC have been investigated, lipid metabolism and
its underlying mechanisms have not yet been elucidated.

Lipid droplets (LDs) are organelles found in eukary-
otic cells that serve as reservoirs for lipids. The dynamic
homeostasis of LDs plays a crucial role in various cellular
biological processes [7]. Besides energy storage, LDs are
vital for mitigating cellular stressors, such as lipotoxicity,
endoplasmic reticulum (ER) stress, oxidative stress, and
starvation. Furthermore, the biosynthesis and degrada-
tion of LDs have been implicated in the pathogenesis of
several diseases, including malignant tumors, hepatic
steatosis, and neurodegenerative diseases [8]. The bio-
synthesis of LDs is dependent on diacylglycerol acyl-
transferases (DGAT), which are anchored within the ER
[9-11]. Research has demonstrated that JMJD6 induces
the expression of DGAT1, thereby facilitating the accu-
mulation of LDs and promoting cancer progression in
clear cell renal cell carcinoma (ccRCC) [12]. Given that
the mechanisms underlying tumorigenesis in TFE3 rRCC
differ significantly from those in ccRCC, it is imperative
to assess the level of LDs accumulation in TFE3 rRCC
and determine whether the process is regulated by TFE3
fusion proteins.

The level of LDs accumulation is influenced not only
by the synthetic processes but also involved by various
degradation mechanisms. Current research has identified
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two degradation pathways, known as lipolysis and lipo-
phagy, respectively [13]. Within the cytoplasm, the core
component of LDs, triacylglycerol (TAG), is encased in a
phospholipid monolayer and remains resistant to hydro-
lysis into diacylglycerol and fatty acids (FAs) by adipose
triglyceride lipase (ATGL) [14]. Alternatively, LDs may be
degraded through the autophagy-lysosome pathways. In
this process, LDs were engulfed by autophagosomes and
fused with lysosomes, leading to their breakdown facili-
tated by lysosomal acid lipase (LAL). Additionally, pro-
teins associated with LDs, such as perilipin 2 (PLIN2) and
perilipin 3 (PLIN3), can undergo degradation via chaper-
one-mediated autophagy (CMA), subsequently allowing
for hydrolysis by ATGL [15-17]. Wild-type TFE3 has
been shown to promote both autophagy and lysosome
biogenesis [3]. Therefore, we aim to clarify the lipid meta-
bolic characteristics and regulatory mechanisms of TFE3
rRCC to identify new therapeutic targets.

Here, we confirmed the low levels of LDs accumulation
in TFE3 rRCC. The mechanisms suggested that TFE3
fusion proteins facilitated the progression of TFE3 rRCC
through enhancing the degradation of LDs via chaper-
one-mediated lipophagy. LAMP2A could serve as a novel
potential prognostic biomarker and therapeutic targets.

Materials and methods

Data collection and bioinformatics analysis

The data for bioinformatics analysis were obtained from
the Gene Expression Omnibus (GEO) database and the
ProteomeXchange Consortium (iProX). In the datasets
of PXD035377 and GSE188885, volcano plots illustrated
differentially expressed genes, and both bar charts and
dot plots depicted target genes. Bubble plots and bar
graphs showed the Gene Ontology (GO) and Gene Set
Enrichment Analysis (GSEA) analysis of differentially
expressed genes and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis. The statis-
tical analysis and visualization for bioinformatics were
performed in R 4.2.1. The visualization operations were
carried out using the ggplot2 R package.

Clinical samples collection

Human TFE3 rRCC paraffin-embedded tissue samples
were obtained from thirty patients with complete clini-
cal information confirmed by TFE3 immunohistochem-
istry (IHC), FISH, and transcriptome sequencing at
Nanjing Drum Tower Hospital. Matched normal kid-
ney tissues were collected from thirteen patients. The
patient cohort consisted of 13 males and 17 females, with
a median age of 38 years (range: 22~71 years). Accord-
ing to both tumor size and pathological stage, a total of
thirty matched tumor tissue samples were collected from
ccRCC patients with a median age of 59 years.
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Celllines and cell culture

HK-2, HEK-293T, and ccRCC cell line 786-O were pur-
chased from the National Infrastructure of Cell Line
Resource (Beijing, China) and the Cell Bank of the Chi-
nese Academy of Science (Shanghai, China). The TFE3
rRCC cell lines UOK120 (PRCC-TFE3 fusion gene) and
UOK109 (NONO-TFE3 fusion gene) were donated by
Professor Maeston Linehan from the National Cancer
Institute at the National Institutes of Health. All cell lines
were cultured in DMEM (Gibco, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco, USA) and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA). Cell
lines were incubated at 37 °C with 5% CO,. All cell lines
used in this study were authenticated by STR profiling
performed by MDHS testing technology (Beijing) prior
to experimentation. For all experiments, cells were used
between passages 5 and 10 to ensure consistency in cel-
lular behavior and minimize genetic drift. All cell lines
were routinely tested for mycoplasma contamination
using the Mycoplasma Detection Kit (MCE), and only
mycoplasma-free cells were used in the experiments.

Western blot

Total protein was extracted from cells by lysing them
with RIPA lysis buffer (Beyotime, P0013C). The lysate was
centrifuged, and the supernatant was mixed with loading
buffer and heated. Proteins were separated using SDS-
PAGE, transferred to a PVDF membrane (Roche, Basel,
Switzerland), and blocked with 5% bovine serum albu-
min (Sigma-Aldrich) for one hour at room temperature.
The blots were then incubated with primary antibodies
DDDDK-Tag (1:1000, ABclonal, AE092), LC3B (1:500,
ABclonal, A7198), DGAT2 (1:1000, ABclonal, A13890),
DGAT1 (1:1000, ABclonal, A23077), Hsc70/HSPAS8
(1:1000, ABclonal, A0415), LAMP2 (1:1000, ABclonal,
A14017), SQSTM1/p62 (1:1000, abcam, ab56416),
LAMP2A (1:500, abcam, ab125068), TFE3 (1:1000,
abcam, ab93808), B-Actin (ACTB) (1:10000, ABclonal,
AC006), GAPDH (1:10000, ABclonal, AC027), and P4HB
(PDIA1) (1:1000, ABclonal, A19239) at 4 °C overnight,
followed by incubation with secondary antibodies. Pro-
tein signals were detected using ECL solution (Millipore)
and quantified with Image] software (National Institutes
of Health). GAPDH, PDIA1 and ACTB were used as an
internal control.

RNA isolation and quantitative real-time PCR (qRT-PCR)
assay

Total RNA was isolated using the RNA-easy Isolation
Reagent (Vazyme, R701-01) following the manufactur-
er’s instructions, and subsequently reverse-transcribed
into ¢cDNA using HiScript Q RT SuperMix for qPCR
(Vazyme, R122-01). The qRT-PCR was then conducted
to quantify cDNA with Taq Pro Universal SYBR qPCR
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Master Mix (Vazyme, Q712-02). For normalization, 18s
rRNA was used as an internal control, and the 244¢t
method was employed to analyze the relative expression
levels of target genes. The primer sequences for the target
genes were provided in Additional file 6: Table S1.

IHC staining and scoring

Paraffin-embedded tissues were dewaxed using xylene
and rehydrated through a series of gradient ethanol solu-
tions. Endogenous peroxidase activity was inhibited with
3% H,0,, followed by antigen retrieval through micro-
wave heating. 10% bovine serum albumin was applied
for blocking nonspecific binding. The primary antibody
DGAT2 (1:200, ABclonal, A13890), DGAT1 (1:200,
ABclonal, A23077), PLIN1 (1:200, ABclonal, A16295),
LIPA (LAL) (1:200, ABclonal, A6385), LAMP2 (1:200,
ABclonal, A14017), Hsc70/HSPA8 (1:250, ABclonal,
A0415), and LAMP2A (1:200, abcam, ab125068) were
incubated with the tissue at 4 °C overnight, followed by
incubating with the secondary antibody in the dark for
two hours. Immunostaining was visualized using diami-
nobenzidine, and the staining intensity was quantified
with Image]J software.

CCK-8 assay, 5-ethyny-2’-deoxyuridine (EdU) assay, clone
formation assay, and transwell assay

Cell proliferation was assessed using the Cell Counting
Kit-8 reagent (CCK-8, MCE), with absorbance values
measured at 450 nm. EAU (Beyotime, Shanghai, China)
was conducted according to the manufacture’s protocol.
Additionally, 1.5 x 10* cells were seeded into 6-well plates
and cultured for two weeks. The number of cell clones
formed was determined after staining with crystal violet
(Beyotime, C0121), followed by imaging and counting
under a microscope. Cell migration and invasion assays
were conducted using Transwell chambers (Corning,
USA) to evaluate the migratory and invasive capabilities
of the cells. The migrated cells were imaged and counted
under a 100x microscope.

BODIPY 493/503 staining and quantification of LDs

Prepare 20 mM stock solution by dissolving 5 mg of
BODIPY 493/503 powder (Cayman chemical, 25892)
in DMSO, stored in the dark at -20 ‘C. Dilute the stock
solution with PBS at 1:5000 ratio to make 4 uM working
solution. Add it to glass-bottom dish seeded with cells,
incubated at 37 ‘C for 15 min. Use DAPI (Beyotime,
P0131) to stain the nuclei for 10 min. The fluorescence
intensity of LDs was analyzed with images from a con-
focal microscope according these methods based on
previous study [18]. Under a 600x oil microscope, 10
random images of cells were captured for each sample.
The number of LDs and fluorescence intensity in each
cell were then quantified using Image] [19]. Finally, the
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differences in LDs count and fluorescence intensity
among 30 cells per sample were compared. Each sample
was subjected to three independent experiments. For the
statistical analysis of average fluorescence intensity, 10
random images of cells were captured for each sample
under a 600x oil immersion microscope. The fluores-
cence intensity of each image was then quantified using
Image], and the mean value was calculated. The differ-
ences in fluorescence intensity among samples were sub-
sequently compared. Each sample was subjected to three
independent experiments. Digest cells using trypsin, and
cells were collected after centrifugation. Cells were incu-
bated with BODIPY493/503 at 4 pM working solution
for 15 min at 37 “C. The fluorescence intensity of LDs for
1x10* cells was analyzed with flow cytometry. For the
flow cytometry analysis of LDs, fluorescence peak inten-
sity histograms were obtained from 10,000 cells stained
by BODIPY 493/503. The median fluorescence intensity
was used as the representative fluorescence intensity for
each sample, and the differences among samples were
compared.

Apoptosis detection of flow cytometry

Collect cell supernatant and digest cells using trypsin
without EDTA. Cells were collected after centrifugation.
Resuspend cells with 100 pL binding buffer, 5 pL. Annexin
V-PE, and 5 pL 7-AAD, and incubate in the dark at room
temperature. Add 400 pL binding buffer and perform
flow cytometry detection following the manufacturer’s
instructions (Vazyme, A213-01).

Cell Immunofluorescence

Cells were fixed with 4% paraformaldehyde. The primary
antibody was added to a glass-bottom dish, incubated
at room temperature for 30 min, and then refriger-
ated at 4 ‘C overnight. In the next day, the correspond-
ing fluorescent secondary antibodies were added to the
glass-bottom dish, incubated at room temperature for
two hours. For the statistical analysis of average fluores-
cence intensity, 10 random images of cells were captured
for each sample under a 600x oil immersion microscope.
The fluorescence intensity of each image was then quan-
tified using Image], and the mean value was calculated.
The differences in fluorescence intensity among samples
were subsequently compared. Each sample was subjected
to three independent experiments.

Seahorse XFe96 long-chain fatty acid oxidation stress
assay

Following the manufacturer’s instructions (Agilent,
USA), seed cells into the 96-well plate, with 1x10*
UOK109 cells or 8x10°> UOK120 cells per well. Then,
cells were cultured with the confluency of 80-90% over-
night. Incubate the XF calibration solution and hydrate
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the probe plate overnight. Hydrate the probes in the next
day and prepare the detection medium. After washing
the cells, place them in a incubator for one hour. Prepare
appropriate concentrations of Etomoxir, Oligomycin,
FCCP, and Rotenone/Antimycin A (Rot/AA) working
solutions and add them to the wells of the probe plate.
Set the parameters according to the experimental design,
and run the Seahorse. Export the data after the proce-
dure finished. Detect the concentration of protein in each
well for normalization with BCA method.

Co-immunoprecipitation (Co-IP) assay

Isolate total proteins from UOK109 and UOK120, and
separate the protein into three fractions: 100 uL as Input
stored at -20°C, 450 pL as reserve. Add the prepared 450
uL cell lysate to the centrifuge tubes with protein A/G
agarose beads incubated with primary antibody or IgG,
and incubate overnight at 4 ‘C on a vertical mixer. Cen-
trifuge at 800 rpm and 4 ‘C for 2 min and collect the
supernatant. Add 50 pL Loading Buffer to the precipitate,
and heat in a metal bath at 100 ‘C for 5 min. Centrifuge at
800 rpm and 4 ‘C for 2 min, and collect the supernatant
into new centrifuge tubes for western blotting.

Oil red O staining and quantification of intracellular TAG
levels

Once the cells reached the confluency of 80-90%, Oil Red
O staining was performed according to the manufacture’s
instructions (Solarbio, G1262). Measure the absorbance
values at 510 nm and compare the differences between
groups. Intracellular TAG levels were quantified by fol-
lowing the manufacture’s protocol (Jiancheng, A110-1-1).

Dual-luciferase reporter assay

Transfect HEK-293T with the indicated luciferase
reporter plasmid pRL-TK and the appropriate plasmid.
The dual-luciferase reporter assay kit (Vazyme, DL101-
01) was used to measure the luciferase activity of Firefly
and Renilla. Calculate the ratio of Firefly to Renilla values.

Tumor sphere formation

Experimental cells were digested with trypsin. Cells were
resuspended and counted. Cell suspension with a con-
centration of 1x10* cells/mL was prepared. 100 pL of
the above cell suspension was evenly seeded into each
well of a low-attachment 96-well plate, with 8 replicates
per group. After one to two weeks, tumor spheres were
observed under the microscope, and both diameters and
volumes were calculated using Image].

Chromatin IP (ChIP)

BersinBio” ChIP Kit (BersinBio, Bes5001) was used to
perform ChIP assay according to the manufacture’s pro-
tocol. The DNA level was quantified by qRT-PCR, and



Ma et al. Cell Communication and Signaling (2025) 23:122

the special primers for ChIP are shown in Additional file
6: Table S2.

Plasmid construction, lentivirus, and cell transfection

Both NONO-TFE3 and PRCC-TFE3 overexpression
plasmid, ligated with pCDH-ECMV-MCS-3xflag-EFla-
T2A-Puro vector plasmid, was constructed by Tsingke
Technology (Beijing, China). Promoter sequences for
LAMP?2 were obtained from NCBI and subsequently
ligated with the pGL3-Basic vector plasmid. The LAMP2
promoter—luciferase truncation and mutation plasmids
were constructed by GENERAL BIOSYSTEM (Chuzhou,
China). Sequences for TFE3-shRNA and LAMP2A-
shRNA were acquired from Sigma and ligated with the
pLVSshRNA-Puro vector plasmid. Cells were transfected
with plasmids according to the manufacturer’s instruc-
tion using jetPRIME (Polyplus-transfection, Shanghai,
Illkirch, France). The shRNA sequences and special prim-
ers are listed in Additional file 6: Table S3 and S4-.

Statistical analysis

The mean+standard deviation (mean+S.D.) indicated
independent experimental data. Two independent sam-
ples compared by the T-test. One-way analysis of vari-
ance (ANOVA) was utilized to compare multiple group
samples. A P value of less than 0.05 was considered sta-
tistically significant. Linear regression was employed to
analyze the correlation of different molecular expres-
sion levels. The coefficient of determination, R? was used
to indicate correlation. The prognosis of patients was
assessed using Kaplan-Meier method. The Log-rank test
was used to analyze differences in survival prognosis.
Statistical analysis was performed using GraphPad Prism
8.0.1. Adobe Photoshop CC2023 and Adobe Illustrator
CC2023 were used for plotting.

Results

TFE3 rRCC exhibited a reduced level of LDs accumulation
By employing BODIPY 493/503 to stain LDs in HK-2,
786-O, UOK109, and UOK120, the results showed
that the accumulation of LDs in both UOK109 and
UOKI120 was significantly lower than that observed in
HK-2 (Fig. 1A). Quantitative analysis demonstrated that
the levels of LDs accumulation in both UOK109 and
UOK120 were markedly reduced compared to those in
786-0 (Fig. 1B-C). PLIN1 and PLIN2 are specific proteins
associated with LDs modification [17]. Immunofluores-
cence assays showed that low expression levels of PLIN2
in both UOK109 and UOK120, which aligned with the
results obtained from BODIPY 493/503 staining (Fig. 1A
and D). Flow cytometry detecting BODIPY 493/503 fluo-
rescence revealed that the fluorescence intensity of LDs
in UOK109 and UOK120 was significantly weaker when
compared to HK-2 or 786-O (Fig. 1E-F). Additionally,
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TAG content was notably lower in both UOK109 and
UOK120, consistent with their low levels of LDs accumu-
lation (Fig. 1G). IHC analysis demonstrated significantly
downregulated levels of PLIN1 and PLIN2 expression in
TFE3 rRCC compared to ccRCC or normal tissue sam-
ples (Fig. 1H-I). These results suggested that TFE3 rRCC
exhibited a reduced level of LDs accumulation.

The accumulation of LDs diminished by TFE3 fusion
proteins contributed to the enhanced aggressiveness of
TFE3 rRCC

To explore the impact of TFE3 fusion proteins on LDs
accumulation in TFE3 rRCC, BODIPY 493/503 staining
demonstrated a significant increase in LDs accumulation
in UOK109 and UOK120 following TFE3 knockdown
(Fig. 2A-B). Interestingly, PLIN2 expression was sig-
nificantly upregulated in UOK109 and UOK120 under
similar conditions (Fig. 2A and C). Additionally, fluo-
rescence detection by flow cytometry revealed that the
knockdown of TFE3 significantly enhanced fluorescence
intensity of LDs in both cell lines (Fig. 2D-E). The levels
of TAG were also significantly elevated in UOK109 and
UOK120 after TFE3 knockdown (Fig. 2F). Furthermore,
absorbance values from Oil Red O staining increased
for both UOK109 and UOK120 after TFE3 knockdown,
indicating an elevation in TAG accumulation (Fig. 2G).
Conversely, LDs accumulation decreased significantly
in 786-0 after overexpression of the TFE3 fusion genes
(Additional file 3: Figure S3A-E). Collectively, these find-
ings suggested that TFE3 fusion proteins downregulated
LDs accumulation in TFE3 rRCC.

To investigate the effects of TFE3 fusion proteins on
the biological behavior of TFE3 rRCC, both TFE3 knock-
down and overexpression showed significant effects
compared to the control group (Additional file 1 and
3: Figures S1A-D and S3A). The CCK-8 assay indicated
that silencing TFE3 significantly suppressed the prolif-
eration of UOK109 and UOK120, whereas overexpres-
sion of TFE3 significantly enhanced the proliferation of
786-O (Additional file 1 and 3: Figures S1E-F and S3F).
Tumor sphere formation assay showed that TFE3-knock-
down significantly inhibited the tumor sphere formation
capacity of UOK109 and UOK120; similarly, the colony
formation assay indicated that the knockdown of TFE3
significantly suppressed the colony formation ability of
UOK109 and UOKI120; conversely, overexpression of
TFE3 yielded opposite results in 786-O (Additional file
1 and 3: Figures S1G-L and S3G-H). Furthermore, the
EdU assay demonstrated that overexpression of TFE3
significantly enhanced DNA replication activity in 786-O
(Additional file 3: Figure S3I-J). Flow cytometry-based
apoptosis assay indicated that TFE3-knockdown sig-
nificantly increased the apoptosis rate of UOK109 and
UOK120 (Additional file 1: Figure SIM-O), and opposite
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Fig. 1 Low levels of LDs accumulation in TFE3 rRCC. (A) The level of LDs accumulation in HK-2, 786-0O, UOK109, and UOK120 were detected using BODIPY
493/503 and PLIN2; (B-C) The number of LDs and the mean fluorescence intensity were quantitatively analyzed with 30 randomly selected cells in three
independent experiments (n=30 cells); (D) Quantitative analysis of PLIN2 was performed with 30 randomly selected cells in three independent experi-
ments (n=30 cells); (E-F) Flow cytometry measured the fluorescence intensity of LDs in HK-2, 786-O, UOK109, and UOK120 (n=1x10* cells); (G) TAG
content in cells was assessed using the GPO-PAP method (n=3); (H-1) IHC analysis of PLINT and PLIN2 protein levels in human TFE3 rRCC samples (n=30
patients), normal matched samples (n=13 patients), and ccRCC samples (n=30 patients); *P < 0.05; **P<0.01; **P < 0.001



Ma et al. Cell Communication and Signaling (2025) 23:122 Page 7 of 19

A DAPI BODIPY 493/503 Z00OM PLIN2 ZOOM B
f 5 o s dkok
2 2.0
U 1 E
Z 2 1.5+
E 5
5
% 15pum i 15um ‘\‘ 2um g 1.0
v £ 0
=]
e 2 0.5 3
[5e] %
m L7
= S i g
< G O
] . ; . ) —\\% S\‘\‘( H\;é §X\
Loup: R Pl 15um UOK 109 UOK 120
C S
S 2.5 = sk Kk
3 z
Z = 2.0
= =
(?l 15um \‘ 15um 5 Ne 2um é 1.5
%
o s 1.0
- E
[2 = 0.5+
=
G = 0.0
5 ~ 5 S L&
15um 4 15um B _\\& B $\
UOK 109 UOK 120
e ShNC
D shTFE3 E F
§ 2 ~ 0.34
A UOK 109 UOK 120 2.0 . ok o 0 o *x
N A £,
\‘ j-‘ & ~ él)
(| 2 157 g 02
i | 7] =]
2 f = 1.0 C
[ = 0.1
2 0.5 2
B r & &)
3 g > z ks = 2z
e rsate e Br e ranaus s E-TVEN ) B EEETIR N BN |
) 0 ) ) o 10° 10 0 0 o * ShTFE3 ShTFE3 shTFE3 shTFE3
> J 9 . 2
BODIPY 493/503 UOK 109 UOK 120 UOK 10 UOK 120
G 1.0 4
* *
0.8
[0
1
£ 0.6-
B
g
< 0.4
~
o
&
O 0.24 a2 )
Q Q 2
1 R B
0.0 i BEN B2 B2

UOK 109 UOK 120

Fig. 2 TFE3-knockdown increased LDs accumulation in TFE3 rRCC. (A) The level of LDs accumulation in the control and TFE3-knockdown groups of
UOK109 and UOK120 were detected using BODIPY 493/503 and PLIN2; (B-C) The mean fluorescence intensity were quantitatively analyzed (n=3); (D-E)
Flow cytometry analysis of the fluorescence intensity of LDs in the control and TFE3-knockdown groups of UOK109 and UOK120 (n=3); (F) The GPO-PAP
method measured TAG content (n=3); (G) Quantitative detection of TAG using Oil Red O staining (n=3); *P<0.05; **P <0.01; ***P<0.001

results were observed in 786-O with overexpressed Silencing TFE3 led to a marked decrease in the migra-
TFE3 (Additional file 3: Figure S3K-L). Correspondingly,  tion and invasion capabilities of UOK109 and UOK120
mRNA levels of BCL2 and BIRCS5 were tested to validate  (Additional file 2: Figure S2A-B). The mRNA levels of
the above results (Additional file 2: Figures S2C-D). key regulatory genes, specifically MMP2 and MMP9,
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were assessed to validate these findings (Additional file
2: Figure S2C-D). Conversely, overexpression of TFE3
enhanced the migratory capacity of 786-O cells (Addi-
tional file 3: Figure S3M-N). Collectively, these results
demonstrated that TFE3 fusion proteins plays a cru-
cial role in influencing the proliferation, survival, and
migration and invasion of cancer cells. This suggests that
TFE3 fusion proteins were significantly implicated in the
aggressiveness of TFE3 rRCC.

TFE3 fusion proteins regulated the autophagy-lysosome
degradation pathway

Under stress conditions like starvation, wild-type TFE3
protein translocated to the nucleus, where it regulated
cellular autophagy and lysosome biosynthesis [3]. To
investigate whether TFE3 fusion proteins exhibit the
same regulatory function, we analyzed transcriptomic
dataset GSE188885 from GEO. The analysis revealed
that overexpression of NONO-TFE3 resulted in upregu-
lation of 528 genes and downregulation of 321 genes,
while overexpression of PRCC-TFE3 led to an upregula-
tion of 1511 genes and a downregulation of 1617 genes
(Fig. 3A-B). GO analysis showed that the biological pro-
cesses enriched by upregulated genes resulting from
NONO-TFE3 overexpression included macroautoph-
agy, regulation of autophagy, and lipid catabolism. Fur-
thermore, KEGG pathway analysis indicated that these
upregulated genes were associated with pathways related
to autophagy and lysosome biogenesis (Fig. 3C). Like-
wise, GSEA analysis showed that the pathways enriched
by upregulated genes from PRCC-TFE3 overexpression
also included those involved in autophagy and lysosome
biogenesis (Fig. 3D). To validate the bioinformatics analy-
sis, we observed that mRNA expression levels of CD63,
LAMPI, VPS18, MCOLNI, CTSA, CTSD, CTSF, CTSS,
GAA, GBA, GLA, ATP6V1CI1, ATP6VOB and ATP6V0D2
were significantly reduced following TFE3-knockdown
in UOK109 and UOK120, as determined by qRT-PCR
(Fig. 3E). Conversely, opposite results were observed
in 786-O cells overexpressing TFE3 (Fig. 3F). To fur-
ther validate the impact of TFE3 fusion proteins on cel-
lular autophagy, we found that TFE3 knockdown led to
a significant upregulation of p62 and a downregulated
LC3II/]I, indicating an inhibition of autophagic flux in
both UOK109 and UOK120 cells following TFE3-knock-
down (Fig. 3G). We utilize CCK-8 assays to ascertain
the optimal concentrations for Bafilomycin Al (Baf A1)
(Figure S4A). After treating tumor cells with Baf Al for
12 h, we observed a significant increase in intracellular
p62 levels, accompanied by a notable decrease in LC3II/I
levels, suggesting that TFE3 knockdown impaired
autophagic flux (Fig. 3H). Collectively, these results dem-
onstrated that TFE3 fusion proteins played a crucial role
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in regulating the autophagy-lysosome degradation path-
way in TFE3 rRCC.

TFE3 fusion proteins suppressed the biosynthesis of LDs in
the ER

The ER serves as the site for LDs biosynthesis, where
TAG is synthesized by TAG synthases, specifically
DGAT1 and DGAT2. The process leads to the gradual
accumulation of TAG into a nucleus that eventually buds
off into the cytoplasm [11]. The autophagy-induced bio-
synthesis of LDs relies on DGAT1; notably, inhibition of
DGAT1 significantly diminishes LDs accumulation [20].
Previous proteomic data [21] conducted on TFE3 rRCC
revealed that the expression level of DGAT1 in tumor
was low, but the difference was not statistically signifi-
cant (Fig. 4A). Further analysis of TFE3 rRCC subtypes
indicated that the expression level of DGAT1 in NONO-
TFE3 rRCC was significantly lower, while no statistically
difference was observed in PRCC-TFE3 rRCC (Fig. 4B-
C). IHC assays displayed that both DGAT1 and DGAT?2
exhibited low expression levels in TFE3 rRCC (Fig. 4D-
F). Furthermore, it has been established that ER-localized
DGAT? is essential for LDs biosynthesis as it facilitates
TAG accumulation and nucleation [22, 23]. It was cru-
cial to clarify whether TFE3 fusion proteins affected the
expression levels of DGAT1 and DGAT?2. Consequently,
western blot assays showed a significant upregulation of
both DGAT1 and DGAT?2 after TFE3-knockdown; simi-
lar findings were obtained using the autophagy inhibitor
Baf Al for 12 h (Fig. 4G-]). These results demonstrated
that TFE3 fusion proteins might inhibit LDs synthesis
in the ER by promoting the degradation of both DGAT1
and DGAT?2 through activating the autophagy-lysosome
pathway.

TFE3 fusion proteins facilitated the degradation of
cytoplasmic LDs via the autophagy-lysosomal pathway in
TFE3 rRCC

During periods of starvation, cells actively convert TAG
stored in LDs into FAs to meet their energy demands.
Similarly, starvation triggers autophagy as a mecha-
nism to generate additional energy for cellular func-
tions. Previous study confirmed that intracellular LDs
can be degraded through the autophagy-lysosome
pathway [24]. To explore whether TFE3 fusion proteins
affected lysosome biogenesis and function in TFE3
rRCC, we observed a significant decrease in the num-
ber of lysosomes in UOK109 and UOK120 cells fol-
lowing TFE3-knockdown, as determined by 50 nM
Lyso-Tracker Red DND-99 (Fig. 5A and C). Further-
more, we used 1 pM Lyso-Sensor™ Green DND-189
to measure lysosomal acidification. The results dem-
onstrated that the levels of lysosomal acidification sig-
nificantly decreased in UOK109 and UOK120 following
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TFE3 knockdown (Fig. 5A and D). To assess the impact
of inhibiting the autophagy-lysosome degradation path-
way on accumulation of LDs in TFE3 rRCC, we utilize
CCK-8 assays to ascertain the optimal concentrations

for 3-Methyladenine (3-MA) (Figure S4B). Subse-
quently, tumor cells were treated with 2 mM 3-MA for
12 h, resulting in a significant upregulation in LDs accu-
mulation (Fig. 5B, E-F). The above results revealed that
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inhibiting autophagy promoted LDs accumulation in
TFE3 rRCC. Additionally, Baf Al can impair lysosomal
acidification and protein degradation. Treatment with
Baf A1 for 12 h resulted in a significant increase in the
accumulation of LDs (Fig. 5B, E-F). LAL, encoded by
the LIPA, is the sole neutral lipid acid hydrolase in lyso-
somes, and TFEB has been shown to promote lyso-
some formation and transcriptionally upregulated LIPA,
thereby enhancing lipid degradation [25, 26]. Transcrip-
tomic analysis revealed that LIPA expression levels were
significantly elevated in TFE3 rRCC [27]. Further analy-
sis of previous proteomic data [21] revealed that signifi-
cantly high expression of LAL in TFE3 rRCC, which was
also corroborated by IHC assays (Fig. 4K-M).We hypoth-
esized that LAL may play a role in LDs degradation in
TFE3 rRCC. To verify this hypothesis, we utilize CCK-8
assays to ascertain the optimal concentrations for LAL
inhibitor Lalistat 1 (Figure S4C). Subsequently, tumor
cells were treated with 10 uM LAL inhibitor Lalistat 1 for
16 h, resulting in a significant increase in LDs accumula-
tion (Fig. 5B and E-F). Leupeptin is an inhibitor of serine,
cysteine, and threonine proteases located within lyso-
somes. CCK-8 assay was used to ascertain the optimal
concentrations for Leupeptin (Figure S4D). To further
investigate the involvement of lysosomal proteases in the
degradation of LDs, tumor cells were subjected to treat-
ment with 100 pM leupeptin for 16 h, which also resulted
in a significant increase in LDs accumulation (Fig. 5B and
G). These results suggested that TFE3 fusion proteins
facilitated the degradation of cytoplasmic LDs via the
autophagy-lysosome pathway in TFE3 rRCC.

TFE3 fusion proteins facilitated the degradation of LDs by
enhancing CMA pathway

CMA is a form of selective autophagy and serve as a deg-
radation pathway for intracellular proteins. Substrate
proteins that bind to the chaperone protein Hsc70 in the
cytoplasm are transported into the lysosomal lumen by
LAMP2A, which CMA activity being associated with
LAMP2A [28]. Previous transcriptomic analysis indicated
that LAMP2 mRNA is significantly upregulated in TFE3
rRCC [27]. We analyzed the GSE188885 dataset and
observed a significant increase in LAMP2 mRNA expres-
sion following TFE3 overexpression (Fig. 6A-B); A similar
result was noted in the proteomic data analysis of TFE3
rRCC (Fig. 6C-D) [21]. Further validation conducted on
tumor cells indicated that TFE3-knockdown significantly
downregulated LAMP2 (Fig. 6G-H), while overexpres-
sion of TFE3 significantly upregulated LAMP2 (Fig.
6K-L). LAMP2 is a crucial lysosomal membrane protein
with three isoforms: LAMP2A, LAMP2B, and LAMP2C.
Among these isoforms, LAMP2A plays a pivotal role in
CMA [29]. We hypothesized that LAMP2A would be
significantly upregulated in TFE3 rRCC. Cell experiment
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confirmed that the expression levels of LAMP2A were
significantly downregulated in UOK109 and UOK120
following TFE3-knockdown (Fig. 6E-H), whereas oppo-
site results were observed in 786-O cells with overexpres-
sion of TFE3 (Fig. 61-L). We extracted whole-cell lysates
to confirm the presence of an intact CMA pathway in
UOK109 and UOK120 cell lines, and Co-IP experi-
ments demonstrated that there was a direct interaction
between Hsc70 and LAMP2A (Fig. 6M). To determine
whether TFE3 fusion proteins regulate LAMP2 tran-
scription, the LAMP2 promoter sequence was inserted
to the pGL3-Basic plasmid. A dual-luciferase reporter
gene assay indicated that overexpression of TFE3 fusion
genes significantly enhanced luciferase activity (Fig. 6N).
Furthermore, ChIP experiments demonstrated that TFE3
fusion proteins directly bind to the promoter region,
thereby upregulating LAMP2 transcription in tumor cells
(Fig. 60). To clarify the regulatory mechanism, four pro-
moter regions, designated as pGL3-LAMP2-P1 (+2000
~ 486), pGL3-LAMP2-P2 (+2000 ~ + 1215), pGL3-
LAMP2-P3 (+2000 ~ + 1652), pGL3-LAMP2-P4 (+2000
~ + 1869), were cloned into pGL3-Basic plasmid to
identify the binding sites of TFE3 fusion proteins. Dual-
luciferase reporter assays showed that TFE3 fusion pro-
teins could bind to the region of + 1869 ~ + 1652 (Fig. 6P).
Then, to further determine the actual binding sites, the
promoter region of LAMP2 was cloned into pGL3-Basic
plasmids, and mutations were made at 3 putative bind-
ing sites, respectively. Dual luciferase assay indicated that
the exact sites of TFE3 fusion proteins binding to LAMP2
was + 1706 ~ + 1715 (Fig. 6Q). These results indicated that
TFE3 fusion proteins enhanced the CMA pathway by
upregulating LAMP2 transcription.

The hydrophobic core of LDs is surrounded by a phos-
pholipid monolayer, which is modified by specific pro-
teins containing KFERQ-like motifs, such as PLIN2 and
PLIN3. These proteins are degraded via the CMA path-
way, thereby exposing the neutral hydrophobic lipid
core, and facilitating their degradation [15, 16]. To verify
that the enhanced CMA pathway promoted LDs deg-
radation, we performed LAMP2A knockdown in both
UOK109 and UOK120 cells (Fig. 7A-B). Flow cytometry
analysis revealed that a significant increase in the fluores-
cence intensity of LDs following LAMP2A knockdown
(Fig. 7C-E). Similar results were observed using confo-
cal microscopy with BODIPY 493/503 staining (Fig. 7F-
@G). To determine whether LAMP2A knockdown affects
FAs oxidation in tumor cells, we used the standard XF96
long-chain FAs oxidation stress kit to evaluate mitochon-
drial maximal respiratory capacity dependence on long-
chain FAs oxidation in UOK109 and UOK120 cells. The
results indicated that LAMP2A knockdown significantly
reduced the mitochondrial reliance on long-chain FAs
oxidation for maximal respiratory capacity (Fig. 7H-I).
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Fig. 6 TFE3 fusion proteins enhanced CMA pathways. (A-B) The volcano plots demonstrated that the overexpression of TFE3 fusion genes upregulated
LAMP?2; (C-D) High levels of LAMP2 expression in matched TFE3 rRCC samples via proteomic data from iProX (n=50 patients); (E-H) Western blot and
QgRT-PCR detection of LAMP2, LAMP2A, and Hsc70 after TFE3-knockdown in UOK109 and UOK120 cells (n=3); (I-L) Western blot and gRT-PCR detection
of LAMP2, LAMP2A, and Hsc70 after TFE3-overexpression in 786-O (n=3); (M) Co-IP validated the interaction between LAMP2A and Hsc70 in UOK109
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determined using a dual luciferase reporter assay after 48 h (n=3); (O) ChIP assay and qRT-PCR were used to determine the binding affinity of TFE3 fusion
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Fig. 7 LAMP2A-knockdown suppressed the degradation of LDs. (A-B) The protein levels of LAMP2A expression were detected after transfection with
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(n=5); Eto: Etomoxir; Rot/AA: Rotenone/antimycin A; *P < 0.05; **P < 0.01; ***P < 0.001
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These results suggested that TFE3 fusion proteins tran-
scriptionally upregulated LAMP2A and enhanced CMA
activity to facilitate LDs degradation, thus promoting
mitochondrial long-chain FAs oxidation to supply abun-
dant energy for tumor progression in TFE3 rRCC.

Enhanced expression of LAMP2A facilitated LDs
degradation and the progression of TFE3 rRCC

To investigate the impact of LAMP2A on the biologi-
cal behavior of TFE3 rRCC, IHC analysis showed sig-
nificantly elevated levels of LAMP2A expression in
TFE3 rRCC compared to ccRCC (Fig. 8A-C). Further-
more, both LAMP2 and Hsc70 were found to be highly
expressed (Fig. 8A-C), corroborating our findings from
cell experiment. Correlation analysis revealed a strong
association between the TFE3 fusion proteins and
LAMP2A or Hsc70 in tumor tissues (Fig. 8D-E). Kaplan-
Meier analysis, using the median expression levels of
LAMP2A in tumor tissues as a cutoff value, revealed that
patients exhibiting high levels of LAMP2A had signifi-
cantly pooper overall survival (OS) and progression-free
survival (PFS) compared to those with low expression
levels (Fig. 8F-G). The CCK-8 assay indicated that the
knockdown of LAMP2A significantly inhibited the prolif-
eration of UOK109 and UOK120 cells (Additional file 5:
Figure S5A-C). Consistent with these findings, sliencing
LAMP2A significantly decreased the migration and inva-
sion capabilities of tumor cells (Additional file 5: Figure
S5D-H). A series of rescue experiments were performed
to confirm the hypothesis of TFE3 fusion proteins
mediating TFE3 rRCC progression and LDs degrada-
tion through LAMP2A (Additional file 5: Figure S5I-N).
These results suggested that high expression of LAMP2A
enhanced both LDs degradation and the progression of
TFE3 rRCC.

Discussion

LDs in the cytoplasm were first identified in the late 19th
century, however, research on LDs progressed slowly
throughout the following century, leaving their formation
processes and functions largely unexplored [8]. Over the
past three decades, researches have demonstrated that
intracellular LDs are organelles critical for alleviating
cellular stress, including lipotoxic, ER stress, oxidative
stress, and starvation. Furthermore, the dysregulation of
the dynamic balance of intracellular LDs has been impli-
cated in the progression of multiple diseases [7, 9]. In this
study, we demonstrated that the accumulation of LDs
was relatively low in TFE3 rRCC. Knocking down TFE3
resulted in increased LDs accumulation and inhibited
tumor cell proliferation, migration, and invasion in TFE3
rRCC. The molecular mechanisms revealed that TFE3
fusion proteins suppressed the expression of DGAT1 and
DGAT?2, which were essential for LDs biosynthesis in ER.
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Additionally, TFE3 fusion proteins promoted autophagy
and lysosomal synthesis, thereby enhancing the degrada-
tion of intracellular LDs. Inhibiting lysosome activity or
knocking down LAMP2A, which suppressed CMA, led
to increased accumulation of intracellular LDs as well
as inhibition of tumor cell proliferation, migration, and
invasion. Therefore, our study highlighted the role of dys-
regulated LD metabolism and CMA pathways in TFE3
rRCC, suggesting that LAMP2A could serve as potential
therapeutic targets.

However, numerous studies have confirmed a high level
of LDs accumulation in various malignant tumor [30].
Tumor cells require LDs to supply essential raw materi-
als for membrane synthesis during proliferation. Previous
research has identified two primary mechanisms through
which LDs in tumor cells facilitated tumor progression.
Firstly, LDs accumulation in tumor cells can mitigate var-
ious stress conditions during tumor proliferation, such as
hypoxia and starvation; secondly, the metabolic activi-
ties of tumor cells necessitate substantial amounts of
energy and raw materials provided by LDs, such as, FAs
[31, 32]. Research has confirmed that HIF-2a promotes
the expression of PLIN2 and leads to elevated levels of
LDs accumulation in ccRCC. High expression levels of
PLIN2 are essential for maintaining tumor cell survival
and ER stress homeostasis; furthermore, increased LDs
accumulation in tumor cells enhances tumor cell prolif-
eration and stress resistance [33]. Zhou et al. identifies
JMJD6 as a key pathogenic gene associated with ccRCC
using unbiased siRNA screening technology and con-
sidered DGAT1 as a significant downstream effector
gene of JMJD6 through ChIP-seq and transcriptomics,
and silencing JMJD6 or DGAT1, respectively, inhibited
tumor growth and LDs accumulation, proposing a new
therapeutic method for ccRCC [12]. Our study demon-
strated low expression levels of DGAT1 and DGAT?2 in
TFE3 rRCC. Additionally, cellular experiments con-
firmed that TFE3 knockdown or autophagy inhibition
led to an upregulation of DGAT1 and DGAT?2 expres-
sion. These findings suggested that TFE3 fusion proteins
may promote the degradation of DGAT1 and DGAT2 by
enhancing the autophagic degradation pathway. This may
be one of the reasons for the low level of LDs accumu-
lation phenotype observed in TFE3 rRCC. Glioblastoma
shared a similar lipid phenotype with ccRCC, character-
ized by high level of LDs accumulation in tumor tissues.
Study has confirmed that high expression of DGAT1
promoted the synthesis of LDs in the ER, and DGAT1-
knockdown significantly reduced LDs accumulation
and induced tumor cell apoptosis [34]. The mechanism
revealed DGATI-knockdown promoted LDs breakdown
to produce acylcarnitine, and it entered the mitochondria
for oxidative degradation and increased mitochondrial
ROS levels, which caused mitochondrial damage and cell
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Fig. 8 Patients with high LAMP2A expression had poor prognosis. (A-C) IHC analysis of LAMP2, LAMP2A, Hsc70, and TFE3 fusion proteins levels in human
TFE3 rRCC (n=30 patients) and ccRCC (n=30 patients) tumor samples; (D-E) Correlation analysis between the expression levels of TFE3 fusion proteins
and LAMP2A or Hsc70 in TFE3 rRCC (n=30 patients); (F-G) Kaplan-Meier analysis of overall survival and progression-free survival between TFE3 rRCC pa-
tients with low and high LAMP2A protein expression levels (n =30 patients); (H) Schematic diagram for the mechanisms of TFE3 fusion proteins enhanc-
ing autophagy-mediated lipid droplets degradation to promote the growth of TFE3 rRCC; *P < 0.05; **P < 0.01; ***P < 0.001
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apoptosis [34]. Thus, LDs accumulation in the cytoplasm
can alleviate mitochondrial oxidative stress, maintain
cell survival, and promote tumor cell proliferation and
metastasis.

Intracellular LDs not only promoted tumor prolifera-
tion by alleviating various cellular stress but also pro-
vided energy for tumor cells invasion and metastasis [35,
36]. Currently, scholars believed that the tumor micro-
environment was acidic and hypoxic, which caused high
level of CD36 expression and enhanced the uptake of
long-chain free FAs to synthesize LDs [35]. Mechanism
has found that acidic tumor microenvironment induced
tumor cells to secrete TGF-f2, which upregulated
CD36 and increased nuclear translocation of Smad2,
and Smad2 upregulated target genes associated with
epithelial-to-mesenchymal transition to resist anoikis,
thereby promoting tumor invasion and metastasis [35].
In addition, the KRAS/HSL axis regulated the degrada-
tion of cytoplasmic LDs in normal pancreatic ductal
cells, however, KRAS mutation significantly increased
LDs accumulation and decreased FAs oxidation in pan-
creatic ductal adenocarcinoma [36]. As the invasion and
metastasis ability of tumor cells increased, both LDs deg-
radation and FAs oxidation capacities were significantly
enhanced to adapt to the high-energy consumption state
[36]. Cytoplasmic LDs are subsequently degraded by HSL
to increase ATP production during tumor cell invasion
and metastasis, thereby driving the energy-intensive pro-
cess of tumor cell invasion and metastasis. In summary,
research data indicated that DGAT1, PLIN2, and HSL
may be potential targets for anti-tumor therapy. How-
ever, further research is needed to validate these thera-
peutic targets and strategies.

Multiple pathways were involved in the degradation
of cytoplasmic LDs, and abnormalities in these degra-
dation mechanisms can affect LDs accumulation lev-
els. The pathways for LDs degradation can be classified
into two types: the neutral lipolysis pathway involved
the sequential hydrolysis of triacylglycerol, diacylglyc-
erol, and monoacylglycerol into FAs and glycerol, medi-
ated by triacylglycerol lipase, hormone-sensitive lipase,
and monoacylglycerol lipase; the alternative pathway
was acidic lipolysis, in which LDs were hydrolyzed by
LAL within lysosomes [13]. LAL showed peak activity at
a lysosomal pH of 4.5 to 5.0, and it can hydrolyze vari-
ous lipid substrates, including triacylglycerol, diacylglyc-
erol, cholesteryl esters and retinyl esters [37-39]. TFEB
can transcriptionally upregulated LIPA [40]. Due to the
overlap in the transcriptional activities of TFE3 and
TFEB, the transcriptional regulation of LIPA by TFE3
merits further experimental confirmation [41]. Our study
demonstrated that the levels of LAL protein and mRNA
expression in TFE3 rRCC were significantly higher than
those in adjacent non-cancerous tissues. Inhibiting LAL
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enzyme activity in lysosomes led to a substantial increase
in LDs accumulation, suggesting that TFE3 fusion pro-
teins may enhance the degradation of LDs by regulating
LAL activity. Furthermore, the human TFE3 homolog
gene HLH-30 has been demonstrated to transcription-
ally activate lysosomal lipolysis and autophagy pathways
in Caenorhabditis elegans [42], providing additional
evidence that the TFE3 can regulate the acidic lipolysis
pathway.

In 2009, Singh et al. discovered that cytoplasmic LDs
can be degraded via the autophagy pathway, termed
“lipophagy” [24]. The molecules involved in recruiting
proteins for the degradation of LDs in the cytoplasm, as
well as the carrier proteins that bind to LDs, have not
yet been fully elucidated. Nevertheless, the essential step
of LDs degradation in lipophagy was autophagosomes
fused with lysosomes to form autolysosomes, but the
fusion mechanism was still not well understood [13]. Our
study confirmed that the autophagy pathway was acti-
vated following TFE3 overexpression. In contrast, TFE3
knockdown resulted in the inhibition of the autophagy
pathway and a significant increase in LDs accumulation.
This suggested that the autophagy pathway was involved
in the degradation of LDs. Further investigation revealed
that the knockdown of TFE3 significantly inhibited both
the biosynthesis and function of lysosomes in tumor
cells. Consequently, TFE3 fusion proteins obstructed
the autophagy pathway by impairing lysosome forma-
tion, which prevented the degradation of LDs in the
cytoplasm. Autophagy also included CMA, which was
involved in the degradation of neutral lipids by degrading
LDs-related proteins [15]. PLIN2 and PLIN3 were protein
markers of cytoplasmic LDs, providing protection against
degradation by cytoplasmic lipases and autophagosomes.
However, they were target proteins of CMA. Our study
confirmed that TFE3 fusion proteins can enhance CMA
to degrade LDs-associated proteins, thus promoting the
degradation of LDs. Given the elevated expression of
LAMP2A in TFE3 rRCC, LAMP2A inhibitors could be
explored as therapeutic agents. Although direct inhibi-
tors of LAMP2A are currently limited, CMA pathway
modulators, such as atypical retinoid 7, could be tested
for their efficacy in inhibiting tumor aggressiveness [43].
Additionally, stabilizing LAMP2A might enhance CMA,
and interfering the stability of LAMP2A could also serve
as potential therapeutic targets. TFE3 rRCC displayed
unique lipid metabolic characteristics. Investigating the
underlying molecular mechanisms may enhance our
understanding of the pathogenesis of TFE3 rRCC and
facilitate the identification of new diagnostic biomark-
ers and therapeutic targets. Regrettably, the absence of
animal experiments limits the translational potential
of our findings, as in vivo physiological and pathologi-
cal responses cannot be fully replicated in vitro. We will
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continue our efforts to isolate and extract primary cells
and conduct animal experiments to further validate and
expand our current research findings.

Conclusion

Our study revealed that the level of LDs accumulation in
TFE3 rRCC is relatively low. Notably, the knockdown of
TFE3 resulted in an increased LDs accumulation while
inhibiting tumor progression. The underlying mechanism
demonstrated that TFE3 fusion proteins suppressed the
biosynthesis of LDs in the ER by enhancing DGAT1 and
DGAT?2 degradation via autophagy. Furthermore, TFE3
fusion proteins bound to the promoter region of LAMP2
and upregulated LAMP2A to enhance CMA pathways,
thereby promoting LDs degradation in the cytoplasm and
the long-chain FAs oxidative in mitochondria (Fig. 8H).
High expression levels of LAMP2A facilitated the prolif-
eration of TFE3 rRCC. Our findings help better under-
stand the biological function of TFE3 fusion proteins in
lipid metabolism of TFE3 rRCC and provide a rationale
for diagnosis and treatment in TFE3 rRCC.
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