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Abstract

Background: Estrogen-related receptor a (ERRa) has been reported to play a critical role in endometrial cancer (EC)
progression. However, the underlying mechanism of ERRa-mediated lipid reprogramming in EC remains elusive. The
transcription factor EB (TFEB)-ERRa axis induces lipid reprogramming to promote progression of EC was explored in
this study.

Methods: TFEB and ERRa were analyzed and validated by RNA-sequencing data from the Cancer Genome Atlas
(TCGA). The TFEB-ERRa axis was assessed by dual-luciferase reporter and chromatin immunoprecipitation quantitative
polymerase chain reaction (ChIP-gPCR). The mechanism was investigated using loss-of-function and gain-of-func-
tion assays in vitro. Lipidomics and proteomics were performed to identify the TFEB-ERRa-related lipid metabolism
pathway. Pseudopods were observed by scanning electron microscope. Furthermore, immunohistochemistry and
lipidomics were performed in clinical tissue samples to validate the ERRa-related lipids.

Results: TFEB and ERRa were highly expressed in EC patients and correlated to EC progression. ERRa is the direct
target of TFEB to mediate EC lipid metabolism. TFEB-ERRa axis mainly affected glycerophospholipids (GPs) and signifi-
cantly elevated the ratio of phosphatidylcholine (PC)/sphingomyelin (SM), which indicated the enhanced membrane
fluidity. TFEB-ERRa axis induced the mitochondria specific phosphatidylglycerol (PG) (18:1/22:6) + H increasing. The
lipid reprogramming was mainly related to mitochondrial function though combining lipidomics and proteomics. The
maximum oxygen consumption rate (OCR), ATP and lipid-related genes acc, fasn, and acadm were found to be posi-
tively correlated with TFEB/ERRa. TFEB-ERRa axis enhanced generation of pseudopodia to increase the invasiveness.
Mechanistically, our functional assays indicated that TFEB promoted EC cell migration in an ERRa-dependent manner
via EMT signaling. Consistent with the in vitro, higher PC (18:1/18:2) +HCOO was found in EC patients, and those with
higher TFEB/ERRa had deeper myometrial invasion and lower serum HDL levels. Importantly, PC (18:1/18:2) +HCOO
was an independent risk factor positively related to ERRa for lymph node metastasis.

Conclusion: Lipid reprogramming induced by the TFEB-ERRa axis increases unsaturated fatty acid (UFA)-containing
PCs, PG, PC/SM and pseudopodia, which enhance membrane fluidity via EMT signaling to promote EC progression.
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PG (18:1/22:6) + H induced by TFEB-ERRa axis was involved in tumorigenesis and PC (18:1/18:2) + HCOO was the

ERRa-dependent lipid to mediate EC metastasis.
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Background

High body mass index (BMI) influences the current and
future health of patients and is considered one of the top
5 global causes of death for females [1]. Among all female
malignancies, endometrial cancer (EC) is most strongly
associated with obesity, and obesity has been consid-
ered a very important risk factor for EC in postmeno-
pausal women [2]. EC is the sixth most common cancer
in women and the second most common gynecological
malignancy globally. There were approximately 66,570
new cases and 12,940 reported deaths due to EC in the
United States in 2021 [3]. The incidence of EC has also
markedly increased in China recently. The age-standard-
ized incidence of EC was 63.4 per 100,000, the mortality
rate was 21.8 per 100,000, and the 5-year relative survival
was 72.8% from 2012-2015 [4]. Considering the accom-
panying symptoms of overweight and diabetes in EC
patients, tumor lipid metabolism has been the research
focus. However, the mechanism of lipid metabolism in
EC is still unclear.

Estrogen-related receptor o (ERRa, NR3B1, ESRRA)
is a constitutively active ligand-independent orphan
nuclear receptor that belongs to the nuclear receptor
superfamily [5]. As a transcription factor, ERRa combines
with its acknowledged coactivator peroxisome prolifera-
tor-activated receptor (PPAR) coactivator-la (PGC-1a)
and plays a central role in the regulation of cellular oxida-
tive phosphorylation and liposome metabolism, resulting
in many biological functions [6, 7]. Consistent with an
increasing number of studies on breast cancer [8], colon
cancer [9] and ovarian cancer [10], our previous works
confirmed that high expression of ERRa was significantly
related to a poor prognosis in EC [10]. Moreover, over-
expression of ERRa can downregulate the expression of
E-cadherin while upregulating the expression of vimen-
tin and inducing epithelial-mesenchymal transformation
(EMT), which promotes invasion and migration, indicat-
ing that it may be a new biomarker for predicting the risk
of deep myometrial invasion and metastasis [11]. After
targeted inhibition of ERRa by small interfering RNA
(siRNA) or antagonist XCT790, transcription factor EB
(TFEB) was identified as a potential interacting protein
by a DNA/protein high-throughput assay [12]. TFEB, a
master regulator of lysosomal biogenesis and autophagy,
was found to have a crucial pathogenic role in different
tumors [13]. Several recent studies have also focused on
the function of TFEB in tumor cell metabolism. Carmine

et al. suggested that TFEB might be a novel therapeutic
target for disorders of lipid metabolism, such as fatty
liver disease, and that TFEB exerts global transcriptional
control on lipid catabolism via PGC-1a and PPAR«a [14].
However, there were only very few reports about the
association between TFEB and ERRa aside from those
published by our team.

The EMT program is related to lipid remodeling of the
cell membrane [15]. The fatty acyl moieties of membrane
phospholipids exhibit considerable diversity in chain
length and different degrees of saturation, which deter-
mine the biophysical properties of membranes, includ-
ing their fluidity, curvature, and subdomain architecture
[16]. The major structural phospholipids in mamma-
lian membranes are glycerophospholipids (GPs), among
which phosphatidylcholine (PC) is the most abundant
in mammalian cell membranes and subcellular orga-
nelles, accounting for 40—50% of total phospholipids [17].
The saturability of PC affects the plasma membrane of
tumor cells to sustain oncogenic activity in a wide variety
of cancers [16, 18]. Lin et al. showed that the length of
the fatty acid chain in the membrane modulated plasma
membrane fluidity and invasion of liver cancer [19]. The
roles of lipid metabolism in the function of the mem-
brane in EC still need to be unveiled. Interestingly, both
ERRa and TFEB were reported to be involved in the lipid
remodeling signaling pathway.

How ERRa and TFEB play roles in lipid metabolism
and how this mechanism affects malignant cell metas-
tasis and invasion still need more research. We hypoth-
esized that TFEB-ERRa signaling, which regulates lipid
metabolism, extensively affects membrane function to
promote EC invasion and metastasis. In this work, our
discovery discusses the crosstalk between TFEB and
ERRa and their coregulation of FA metabolism to pro-
mote invasion and metastasis in EC.

Materials and methods

Cell lines and cell culture

Human KLE endometrial adenocarcinoma cells were
obtained from the Shanghai Cell Biological Research
Institute (Shanghai, China), and ECC-1 cells were
acquired from the American Type Culture Collection
(ATCC, USA). KLE cells are ERa-, while ECC-1 cells
are ERa+. KLE and ECC-1 cells were thawed and cul-
tured in DMEM/F12 medium (#A4192001, Thermo
Fisher, Waltham, MA, USA), 1% antibiotic—antimycotic
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solution (#B120901, BasalMedia, Shanghai, China), and
10% fetal bovine serum (FBS) (#2275129, Gibco, Inchin-
nan, UK) at 37 °C in 5% CO,. Cells treated with XCT790
(#725247-18-7, Sigma-Aldrich, St. Louis, MO, USA)
were incubated in phenol red-free medium (#21041025,
Thermo Fisher, Waltham, MA, USA) containing 1%
serum replacement 1 (#S0638, Sigma-Aldrich, St. Louis,
MO, USA). ECC-1 and KLE were incubated with 10 uM
XCT790 (in dimethyl sulfoxide [DMSO]; #Y190601, MP
Biomedicals LLC, Santa Ana, CA, USA) or DMSO (con-
trol) for 24 h. Lentiviral vectors expressing siRNAs tar-
geting TFEB (named TFEB-KD) and ERRa (named
ERRa-KD) were constructed. The following siRNA tar-
get sequence in the TFEB gene (GenBank accession No.
NM_001167827.3) was selected: 5-GAG ACG AAG
GTT CAA CAT CAA-3. The siRNA target sequence
in the ERRa (GenBank accession NM_004451.5) was
5-GAG CGA GAG TAT GTT CTA-3". The lentiviral
vector used to overexpress TFEB and ERRa were named
TFEB-OV and ERRa-OV, respectively. Overexpression
of ERRa or TFEB was achieved in KLE and ECC-1 cells
and named KLETFEB-OV ECC-1TFEB-OV, KLEFRRa-OV
and ECC-1ERRa-OV | yespectively. In addition, KLE and
ECC-1 cells with ERRa or TFEB expression downregu-
lated through lentivirus-mediated siRNA were named
KLETFEB-KD ' pC(C.1TFEB-KD ] FERRa—KD 04 ECC-
1ERRaKD respectively.

Bioinformatics data analyze

The Cancer Genome Atlas (TCGA) data of Uterine Cor-
pus Endometrial Carcinoma (UCEC) were downloaded
from Genomic Data Commons data portal https://por-
tal.gdc.cancer.gov/. The dataset included 23 normal
endometrial specimens and 543 EC specimens, with 9
repeated cancerous specimens excluded. Patient clinical
information, gene-level copy number variation (CNV)
profiles, gistic2 thresholds analyzed by the GISTIC2.0
method and somatic nonsilent mutation (gene-level) data
were acquired from the University of California, Santa
Cruz (UCSC) Xena website. The Database for Annota-
tion, Visualization and Integrated Discovery (DAVID)
(version 6.8) provides a comprehensive set of functional
annotation tools that help investigators understand the
biological meaning behind a large list of genes. GO func-
tional annotation and KEGG analysis of the proteins
were performed, and the results were visualized with the
cluster Profiler R package (version 1.3.1093).

RNA extraction, RT-qPCR, Western blotting (WB)

Samples were collected from an equal number of intact
cells in TRI Reagent® (#TR118; Molecular Research
Center, Cincinnati, OH, USA). After reverse transcrip-
tion on 500 ng of total RNA with GoScript™ Reverse
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Transcription Mix, Oligo (dT) (#A2791, Promega, Madi-
son, Wis, USA), quantitative PCR amplification was
performed on the LightCycler 480 (Roche, Switzerland)
using Eastep® qPCR Master Mix Kit (#L52062, Pro-
mega, Madison, Wis, USA). Relative gene expression
was calculated using the 2742t method, with GAPDH
as the reference gene. Standard techniques were used for
protein quantification, separation, transfer, and blotting
in ECC-1 and KLE cells. Primary antibodies against the
following targets were used: TFEB (1:1000; #ab270604,
Abcam, London, UK), ERR« (1:500; #ab137489, Abcam,
London, UK), LPCAT1 (1:1000; #66044-1-Ig, Proteintech,
Wuhan, China), LPCAT3 (1:1000; #67882-1-Ig, Protein-
tech, Wuhan, China), MMP2 (1:1000; #AF1420, Beyo-
time Biotechnology, Shanghai, China), Cortactin (1:1000;
#AF2134, Beyotime Biotechnology, Shanghai, China),
E-cadherin (1:1000; #3195, Cell Signaling Technology,
Shanghai, China), vimentin (1:1000; #5741, Cell Signal-
ing Technology, Shanghai, China), and GAPDH (1:2000;
#60004-1-Ig, Proteintech, Wuhan, China).

Wound Healing

Cells were grown to confluence in 6-well plates, and a
200-pL tip was used to introduce a scratch in the mon-
olayer. The scratch areas in the wells were washed with
PBS and 1 mmol/L R-flurbiprofen until the cells in those
areas were removed thoroughly and imaged at 0 and 24 h
post-scratching. The horizontal migration rate was cal-
culated using the following formula: (width 0 h —width
24 h)/width 0 h x 100%.

Chromatin-Immunoprecipitation (ChlIP) assay

Cells were harvested followed by cross-linking for
10 min with 1% (v/v) formaldehyde. Afterward, cells
were lysed by sonication. The cell lysates were immu-
noprecipitated with anti-TFEB (1:100; ab270604,
Abcam, London, UK) overnight at 4 °C. After wash-
ing and elution, the crosslinks were reversed for 4 h
at 65 °C. The eluted DNA was purified and analyzed
by qPCR using a Bio-Rad SYBR Green intercalating
fluorophore system with the following ERRa primers:
5-AGT TGT GAG GAG CCT TTG GAC-3’ (forward)
and 5-CGG TGG TAG CGA GCA GTT T-3’ (reverse).
The Ct value of each sample was normalized to the cor-
responding input value.

Luciferase reporter assays

Bioinformatics methods were used to analyze and pre-
dict the potential transcription factor binding sites in the
ERRa promoter region. The ERRa promoter sequence
(64,303,524 bp to 64,305,524 bp) relative to the tran-
scription start site was amplified by PCR and inserted
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into the pGL3-basic vector (#£1751, Promega, Madison,
Wis, USA). KLE cells were cotransfected with empty
pcDNA3.1 vector or TFEB-S211A pcDNA3.1 plasmid in
24-well plates with Lipofectamine 2000. After 48 h, the
firefly and Renilla luciferase activities were measured
using the Dual-Luciferase Reporter Assay Kit (#£1901,
Promega, Madison, Wis, USA) and a microplate reader
(Synergy H1, Bio-Tek, USA), and the ratio of firefly/
Renilla luciferase activity was determined.

Lipid and metabolite profiling

Liquid chromatography mass spectrometry (LC/MS)
analyses were performed using a high-performance liq-
uid chromatography system (1260 series; Agilent Tech-
nologies, USA) and mass spectrometer (Agilent 6460;
Agilent Technologies, USA). Briefly, 10’/ml EC cells or
20 mg EC tissue was homogenized in 1.5 mL of chloro-
form/methanol (2:1, v/v), vortexed for 1 min, centrifuged
at 3,000 rpm for 10 min, added to 800 uL organic phase in
a clean tube, and dried with nitrogen. Sample preparation
processes were performed in accordance with the above
method of parallel preparation of quality control samples.
Mass spectrometric analysis was conducted by adding
200 pL isopropanol/methanol solution (1:1, v:v), and the
supernatant was used for analysis. For targeted metabo-
lomic analyses, multiple reaction monitoring transitions
representing the metabolites were simultaneously moni-
tored, and positive/negative polarity switching was used.
Data analyses were performed according to the instruc-
tions of Shanghai Applied Protein Technology [20].

Tandem mass tag (TMT) labeling proteomics

The total protein in KLE cells and KLEX“T7% cells dealed
with 10 uM XCT790 were extracted and evaluated by
SDS-PAGE and staining. The qualified protein samples
were labeled with trypsin and TMT. The labeled polypep-
tides were mixed into one component in equal quantities.
After desalination, high-pH HPLC was used for grading.
Eight different polypeptide components were obtained,
and each component was separated by nano-HPLC and
detected by mass spectrometry. Then, maxQuant search
software was used for protein identification and quantita-
tive analysis. After the quantitative results were standard-
ized, statistical analysis was conducted to screen out the
differentially expressed proteins.

Mitochondrial stress detection

Mitochondrial stress detection was conducted by using
the Seahorse XF Cell Mitochondrial Stress Test Kit
(#103,015-100, Agilent, USA). In brief, the test solution
based on DMEM medium (#103,575-100, Agilent, USA)
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was heated in 37 °C and working solution was prepared
for use. Oligomycin, 0.5 pM FCCP, and rotenone/antimy-
cin A were properly prepared into a working solution and
added to the dole on the probe plate. Cell culture micro-
plates were removed from a 37 °C CO, incubator, and
the cells were examined under a microscope to confirm
the 90% of confluence. Remove the test solution from
the water bath. The cell growth medium in the cell cul-
ture microplates was replaced with preheated detection
solution using a multichannel pipette, and the cell culture
microplates were placed in a CO,-free incubator at 37 °C
for 1 h. Then, run the Seahorse XF 24 (Agilent, USA) on
the computer and analyze the data.

Immunohistochemistry (IHC)

All tissues were assembled into a tissue microarray.
Immunostaining for ERRa and TFEB was performed
according to standard procedures. Rabbit polyclonal
anti-ERRa (1:100; #ab137489, Abcam, London, UK) and
rabbit polyclonal anti-TFEB (1:100; #ab270604, Abcam,
London, UK) antibodies were used. The percentage of
positive cells was scored as 0 (cells<5%), 1 (5% to 25%),
2 (26% to 50%), 3 (51% to 75%), and 4 (76% to 100%).
The positive staining intensity was scored as 0 (no stain-
ing), 1 (weak staining), 2 (moderate staining), and 3
(strong staining). The expression levels of ERRa and
TFEB were assessed to determine their immunoreactive
scores (IRSs) using the algorithm IRS =Si x Pi (where Si
and Pi represent the intensity and percentage of posi-
tively stained cells, respectively). Samples were divided
into four groups based on their IRS: 0, negative (-);
1-4, weakly positive (+); 5-8, positive (++); and 9-12,
strongly positive (+++).

Scanning Electron Microscope (SEM)

Briefly, cells were cultured on petri dish and treated with
electron microscopy fixative (#G1102, Servicebio, China).
After post-fixing, dehydrate cells with 30%, 50%, 70%,
80%, 90%, 95% ethanol (#100,092,183, Sinaopharm
Group Chemical Reagent Co. LTD, China) for 15 min,
respectively. Dry samples with Critical Point Dryer. Spec-
imens are attached to metallic stubs using carbon stick-
ers and sputter-coated with gold for 30 s. Micrographs
were revealed using HITACHI-SU8100 scanning electron
microscope.

Participants and specimens

EC tissue and normal endometrial tissue samples and
blood samples with relevant clinical data were obtained
from surgical patients in Fujian Provincial Maternity and
Child Health Hospital, Affiliated Hospital of Fujian Medi-
cal University from 2013 to 2018. None of the patients
received any preoperative radiation, chemotherapy or
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hormone therapy. Finally, we collected 111 tissue speci-
mens, including 79 EC specimens and 32 normal endome-
trium specimens. The samples were embedded in paraffin,
and all diagnoses of the pathological sections were made
by experienced pathologists. In addition, according to
ERRa immunoreactive scores, 35 cases with the high-
est score and 20 cases with the lowest score were selected
for lipidomic analysis. Finally, because 1 EC tissue sample
was missed (IRS=7). A total of 51 patient tissues from 32
EC patients and 19 patients with normal endometrium
were also collected for lipidomics analysis 3 samples were
excluded because of metabolite degradation (Supplement
Figure 1). All patients were informed of the experiments
and signed informed consent forms. This research protocol
was approved by the Ethics Committee of Fujian Provin-
cial Maternity and Child Health Hospital, Affiliated Hos-
pital of Fujian Medical University (No. FMCH-2018-14).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.0 software and IBM SPSS (version 22). Statistical signifi-
cance was determined by Student’s ¢ test or by ANOVA,
and related parameters were analyzed using Pearson’s
correlation. Correlation coefficients for graded data were
obtained using Pearson correlation analysis. Receiver
operating characteristic (ROC) curves and the Youden
Index were used to determine the cutoff point of continu-
ous variables. Univariate binary logistic regression analy-
ses were used to analyze indicators associated with EC.
Differences with p-values less than 0.05 were considered
significant.

Results

Bioinformatics analysis revealed that TFEB promotes ERRa
transcription to participate in EC progression

To explore the role of TFEB and ERRa in EC, we first
investigated the expression and clinicopathological data
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of these two genes in 543 EC samples and 23 normal
samples from TCGA RNA-seq database. High expres-
sion of TFEB was significantly associated with a more
advanced stage (p <0.05; Fig. 1A) but not with pathologi-
cal grade in EC (p>0.05; Fig. 1B). Moreover, EC patients
with high expression of TFEB had worse overall survival
(OS) than those with low expression (p<0.05; Fig. 1C).
Similarly, high ERRa expression was significantly associ-
ated not only with more advanced stages but also grades
in EC (both p<0.05; Fig. 1D-F). Consistent with our
purpose, the expression of TFEB was significantly posi-
tively correlated with ERRa (Pearson coefficient =0.168;
p<0.001; Fig. 1G).

ERRa is a direct transcriptional target of TFEB involved

in lipid metabolism in EC

Previously, we demonstrated that the transcriptional
activity of TFEB correlated with ERRa, but the exact
mechanism remains unclear. Luciferase activity detection
showed that the relative luciferase activity triggered by
ERRa expression was significantly enhanced by the pro-
motion of TFEB (Fig. 1H). To further study the crosstalk
between TFEB and ERRa, ChIP-qPCR was performed,
and the results confirmed that TFEB could directly bind
to the promoter of ERRa DNA (Fig. 1I). Seven possible
TFEB transcriptional binding sites (Fig. 1J; region P1-P7;
all relative scores>0.80) on the promoter region of the
ERRa gene were predicted. Among them, the P5 site with
the element sequence 3-CGCACGTGGC-5 was the
most likely combination with TFEB (Fig. 1J). These data
strongly indicate that TFEB could directly bind to the
ERRa promoter and positively regulate ERRa expression.
ERRa is the key regulator involved in lipid catabolism.
Gene set enrichment analysis (GSEA) of the high- and
low-ERRa expression groups was conducted to explore
and identify the potential function of ERRa in EC. The
gene sets with nominal p<0.05 and false discovery rate

(See figure on next page.)

Gene Set Enrichment Analysis.

Fig. 1 Bioinformatics analysis revealed that TFEB promotes ERRa transcription to participate in EC progression TCGA database (Sample size:
Normal = 23; EC=543) results are shown. (A) The expression of TFEB varies at different FIGO stages (B) and at different pathological grades. (C) The
association of TFEB with OS in the patient/specimen quartiles is shown (Low: 1st quartile distribution; Median: 2nd-3rd quartile distribution; High:
4th quartile distribution). (D) The expression of ERRa varies at different FIGO stages (E) and at different pathological grades. (F) The association of
ERRa with OS is shown. (G) The correlation between the expression levels of TFEB and ERRa in EC tissue. (H) ChIP analysis of the ERRa promoter
occupancy in KLE cells is performed as described in the Materials and Methods section. TFEB is immunoprecipitated using an anti-Flag antibody,
and DNA enrichment is performed using gPCR. The ATP6V1H promoter is used as a positive control and the GLA promoter is used as a negative
control. (I) KLE cells are co-transfected with Flag-TFEB, ERRa promoter labeled with luciferase reporter, and Renilla luciferase control. 48 h after
transfection, the cells are analyzed and the relative luciferase activity is measured and normalized to the Renilla luciferase control. (J) The putative
ERRa-binding sites (ERRES), as predicted by the online program JASPAR (https://jaspar.genereg.net/analysis), are located in the TFEB (P1-P7) gene
promoter regulatory regions. (K) KEGG pathway analysis (Ordinate: the KEGG signal path; abscissa: enrichment score). Results of GSEA in fatty acid
metabolism and adipogenesis pathways. (L) The association of fatty acid metabolism and adipogenesis with tumor invasion is shown (Low: 1st- 2nd
quartile distribution; High: 3rd-4th quartile distribution). Statistical tests: ANOVA (A-B, D-E), Kaplan-Meier estimator (C, F), Pearson correlation
analysis (G), and Student’s t-test (L). p < 0.05 suggests significantly different. TCGA: The Cancer Genome Atlas; FIGO: Federation International of
Gynecology and Obstetrics; OS: Overall Survival; ChIP: Chromatin Immunoprecipitation; KEGG: Kyoto Encyclopaedia of Genes and Genomes; GSEA:
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(FDR)<0.25 were considered significantly enriched in
fatty acid (FA) metabolism and adipogenesis (Fig. 1K).
Then, we found FA metabolism and adipogenesis path-
way both were nearly significantly associated with tumor
invasion (p=0.068 and p=0.075, respectively, Fig. 1L),
which suggested that lipid metabolism might play an
important role in the invasion of EC.

ERRa elevated unsaturated fatty acid (UFA)-containing GPs
in EC

Subsequently, lipidomics was performed and analyzed
in KLETFEB-OV cells and KLEERROV cells. In general,
7 categories of lipids, which were composed of 1120
glycerophospholipids (GPs), 345 sphingolipids (SPs),
285 glycerolipids (GLs) and other lipid categories, were
screened and identified based on a LC-MS/MS system
(Fig. 2A). Finally, 36 classes of lipids were tested, which
included 395 phosphatidylcholines (PCs), 252 triacylg-
lycerols (TAGs), 236 phosphatidylethanolamines (PEs)
and other lipid species (Fig. 2B). Systematic lipidomic
changes occurring between KLETFFB~OV and KLEFRRe-OV
were then assessed by orthogonal partial least squares-
discriminant analysis (OPLS-DA). There was obvious
heterogeneity both in KLETFEE~OV and KLEFRROV with
R’Y=0.994, Q*>=0.910 and R?’Y=0.989, Q>=0.838,
respectively (Fig. 2C-D). Lysophosphatidylethanolamine
(LPE), diglyceride (DG), coenzyme (Co) and wax exters
(WE) was observed to decrease remarkably in KLETFEE~
OV, And digalactosyldiacylglycerol (DGDG) was observed
to increase statistically, while gangliosides2 (GM2) was
reduced significantly in KLEFRR*=OV_ Although PC and
sphingomyelin (SM) changed with TFEB or ERR«a eleva-
tion indistinctively, the ratio of PC/SM was distinctly
increased both in KLET#~°V and KLEF***~9Y, which
was used to evaluate cell membrane fluidity (p<0.05,
Fig. 2E-F).

As the direct target of TFEB, ERRa obviously elevates
7 species of lipids, including PCs, phosphatidylglycerols
(PGs), cardiolipins (CLs), PE (18:1/20:5), phosphatidyl-
serines (PSs) and ceramides (Cers). Increased UFA-con-
taining PCs, PGs, PSs, SMs, CLs and PE (18:1/20:5) and
a decrease in saturated fatty acid (SFA)-containing PCs,
PGs and SM (40:0) were also detected in KLEFFR-OY
(Fig. 2G). Moreover, the overlapping lipids of KLETFEB~OV
and KLEFRR*~OV were PC (35:1)+H, PC (36:3)+H and
PG (18:1/22:6)+ H, respectively (Supplement Table 1).
In brief, the common event is that UFA-containing GPs
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are increased in ERRa-overexpressing EC cells. The
data showed that the membrane fluidity of KLE was
increased with ERRa. Hence, TFEB drives ERRa to ele-
vate the unsaturation of fatty acyl moieties in GPs, which
enhances membrane fluidity for invasion and metastasis.

Proteins/lipids related to ERRa were enriched

in mitochondrial function in EC

Compared to control KLE cells, 173 proteins related to
ERRa with unique peptides>2.0, FC>1.3 and p<1.0
were gained in KLE cells treated with XCT790. The bio-
logical process of these proteins was mainly enriched
in mitochondrial function, and the cell component was
enriched in cone filopodium growth (Fig. 3A). Since an
identified potential biological process was found to be
affected by ERRq, the concentrations of these proteins/
lipids were next evaluated in EC invasion and metastasis.
Thirty-two proteins were significantly different between
UFA-containing PCs, PGs, SMs and SFA-containing PCs,
PGs, and SMs by combining proteomics and lipidomics
(Fig. 3B-C, Supplement Table 2). The mitochondrial func-
tion was mainly enriched by STRING analysis (Fig. 3D).
Then, we routinely detected genes associated with FA
metabolism, including acc, fasn and acadm, which
showed that FA metabolism was dynamic. Generally, all
the gens were upregulated as TFEB-ERRa increased and
downregulated as TFEB-ERRa decreased in KLE and
ECC-1 cells (Fig. 4A). Subsequently, mitochondrial stress
was evaluated by an energy analyzer. Compared to that
of their controls, the maximum oxygen consumption rate
(OCR) of cells treated with 0.5 pM FCCP was increased
in KLETFEB=OV and KLEERR~OV which was decreased in
KLETFEB=KD and KLEFRRCKD cells (p<0.05). The OCR
related indicators, including basal, maximal respira-
tion, and spare respiratory capacity were significantly
higher in KLETFEB~OV and KLEFRR*=OV cells (p<0.05).
Meanwhile, in KLET™8KP and KLEFRRKD cells, the
decreasing level of basal, maximal respiration, and spare
respiratory capacity was also showed (p<0.05). Moreo-
ver, the level of ATP also showed a positive correlation of
TFEB and ERRa (p<0.05). A similar trend was observed
in ECC-1 cells. To further confirm the effects of TFEB on
ERRa-mediated mitochondrial stress, ERRa levels were
inhibited in KLE™®~°V cells and ECC-1"B~OV after
XCT790 treatment. The OCR was no significant increase
in KLETFEB-OV4+XCT7% _ollc and ECC-1TFEB-OV+XCT790

cells(p > 0.05; Fig. 4B).

(See figure on next page.)

Fig. 2 ERRa elevated unsaturated fatty acid (UFA)-containing GPs in EC (A) Seven subgroups of lipids in KLE cells are detected using lipidomics.
(B) 36 classes of lipids were tested in KLE cells. (C) Systematic lipidomic changes between KLE and KLETPEB—OV 3ssessed by orthogonal partial least
squares-discriminant analysis (OPLS-DA). (D) Systematic lipidomic changes between KLE and KLEERR=9Y assessed by OPLS-DA. (E) Significant lipid
species associated with TFEB and its PC/SM evaluation. (F-G) Significant lipid species associated with ERRa and its PC/SM evaluation. (p <0.05 and
VIP>1 indicate significant). *, p < 0.05. Statistical tests: Student’s t-test. TFEB-OV: TFEB Over-Expressed; ERRa-OV: ERRa Over-Expressed.
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The degree of saturation of fatty acyl moieties of mem-
brane phospholipids determines the biophysical proper-
ties of cell membranes, such as their fluidity. LPCAT1 and
LPCAT3 are the key phospholipid remodeling enzymes
that regulate the degree of saturation of fatty acyl moie-
ties in the membrane [16]. Thus, we tested the FA desatu-
rase proteins LPCAT1 and LPCAT3. LPCAT1/3 were
increased in KLEERR*~OV compared with the controls.
In contrast, both LPCAT1 and LPCAT3 decreased in
KLEERRa=KD compared with the controls (p <0.05). Simi-
larly, MMP2 and Cortactin were altered with ERRa which
detected to evaluate membrane fluidity (p <0.05; Fig. 4C).
A similarly trend of LPCAT1/3, MMP2 and Cortactin
was observed in ECC-1 cells. Furthermore, LPCAT1/3,
MMP2 and Cortactin were inhibited apparently when
we treated KLE and ECC-1 with XCT790. However,
these proteins could not be reversed by XCT790 when
TFEB was over-expressed (p <0.05; Fig. 4D). To observe
the generation of pseudopod, we found there were more
filopodia in KLETFEE~OV and KLEERR*~OV than KLE cells,
while fewer thin filopodia were scanned in KLEFRRa—KD
and KLE with XCT790 treatment by SCE. Moreover,
TFEB over-expressed annulled the inhibitory effect of
XCT790 to keep the filopodia and pseudopod. Consist-
ent with KLE cell pseudopodia, TFEB-ERRa promote the
filopodia and the outcome of XCT790 treatment could be
withdrew as TFEB was up-regulated. (Fig. 4E) These data
suggested that TFEB could induce mitochondrial stress
and phospholipid remodeling to elevate the fluidity of the
cell membrane by upregulating ERRa in KLE and ECC-1
cells.

TFEB promotes EC migration depending on ERRa via EMT
signaling

Although the role of ERRa in promoting EC invasion
and metastasis has been established [9], its underly-
ing mechanisms are far from elucidated. The migration
ability of KLE and ECC-1 cells was remarkably changed
after regulation of the expression of TFEB or ERRa
through a lentivirus-mediated strategy. Compared to
the controls, the scratched spaces were up to 47.2%
in KLETFEB=OV21.9% in KLEERR*=OV at 24 h and up to
126.4% in ECC-1TFEB-OV) respectively (both p<0.05;
Fig. 5A-B). The scratched spaces of ECC-1FRRa-OV 4t
24 h also increased slightly, but there was no significant
difference from their controls (p>0.05). The wounded
spaces were nearly two-fold decreased at 24 h in both
KLETFEB=KD and KLEERRCKD cells compared with their
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controls (p<0.001). A similar trend was observed in
ECC-1"FEB-KD 3nd ECC-1ERR“"KD Ty further confirm
the effects of TFEB on ERRa-mediated cell migration,
ERRa levels were inhibited in KLETFEE=OV cells and ECC-
1TFEB=OV (ells after XCT790 treatment. The scratched

space was not significantly increased from 0 to 24 h in
KLETFEB-OV+XCT790 (olls or ECC-1TFEB-OVAXCT790 (o]l

Meanwhile, the enhanced migration abilities of KLETFEB=

OV and ECC-1TFEB=OV cells were partially compromised
after XCT790 treatment (p<0.05; Fig. 5A-B). Moreo-
ver, the RT-qPCR results showed that downregulation
of TFEB reduced the expression of ERRa and vimentin
and increased the expression of E-cadherin in ECC-1 and
KLE cells. In contrast, TFEB overexpression enhanced
the expression of ERRa and vimentin and decreased the
expression of E-cadherin (p<0.05, Fig. 5C-D). These
data are similar to the findings observed in Western blot
experiments (p<0.05, Fig. 5E). Importantly, there was
no significant change in ERRa, vimentin or E-cadherin
expression when KLETFEB-OV and ECC-1TFEE-OV cells
were treated with 10 uM XCT790 (p >0.05, Fig. 5F). This
demonstrated that TFEB could regulate cell migration
in an ERRa-dependent manner via the EMT signaling
pathway.

High expression of TFEB-ERRa is associated

with dyslipidemia and metastasis in EC patients

To verify the results obtained above, IHC was performed
on an EC tissue microarray (TMA), which included 79
EC specimens and 32 normal endometrium specimens.
Positive immunoreactivity for TFEB was detected in the
nuclei of both carcinoma cells and normal endometrial
gland cells. Significantly higher immunoreactivity was
observed in EC tissue than in normal endometrial tis-
sue (p<0.001; Fig. 6A & Table 1). Similarly, ERRa could
also be detected in 79 EC tissue samples with a higher
immunoreactivity than it detected in 32 normal endo-
metrial tissues (p<0.001; Fig. 6A & Table 1). There
was no significant difference in TFEB or ERRa expres-
sion among EC patients with different International
Federation International of Gynecology and Obstet-
rics (FIGO) stages, histologic tumor grades, pathologi-
cal types or lymph node metastasis (LNM) conditions
(p>0.05; Fig. 6C). However, significant differences were
detected between the <1/2 and>1/2 myometrial inva-
sion (MI) groups for both TFEB and ERRa expression
in EC patients (p<0.05; Fig. 6C). Moreover, a positive
correlation between TFEB and ERRa immunoreactivity

(See figure on next page.)

Fig. 3 Proteins/lipids related to ERRa were enriched mitochondrial function of EC (A) Enrichment analysis for canonical pathways (CP) and
biofunctions (BF) was performed on proteins related to ERRa. (B) 173 proteins related to ERRa were gained in KLE cells treatment with 10

UM XCT790 for 24 h using proteomics. (Blue, down-regulated; Red, up-regulated) (C)The significant protein related to the degree of unsaturated
lipids were analyzed by STRING. (D) Mitochondrial function and glucolipid metabolism were enriched by GO and KEGG.
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were evaluated between control and TFEB-overexpressing by WB.

(E) Representative Scanning electron microscope (SEM) micrographs
of KLE and ECC-1: TFEB-ERRa axis and XCT790 treatment for 24 h
regulated pseudopod, in comparison to the controlled group.
Micrographs are screened at scale of 10-30 pM. *, p <0.05. Statistical
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was found based on Pearson’s rank correlation analysis
(r=0.642, p<0.001, Fig. 6B).

Interestingly, in a study on the same population for
serum lipids, the serum total triglyceride (TG) level
was significantly higher, while the high-density lipopro-
tein (HDL) and apolipoprotein A (APO-A) levels were
significantly lower in EC patients than in health peo-
ple (P<0.05, Table 1). In addition, the low-density lipo-
protein (LDL) level was obviously higher in patients
with endometrioid endometrial cancer (EEC) than in
patients with non-endometrioid endometrial cancer
(NEEC). Importantly, both HDL and APO-A levels were
decreased significantly in patients with LNM (p<0.05,
Table 1). Next, we compared the differences in serum
lipids in populations with different TFEB/ERRa expres-
sion levels. Not unexpectedly, serum HDL and APO-A
levels were much lower in the patients with high expres-
sion of TFEB and ERRa (4 +/+ ++) than in those with
low TFEB and ERRa expression (-/+) (p<0.05; Fig. 6D).
Given from the evidence above, elevated TFEB-ERR« is
involved in EC invasion and metastasis and is related to
decreases in serum HDL and APO-A levels.

Accumulation of UFA-containing GPs induced by ERRa

is required for EC progression

The species of lipids obtained from 32 cases of EC tissues
and 19 cases normal endometrial tissues (3 cases were
disqualified) were similar to the cells, which included 359
PCs, 324 TAGs, 269 PEs and other lipid species (Fig. 7A-
B). Venn showed that 2 lipids were found in three groups,
including PG (18:1/22:6) +H, PC (36:3)+H and 19 lipids
were detected both in KLEERR®™OV and clinical tissues
(Fig. 7C). Systematic lipidomic changes occurring between
EC patients and normal controls were assessed by OPLS-
DA. There was obvious heterogeneity between the popu-
lations, with R*Y=0.963 and Q?*=0.510 (Fig. 7D). Fair
discrimination was also found between patients with LNM
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(n=8) and those without LNM (n=24). (R’Y=0.789
and Q*=0.574, Fig. 7E). Consistent with the results from
in vitro research in cells, DGDG was observed to increase
with a fold change (FC)>1.5. In addition, PGs, including
phosphatidylinositol (PI), lysophosphatidylserine (LPS),
lysophosphatidylethanolamine (LPE) and PG, sphingolip-
ids (SLs), including Hex2Cer, Hex1Cer, Cer and ceramide
phosphate (CerP), and GLs, including monoglyceride (MG)
and TG, were also increased in EC tissue. Although SM was
elevated indistinctively, PC/SM was significantly increased
in EC tissue, which was used to evaluate cell membrane
fluidity (p<0.05, Fig. 7F). Moreover, UFA-containing
GPs, such as PC (18:1/18:2)+HCOO, PC (32:2)+H, PG
(18:1/22:6)+H and SM (42:1)+HCOO, were obviously
increased in EC tissue compared to normal endometrium
(FC>1.5, VIP>1 and p<0.05; Fig. 6F). However, compared
to patients without LNM, PC (18:1/18:2)+HCOO was
much higher in the patients with LNM (p<0.05; Fig. 7G).
We performed ROC curve analysis and obtained the cut-
off values. The results showed that PC (18:1/18:2) + HCOO
and CA125 have good diagnostic value in patients with
advanced-stage EC (p<0.05; Supplement Figure 2). More-
over, PC (18:1/18:2) + HCOO was found to be an inde-
pendent risk factor for EC patients in advanced stage by
univariate binary logistic regression analyses (p<0.05,

Fig. 7H).
Furthermore, we compared the differences in
serum lipids in populations with different PC

(18:1/18:2) + HCOO expression levels. The results showed
that the serum HDL level was much lower in the patients
with higher expression of PC (18:1/18:2)4+HCOO than
in those with lower PC (18:1/18:2)+HCOO (p<0.05,
Table 2). Moreover, a positive correlation between PC
(18:1/18:2) + HCOO and ERRa immunoreactivity was
found based on Pearson’s rank correlation analysis
(r=0.805, p<0.001, Fig. 7I). These results suggested that
increased PC (18:1/18:2) + HCOO induced by ERRa was
a novel biomarker of EC progression, which was probably
related to the decrease in serum HDL.

In conclusion, the TFEB-ERR«a axis promotes UFA-con-
taining GP accumulation to induce lipid reprogramming
hallmarked by mitochondrial stress, which contributes
to the invasion and metastasis of EC (Supplement Fig-
ure 3). Importantly, UFA-containing PC, SM and PG
were the significantly altered lipids found in EC cells and
tissues, among which, PG (18:1/22:6)+H induced by
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TFEB-ERR«a axis was involved in tumorigenesis and PC
(18:1/18:2) + HCOO was the ERRa-dependent lipid to
mediate EC metastasis.

Discussion

EC is one of the cancers most related to metabolic dis-
orders, and patients present with hyperlipidemia, hyper-
glycemia, hypertension and other clinical symptoms
[21]. Guo et al. suggested that metformin significantly
reversed obesity-driven lipid and protein biosynthesis
upregulation in an obese LKB1"f p53%1 mouse model of
EC [22]. Recently, an increasing number of studies have
confirmed that ERRa is a key regulator of metabolism in
obesity-related tumors, such as breast cancer [23], pros-
tate cancer [24], and EC [25]. Moreover, ERRa-mediated
signaling pathways have recently emerged as key factors
in the regulation of cancer lipid metabolism. In our pre-
vious work, the translational factor activity of TFEB was
affected by the downregulation of ERRa expression in EC
according to a high-throughput DNA/protein assay [25],
which suggested that TFEB should interact with ERRa
and be involved in EC lipid reprogramming and progres-
sion, which triggered our interest. TFEB downregulation
or deficiency can obviously affect the cellular phenotype
in a physiologically relevant manner in settings including
atherosclerosis [26], nonalcoholic fatty liver disease [27],
cancer [28] and neurodegeneration [29]. Furthermore,
TEEB is activated by starvation or caloric restriction and
plays roles in lipid catabolism and lysosomal biogenesis
[14]. Therefore, we started with bioinformatics analysis
of the TCGA data. In agreement with our hypothesis, the
results confirmed that both TFEB and ERRa are strongly
associated with a poor prognosis in EC, as reflected by
their associations with a high FIGO stage and a shortened
survival time. Moreover, the expression of TFEB was first
found to be positively correlated with the expression of
ERRa in the TCGA data of 543 EC cases. The bioinfor-
matics analysis result was further verified by our clinical
data from our TMA, in which TFEB and ERRa showed
a strong correlation and both were related to the MI of
EC. However, the exact interaction mechanism between
TFEB and ERRa has not yet been described clearly. In
2019, TFEB was reported to drive PGC-la expression
in adipocytes to protect against diet-induced metabolic
dysfunction, while PGC-1a is one of the most important
coactivators of ERRa [30]. We further confirmed that

(See figure on next page.)

Fig. 6 High expression of TFEB-ERRa is associated with dyslipidemia and metastasis in EC patients The immunohistochemical expression of several
proteins and their correlations are shown. (A) The immunohistochemical expression of TFEB and ERRa in the normal endometrium (n=32) and EC
at different FIGO stages (n="79) (magnification: x 400). (B) The correlation between TFEB and ERRa expression is shown in tissues. (C) Analysis of
TFEB-ERRa and clinicopathological features. (D) The differences level of serum TG, HDL, APOA and LDL in groups with different expression levels of
TFEB. *, p<0.05. Statistical tests: Student’s t-test (D), pearson’s rank correlation analysis (C). MI: Myometrial Invasion; LNM: Lymph Node Metastases;
TG: Triglyceride; HDL: High-Density Lipoprotein; APOA: Apolipoprotein A; LDL: Low-Density Lipoprotein.
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TFEB can bind to the promoter region of ERRa and regu-
late the expression and function of ERRa in vitro by ChIP
assay and luciferase assay.

Previously, we reported that high expression of ERR«
is associated with cancer cell metastasis and invasion
[11]. To our knowledge, this is the first report indicat-
ing that TFEB participates in the invasion of EC cells
by EMT signaling. Interestingly, the patient’s clinical
lipid profile indicated that serum HDL and APO-A
were negatively correlated with TFEB and ERRa. Lower
serum HDL and APO-A levels were associated with
LNM in EC patients. As we know, PC was the major
phospholipids of HDL [31]. Importantly, we found a
significant decrease in HDL in the patients with higher
PC (18:1/18:2) + HCOO, which indicated that PC
remodeling probably influenced the serum HDL level
of EC patients. Together, TFEB/ERRa was an early
predictor of MI, while lower HDL/APO-A and higher
PC (18:1/18:2) + HCOO were risk factors for LNM
in advanced EC. In brief, TFEB/ERRa regulates EC
patients’ lipid metabolism and is involved in EC inva-
sion and metastasis.

Moreover, our in vitro and in vivo lipidomics experi-
ments first investigated ERRa as a downstream signal
by which TFEB promotes UFA-GP accumulation dur-
ing EC progression. Guo found dramatic increases in
lipid biosynthesis and lipid peroxidation in a geneti-
cally engineered mouse model of endometrioid adeno-
carcinoma [22], suggesting that lipidomic changes or
reprogramming are significant in EC. Previous stud-
ies have confirmed that downregulation of ERRa pro-
vides a potential therapeutic strategy and inhibits
cellular metastasis and invasion in EC [11, 25]. How-
ever, the mechanism by which TFEB-ERRa regulates
FA and GP synthesis was unexplored prior to our study.
After overexpressing TFEB and ERRq, the top three
categories of lipids obtained were GPs, SPs and GLs.
Among them, PC (36:3)+H, PC (35:1)4+H and PG
(18:1/22:6) + H were found to be the significantly lipids
and PG (18:1/22:6)+H was the lipid positively related
to TFEB-ERRa overexpression, which was also elevated
in cancerous tissues. This evidence indicated an unex-
pected role of TFEB-ERR« in FA unsaturated and phos-
pholipid remodeling pathways that are controlled by
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rate-limiting metabolic enzymes, including LPCAT1 and
LPCATS3 [32, 33]. The impacts of UFA-containing GP
accumulation on membrane fluidity have been proposed
as secondary effects linked to desaturation induced by
LPCAT1 and LPCATS3. The sensitivity of lipids to oxi-
dative stress depends on their fatty acid moiety. Double
bonds in MUFAs and PUFAs show a prevalent cis con-
formation, which produces bends and limits their rigid
packing [34]. Since double bonds make fatty acyl chains
more susceptible to oxidative stress, increased UFA-GPs
promote membrane fluidity when ATP is elevated in
this study. Commonly cancer cells possess different and
complementary metabolic profiles, microenvironments
and adopting behaviors to generate more ATPs to fulfill
the requirement of high energy, which is further utilized
in the production of proteins and other essential pro-
cesses required for cell survival, growth, and prolifera-
tion. Mitochondria are partially autonomous organelles
that depend on the import of certain proteins and lipids
to maintain cell survival and membrane formation [35].
CL and/or PG are considered mitochondria-specific
phospholipids [36]. PG (18:1/22:6) was found to be
increased in MYC-induced T cell acute lymphoblastic
leukemia, renal cell carcinoma, hepatocellular carci-
noma, and lung carcinoma [37]. Our results showed that
PG (18:1/22:6)+H was much higher in EC patients,
which demonstrated the important role of mitochondria
in maintaining membrane homeostasis. The synthesis of
mitochondrial ATP plays a key role in inducing mem-
brane curvature to establish cristae in eukaryotes [38].
The effect of mitochondrial stress was considered as the
hallmark of membrane remodeling, which demonstrated
herein that TFEB-ERRa enhanced membrane fluidity by
stimulating mitochondria to prepare for invasion and
metastasis. However, mitochondria lacks PC synthe-
sizing enzymes, and this lipid has to be imported from
other organelles, such as the endoplasmic reticulum
(ER). The prevailing view is that a significant pool of cel-
lular PC can also be made de novo from PS in a pathway
that originates in the ER and passes into and out of the
mitochondrion [39]. The genes related to FA metabo-
lism, such as acc, fasn and acadm, increased with ERRa,
which suggested that ERRa mobilized B-oxidation and
de novo lipogenesis to facilitate lipid reprogramming.

(See figure on next page.)

Fig. 7 Accumulation of UFA-containing GPs induced by ERRa is required for EC progression (A) The baseline characteristic including BMI,
menopause, FIGO stage, histologic type, MI, LNM and ERRa expression of patients (EC=35 vs controls = 19) tissues for lipidomic. (B) Different
classes of lipids were tested in 35 EC tissues and 19 control tissues. (C) Venn diagram showing the distribution of TFEB-ERRa axis related lipids and
ERRa-dependent lipids in clinical samples. (D)Systematic lipidomic changes between EC and control tissues assessed by OPLS-DA. (E) Systematic
lipidomic changes between LNM and non-LNM tissues assessed by OPLS-DA. (F) Significant lipid species in EC and normal control tissues and

its PC/SM evaluation. (G) Analysis of TFEB-ERRa associated lipids, ERRa-dependent lipids and EC as well as LNM. (H) The univariate binary logistic
regression analyses of Age, BMI, CA125, PC (18:1/18:2) + HCOO and PC (32:2) + H. (I) The correlation analysis of PC (18:1/18:2) + HCOO and ERRa. *,
p <0.05. Statistical tests: Student’s t-test(E-F), Logistic regression(G), Pearson’s rank correlation analysis(H). BMI: Body Mass Index.
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Table 2 Associations of PC(18:1/18:2)+HCOO with serum lipid

Parameter PC(18:1/18:2)+HCOO<cutoff value PC(18:1/18:2)+HCOO> cutoff value p
(n=23) (n=28)

TG(mmol/L) 1.53340.650 2.91149.981 0.136

CHOL(mmol/L) 5.37941.062 5.32941.258 0.904

HDL(mmol/L) 1416+0.345 1.1904+0.313 0.028

APO-A(g/L) 1.083+0.130 1.0574+0.182 0.645

LDL(mmol/L) 3.36740.958 2.96040.757 0.221

APO-B(g/L) 1.01140.261 0.96140.200 0.573

Abbreviations: APO-A Apolipoprotein A, APO-B Apolipoprotein B, CHOL Cholesterol, HDL High-Density Lipoprotein, LDL Low-Density Lipoprotein, PC
Phosphatidylcholine, TG total Triglyceride, Cut-off value=521540036.5. p < 0.05 suggests significantly different

In addition, increased PC (18:1/18:2)+HCOO has
been shown to be a good predictor for prostate can-
cer [40]. In line with these findings, we found that PC
(18:1/18:2) + HCOO was not only related to EC but also
associated with EC metastasis, which showed a potential
role of a tumor marker.

In summary, we found that the TFEB-ERRa signaling
pathway regulates the invasion and metastasis of endo-
metrial cancer cells through the EMT pathway and cell
membrane fluidity. This regulation depends on ERRa to
participate in the metabolism of lipids and cellular mem-
brane remodeling. TFEB-ERRa enhances UFA-PCs, PG
(18:1/22:6) +H and PC/SM in EC patients to promote
cellular fluidity and results in invasion and metasta-
sis. Furthermore, PC (18:1/18:2) + HCOO is the ERRa-
dependent potential lipid to mediate EC metastasis. This
also explains why ERRa, as a key factor in energy metab-
olism, is a poor prognostic factor for EC.
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