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Abstract

Transcription factor EB (TFEB) mainly regulates the autophagy-lysosomal pathway, associated with many diseases, including cancer. However,
the role of TFEB in pan-cancer has not been investigated systematically. In this study, we comprehensively analyzed TFEB targets under three
stresses in Hela cells by cross-validation of RNA-seq and ChlP-seq. 1712 novel TFEB targets have not been reported in the Gene Set Enrichment
Analysis and ChIP Enrichment Analysis databases. We further investigated their distributions and roles among the pan-cancer co-expression
networks across 32 cancers constructed by multiscale embedded gene co-expression network analysis (MEGENA) based on the Cancer Genome
Atlas (TCGA) cohort. Specifically, TFEB might serve as a hidden player with multifaceted functions in regulating pan-cancer risk factors, e.qg.
CXCL2, PKMYT1and BUBT, associated with cell cycle and immunosuppression. TFEB might also regulate protective factors, e.g. CD79A, related
to immune promotion in the tumor microenvironment. We further developed a Shiny app website to present the comprehensive regulatory
targets of TFEB under various stimuli, intending to support further research on TFEB functions. Summarily, we provided references for the TFEB
downstream targets responding to three stresses and the dual roles of TFEB and its targets in pan-cancer, which are promising anticancer
targets that warrant further exploration.
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Introduction

Autophagy is a process of delivering cytoplasmic cargo to the
lysosome for degradation, also named autophagy-lysosomal
pathway (ALP). It is a critical intracellular degradation sys-
tem for cleaning cellular components to support cell survival
by responding to various stresses (1). Studies have found that
it plays important dual roles in cancer development, progres-
sion, and prognosis, including metabolic adaptation, regula-
tion of immune evasion, resistance to cell death, tumor cell
migration and invasion for tumor promotion; tumor dor-
mancy, and genomic stability maintenance for tumor inhibi-
tion (2). On the one hand, in the early stages of cancer, vari-
ous autophagy-related genes, such as BECN1 (Beclin 1) and
ATG7 (Autophagy Related 7), which are critical regulators re-
sponsible for the initiation stage of autophagy, are involved in
tumor inhibition in specific cancer types and specific tissues
(2). The loss or mutant of BECNI led to the promotion of
tumorigenesis in breast, gastric, colon, ovarian, and prostate
cancers (3-6). ATG7 showed a negative correlation with tu-
morigenesis in pancreatic ductal adenocarcinoma (PDAC),
which was not only due to its regulation of autophagy but
also its role in invasion and metastasis (7). On the other hand,
ALP can contribute to the growth, metabolism, and survival of
tumor cells in the later stages by clearing the damaged DNA,
proteins, dysfunctional organelles, and toxic oxygen radicals
and promoting metastasis (8). In addition, ALP also partic-
ipates in tumor microenvironment regulation by suppressing
immune responses by immune cells (9) and promoting the eva-
sion of immune attacks by degrading the major histocompati-
bility complex (MHC) Class I (MHC-I) (10). These protective
effects of ALP on tumor cells usually lead to the resistance of
tumor therapies and poor prognosis.

Transcription factor EB (TFEB) is the primary regulator
of autophagy and lysosome biogenesis and an oncogene. Pa-
tients with renal cell carcinoma (RCC) (11) and alveolar soft
part sarcoma (12) show chromosomal translocations involv-
ing TFEB and TFE3 (Transcription Factor Binding To IGHM
Enhancer 3) (13). It can be activated under various cellular
stresses, such as mitochondrial damage, ER stress, starvation,
and pathogen infection (14), which leads to the increasing ex-
pression of a wide variety of genes with dual effects on can-
cer. The dysregulation of TFEB expression and activity are
associated with pancreatic cancer cell proliferation (15) and
non-small cell lung cancer motility (16). Although the main
functions of TFEB in cancers are detrimental through induc-
ing ALP, especially in the later stage of tumor progression,
some studies have revealed that TFEB could work as an an-
titumor factor in an ALP-dependent or independent way. For
instance, Liu et al. (17) found a TFEB inducer, Tubeimoside-1
(TBM-1), could promote the efficacy of cancer immunother-
apy by increasing lysosomal degradation of programmed cell
death ligand 1 (PD-L1), which could inhibit the T cell re-
ceptor (TCR) pathway. Bellese et al. (18) demonstrated that
Neratinib (NE) might perform an antitumor effect on breast
cancers by increasing and activating TFEB/TFE3 to induce
ALP under short-time treatment and to regulate cell cycle ar-
rest, apoptosis, mitochondrial dysfunction, and inhibition of
DNA damage response under more extended time treatment.
These studies suggest that TFEB might play dual roles in can-
cer treatments.

TFEB and ALP are usually activated by various cancer-
associated risk factors, such as misfolded proteins and dam-
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aged organelles, resulting in cell stresses, like reactive oxy-
gen species (ROS) imbalances, inflammation, defective anti-
gen presentation, leading the cells to malignant transforma-
tion (2). In addition to the transcript regulation of TFEB, the
post-translational regulation of TFEB is more critical for its
role in stress response and diseases (19). The activation and
nuclear localization of the encoded protein product of TFEB
are critical for its regulatory function as a transcription fac-
tor. The mammalian target of rapamycin (mTOR) pathway-
related stress (e.g. nutrition deficiency), mitochondrial dam-
age (e.g. oxidative stress), and lysosomal stress (e.g. lysosome
storage) are three common inducers for TFEB activation and
promotion of its nuclear localization. Since cancer is one of
the stress-related diseases, these stresses are also crucial for the
initiation, progression, prognosis and treatment of cancer (20—
23). Previous studies on TFEB targets usually focus on a sin-
gle cellular stress scenario for lysosome or autophagy-related
context (24,25). However, the detailed downstream targets of
TFEB under different cellular stresses are still poorly studied.

Here, we treated Hela cell lines with three classic TFEB
inducers, i.e. carbonyl cyanide m-chlorophenylhydrazone
(CCCP), sucrose, and Torinl, and confirmed with RNA-
sequencing (RNA-seq) and chromatin immunoprecipitation
sequencing (ChIP-seq) techniques to explore the regulatory
target profiles and multi-functions of TFEB responding to
these three stresses. Torinl is a highly potent and selective
ATP-competitive mTOR inhibitor. It can induce autophagy in
a mTORC1-dependent and mTORC2-independent way (26).
CCCP is a protonophore capable of increasing membrane
proton conductance, causing mitochondrial depolarization
and uncoupling of respiration. It can lead to PINK1 /parkin-
mediated mitophagy in an AMPK-independent but mTORC1-
dependent manner, activating TFEB (27,28), and it can also
induce TFEB nuclear translocation by activating lysosomal
TRPML1 (Mucolipin TRP Cation Channel 1) channels, in-
ducing lysosomal Ca®* release (29). As a neutral disaccha-
ride, sucrose was reported to cause a vacuolation model
by damaging the osmotic pressure balance between lyso-
some and cytoplasm, increasing lysosomal gene expression
(24). Therefore, to clarify the function of TFEB and deci-
pher genes regulated by TFEB under different stress scenar-
ios, we used these three inducers to induce various kinds of
cellular stresses in Hela cell lines and further investigate its
regulatory targets through cross-validation by RNA-seq and
ChIP-seq. We further constructed a Shinyapp website (https:
//minglab.shinyapps.io/shiny_pro/) to show this complex reg-
ulatory potential of TFEB under different stimuli.

Gene co-expression network analysis has emerged as a
powerful tool for predicting gene module functions and iden-
tifying disease biomarkers in various cancer types. There have
been various methods proposed to construct the networks
from high-throughput multi-omics data, such as weighted
correlation network analysis (WGCNA) (30) and multiscale
embedded gene co-expression network analysis (MEGENA)
(31). These approaches provide comprehensive insights into
the regulatory mechanisms of cancer development, progres-
sion, drug resistance, and patient prognosis (32). Although
the gene co-expression network is a comprehensive method
to explore the key drivers of essentially biological processes
or functions for cancer-related gene modules, there are still
some hidden players with indispensable roles in tumor devel-
opment, progression, and prognosis, which might be a neigh-
bor gene (not the hub gene), or a non-coding gene regulat-
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ing the expression of other key driver genes (33-35). From
a recent pan-cancer study, we assessed the constructed gene
co-expression networks across 32 cancer types from 9 546 in-
dividuals in the TCGA database (36). By integrating the pan-
cancer gene co-expression networks with our TFEB regulatory
profiles, we found that TFEB might work as a hidden player
in tumor progression by regulating expressions of risk factors,
such as CXCL2,PKMYT1 and BUBI, associated with cell cy-
cle and immunosuppression; and by regulating expression of
protective factors, such as CD79A, related to the activation
of T cells and increasing B cell infiltration in the tumor mi-
croenvironment (TME). Further studies are needed to validate
our findings in different cell lines and further explore the un-
derlying switch between regulating risk factors and protective
factors for TFEB. Our findings excavate the potential to reg-
ulate cancer progress and influence the prognosis by targeting
TFEB or its downstream regulated genes.

Materials and methods

Cell culture and treatment

The cell lines used in this study included Hela cells expressing
3 x Flag-TFEB, Hela cells expressing GFP-TFEB, and Hela
wild-type cells. Hela cells expressing 3 x Flag-TFEB were cul-
tured and maintained in DMEM containing 200 pg/ml G418
(Sigma, N1876-25G), 10% fetal bovine serum (FBS, Thermo,
#26 140 079-500ml), and 1% Penicillin-Streptomycin (PS,
Thermo, 10 378 016-100ml) and cultured in DMEM con-
taining 10% FBS and 1% PS for experiments. Hela wild-type
cells and Hela cells expressing GFP-TFEB were cultured in
DMEM containing 10% FBS and 1% PS. All cells were main-
tained in the incubator at 37 °C with 5% CO,. Hela cell lines
were treated with CCCP (20 uM, Med Chem Express, HY-
100941) and Torinl (1 uM, LC Laboratories, T-7887) for 1
h for ChIP-seq and six hours for RNA-seq. Cells were treated
with sucrose (150 Mm, Millipore, 573 113) for 6 h for ChIP-
seq and eight hours for RNA-seq. The figures for HeLa cells
expressing GFP-TFEB were taken using the Opera Phenix Plus
High-Content Screening System (PerkinElmer).

RNA-sequencing and differential gene expression
analysis

For RNA-seq, cells were seeded in one 6cm dish/group and
were cultured to around 80% confluent, followed by corre-
sponding treatment. After treatment with vehicle, CCCP, su-
crose and Torinl, followed by washing with PBS (phosphate
buffer saline, Thermo, #21 600 010), cell samples were col-
lected and maintained using RNA stabilization and storage
solution (RNAlater™, Thermo, AM7020). Then, the RNA ex-
traction followed by reversing transcription with an oligo-dT
primer, RNA library preparation, and paired-end sequencing
were performed at the DNBSeq platform by Bioyi Biotech-
nology Co., Ltd Wuhan. Three biological repeats were per-
formed in each group. After being filtered by Fastp (37) and
qualified by FastQC (https://qubeshub.org/resources/fastqc),
reads were aligned to the hg38 RefSeq database using HISAT2
(38). The gene count matrix and transcript count matrix
were generated by Stringtie (39). Genes with FPKM (frag-
ments per kilobase per million mapped reads) larger than
or equal to 0.1 were included. Principal component anal-
ysis (PCA) was performed based on the normalized gene
count matrix, and the PCA plot was generated by R using

the ggplot2 package (40). Differential gene expression anal-
ysis was performed using DESeq2 (41). Differential expres-
sion genes (DEGs) were selected based on corrected p-value
using the Benjamini-Hochberg method (P,;) <0.05 and fold
change (FC) > 1.5 or < —1.5. The Venn diagrams were gen-
erated by an R package, VennDiagram (42). Gene ontol-
ogy (GO) and pathway enrichments were performed using
Metascape (43). The boxplots of genes are displayed on the
shiny app website (https://minglab.shinyapps.io/shiny_pro/)
constructed using shiny (https://shiny.posit.co/). The Dun-
nett’s multiple comparison test was performed after analysis of
variance (ANOVA) for the comparisons between two groups.

ChlP-sequencing

For ChIP assays, Hela cells with or without expressions of
3 x Flag-TFEB after treatments with or without CCCP, su-
crose, and Torin1, followed by washing with PBS, were fixed
with formaldehyde (Sigma, F8775-500ml) to a final concen-
tration of 1% (v/v) for 10 mins at room temperature (RT)
with gentle shaking. Afterward, stop the cross-linking reaction
by adding glycine (Sigma, G8898-500g) to a final concentra-
tion of 0.125 M and continue shaking for 5 min. Then, after
washing with pre-cooling PBS three times, cells were collected
for nuclei preparation and chromatin shearing using the ChIP
Kit from ZYMO Research (D5209) according to its manual
with gentle adjustments. We sheared the chromatins by son-
icating them on ice for 6 x 5 cycles (30 s ‘ON’, 30 s ‘OFF’
at 40% amplitude) to make sure that the chromatin DNA
fragments were 100-500 bp average in size. An equal quan-
tity of DNA fragments in each group was immunoprecipitated
with 50ul Anti-FLAG® M2 Magnetic Beads (Sigma, M8823)
overnight at 4°C with 1% of the diluted complex as input
groups. The tubes were placed on a magnetic stand the next
day, and the supernatants were discarded. After washing and
eluting the beads according to the kit manual, the protein-
DNA complex was reversed by heating at 65°C overnight.
According to the manual, immunoprecipitated DNA was pu-
rified by the kit and subjected to library construction and high
throughput sequencing by the Beijing Genomics Institution
(BGI).

ChlP-seq data processing and analysis

Clean sequencing reads were aligned to the hg38 RefSeq
database using Bowtie (44) and then were qualified by
FastQC. After removing the reads that duplicated as the artifi-
cial product of the PCR step of library preparation, peaks were
determined by MACS2 (Model-based analysis of ChIP-seq 2)
(45) using input DNA as the negative control and the default
parameters with minor modifications (i.e. ‘~extsize 200’, ‘—p
0.01°). We merged the qualified reads of two replicates for
further study because more than 40% of the identified pull-
down peaks by TFEB in the second replicate were shared with
the first replicate. Then, the peaks were annotated using the
default parameters by HOMOR (Hypergeometric Optimiza-
tion of Motif Enrichment) (46). The promoter peaks were de-
fined as those localizing from 1000 bp downstream to 5000
bp upstream of transcript start sites (TSS). Genes with TFEB
binding sites in the promoter region were included for further
study. We performed a ngsplot program (47) to investigate the

enrichment of TFEB by targeting peaks of genes in the gene
body.
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Hypergeometric test

In the previous study (36), there were 27 448 pan-cancer mod-
ules across 32 cancer types including hub genes and neigh-
bor genes, which were constructed based on the gene co-
expression networks using MEGENA. After the calculation
of correlation (false-discovery rate, FDR < 0.05), construc-
tion of planar filtered networks (PFNs), and multi-scale clus-
tering analysis (MCA), the pan-cancer modules were identi-
fied and then structured in a hierarchy. The nodes with sig-
nificantly (P < 0.05) higher network connectivity than the
randomly permuted planar networks were identified as the
hub genes according to the multiscale hub analysis and other
nodes in the modules were identified as neighbor genes (31).
These pan-cancer modules were categorized into conserved
and specific modules according to the Fisher Exact test (FET)
and the Jaccard similarity index (JSI) for the module similar-
ity among all cancer types. 1 941 conserved modules (7% of
total network modules with JSI > 0.4) showed significant sim-
ilarities in molecular regulatory patterns of cancer transcrip-
tomes in all 32 included cancer types, while 1 063 specific
modules (4% of total network modules with JSI < 0.05 or
FET.P > 0.05) showed their specificality in particular cancer
types. We recognized the intersections between the genes in
pan-cancer modules (hub genes or neighbor genes) and our
identified TFEB targets through hypergeometric tests, accom-
plished by the R function phyper, and the p-value was cor-
rected using the Benjamini-Hochberg method. After adjust-
ment, those with an adjusted p-value (P,4) <0.05 were de-
fined as significant enrichments.

Survival analysis and gene expression

The expression levels of genes among normal tissues and
tumor tissues and survival rate data for cancers were col-
lected from the Cancer Genome Atlas (TCGA) project us-
ing GEPIA (Gene Expression Profiling Interactive Analysis,
http://gepia.cancer-pku.cn/). In GEPIA, the high-expression
and low-expression groups were classified depending on the
median of the expression levels of genes. The gene expres-
sion levels in tumor stages were collected by the University of
Alabama at Birmingham Cancer Data Analysis Portal (UAL-
CAN) (48). The significance of the differences in mRNA ex-
pression levels between normal and tumors was estimated us-
ing Welch’s t-test. The protein levels of TFEB and phosphory-
lated TFEB at Ser142 were collected from the Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) (49) through
UALCAN. The significance of the differences in protein or
phosphorylated protein expression levels between normal and
tumors was estimated using the t-test.

Results

Transcriptomic and epigenetic changes induced by
TFEB are consistent in regulating cancer pathways
responding to different stresses

Since the activated TFEB can translocate into nuclei, to in-
vestigate the downstream regulation of this shift of TFEB be-
tween nuclei and cytoplasm more efficiently, we used Hela
cells expressing 3 x Flag-TFEB in the experiments of RNA-seq
and ChIP-seq. We first treated Hela cells expressing 3 x Flag-
TFEB with or without three TFEB inducers (i.e. CCCP, su-
crose, and Torin1). Then, we detected the TFEB potential tar-
get genes using RNA-seq by comparing them with non-treated
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(i.e. Ctrl) cells. We expressed GFP-TFEB in Hela cells and
they showed apparent GFP-TFEB nuclear translocation af-
ter treatment with these three inducers (Figure 1A). RNA-
seq showed that the gene expression patterns were hetero-
geneous among groups (Figure 1B). We identified 5754 sig-
nificantly upregulated DEGs (FC > 1.5 and P,; < 0.05)
compared with the Ctrl group in total under three inducers
(Figure 2A). These DEGs can be divided into five groups:
CCCP-specific, Sucrose-specific, Torin1-specific, Two stimuli-
overlapped, and Three stimuli-overlapped DEGs (Figure 2A,
Supplementary Table S1). The function enrichment analy-
sis showed that in addition to pathways in cancer (KEGG:
hsa05200), these five groups containing TFEB potential tar-
gets took part in cell division, cellular response to stimuli (i.e.
lipid, cytokine stimulus, hormone, starvation, etc.), regulation
of secretion, regulation of the immune system (e.g. cytokine
signaling in immune system and cell activation), and positive
regulation of locomotion (Figure 2B).

To avoid off-target bias from RNA-seq, we further con-
firmed the genes whose expressions were directly regulated by
activated TFEB under the same three different cellular stresses
through ChIP-seq for the DNA fragments pulled down by
TFEB using Hela cells expressing 3 x Flag-TFEB (Figure 1C).
Most DNA fragments were enriched near transcription start
site (TSS) regions (Figure 1D). We identified 10 824 genes
with TFEB binding sites in the promoter region under three
stimuli (Figure 2C) and categorized them into five groups, the
same as DEGs (Supplementary Table S1). In line with those
significantly upregulated DEGs, these genes were enriched in
functions related to cancer progression and prognosis, e.g.
pathways in cancer (KEGG: hsa05200), regulation of DNA
metabolic process, cell cycle, viral infection, DNA damage re-
sponse, transcriptional regulation by TP53 and so forth (Fig-
ure 2D). Notably, some genes were identified as TFEB targets
by ChIP-seq but were not upregulated DEGs, revealing that
the expressions of these TFEB targets might not be stress-
dependent, such as BECN1 and ATG7 (Figure 6K, L). TFEB
binding alone might not be sufficient for these gene activa-
tions. Other co-factors or additional signals might be required
for full transcriptional activation of these genes.

To further determine that TFEB directly regulated the
mRNA expressions of these genes responding to these three
stimuli, we integrated the genes identified by both RNA-seq
and ChIP-seq and obtained 2182 confirmed TFEB targets (Fig-
ure 2E, Supplementary Table S1). Except for the TFEB clas-
sical functions related to autophagy, lysosome, and cellular
response to amino acids starvation, these targets also play es-
sential roles in cancer progress and prognosis, such as regula-
tion of apoptotic signal pathway and programmed cell death,
adipogenesis, and circadian clock (Figure 2F). These results in-
dicate that TFEB might play multiple roles in cancer through
transcriptomic and epigenetic regulations when responding to
various stresses.

Furthermore, to investigate whether there are novel TFEB
targets responding to stress, we accessed two different
databases for TFEB targets from reported studies or pub-
lished experimental data, i.e. Gene Set Enrichment Analysis
(GSEA) (50) and ChIP Enrichment Analysis (ChEA) (51), in-
cluding 1417 and 799 TFEB targets respectively. 24.5% of
the reported TFEB targets were identified in our study, prov-
ing the reliability of our research. In total, 1712 genes might be
novel TFEB targets responding to one or more stimuli accord-
ing to the integration of transcriptomic and epigenetic data


http://gepia.cancer-pku.cn/
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae043#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae043#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae043#supplementary-data

NAR Cancer, 2024, Vol. 6, No. 4

A

Ctrl
Sucrose
Torinl
= Cyto Nue
3xFLAG-TFEB Hela  WT 3<FLAG-TFER Hela wT
10 Time®y - 6 1 1 - - Bk
g Group Torin1(1puM) + - +
o Sucrose (150mM) -+ - - - S e
3 ® cul
e A cccr CCCP@OpM) - -+ - - a o M e s
=2 0 W sucrose
S Tost] TFEB | o o e — - = 70kDa
o y
FLAG | o s s e — —_— — 70KD=
104 GAPDH | i ———— T
——
-20 0 20 40 H3 -— —— E—
PC1: 95 %variance .
] &g Intersection of experimental results and reported TFEB targets
[ | B
2 Experimental Reported
1,
g ©
c
°
g 2
5 ©
o
E
3 e
o =
- <
©
'
o

-2000 1SS 33% 66% TES 2000

Genomic Region (5' -> 3')

w10

as ow 0 1: Database
2: Experiment

i *- R-HSA-9006934: Signaling by Receptor Tyrosine Kinases 3: Overlap
| GO:0006914: autophagy
GO:0033365: protein localization to organelle
| GO:0030163: protein catabolic process
I GO:0031329: regulation of cellular catabolic process
GO:0030097: hemopoiesis

GO:0016050: vesicle organization
—| WP3888: VEGFA VEGFR2 signaling
ke GO:0031401: positive regulation of protein modification process
G0:0016310: phospharylation
P R-HSA-2262752: Cellular responses to stress
R-HSA-1280215: Cytokine Signaling in Immune system

— GO:0062197: cellular response to chemical stress

L P GO:0009991: response to extracellular stimulus

— GO:0051129; negative regulation of cellular component organization
L R-HSA-9824446; Viral Infection Pathways
— R-HSA-9711097: Cellular response to starvation
— GO:0019725: cellular homeastasis
= hsa05200: Pathways in cancer
GO:0009725: response to hormane

Figure 1. TFEB showed nuclear translocation under three different stresses. (A) GFP-TFEB translocated into the nucleus in Hela cells expressing
GFP-TFEB under three different treatments; (B) PCA plot for RNA-seq expression matrix; (C) Nuclear translocation induced by CCCP (20 uM, 1 h),
sucrose (150 mM, 6 h) and Torin1 (1 wM, 1 h). (D) Average profiles of peak enrichment in the whole gene body regions of genes identified by ChlP-seq
under three stimuli; (E) Intersection of reported and unreported TFEB targets; (F) Function enrichment of TFEB targets in (E).



A B
Intersection of upregulated significant DEGs in
three groups
=
-
1 2 3 4 5
c D
Intersection of binding promoters in three

groups

E

Intersection of TFEB confirmed targets in
three groups

Tovinl

Gaes W w

NAR Cancer, 2024, Vol. 6, No.

1: Torin1-specific

2: Three stimuli-overlapped
3: Two stimuli-overlapped
4: CCCP-specific

5: Sucrose-specific

R-HSA-382551: Transport of small molecules
GO:0098657: import inta cell
GO:0001775: cell activation
GO:0040017: positive regulation of locomotion
GO:0050865: regulation of cell activation
G0:0071396: cellular response to lipid
R-HSA-1280215: Cytokine Slgnallng |n Immune system
GO:0030162: regulation of proteolysi
G0:0071345: cellular response to c;dnkmn stimulus
GO:0019725: cellular homeostasis
GO:1901615: organic hydroxy compound metabolic process
R-HSA-9711097: Cellular response to starvation
GO:0051046: regulation of secretion
GO:0044057: regulation of system process.
hsa05200: Pathways in cancer
G0:0031401: positive regulation of protein modification process
GO:0009725: response to hormone
GO:0032103: positive regulation of response to external stimulus
GO:0009991: response to extracellular stimulus

40910(P}

saas 10 il

| G0:1902532: negative regulation of intracellular signal transduction

1og10(P} 1: Two stimuli-overlapped
2: Torin1-specific
3: CCCP-specific

4: Sucrose-specific

646 1 i)

G0:0051129: negative regulation of cellular component organization
GO:0010638: positive regulation of organelle organization

| RCI’—ISA 96;%1 08: Nervous system development

mitotic cell cycle

rotein catabolic process

GO:005 gulation of DNA metabolic process
G0:0080135: regulation of cellular response fo stress
GO:0061024: memhrane organization

G0:1903829: positive regulation of protein localization
R-HSA-1640170: Cell Cycle

R-HSA-9824448: Viral Infection Pathways
G0:0051640: organelle localization

G0:0033365: protein localization to organelle
R-HSA-8953854: Metabolism of RNA

G0:0006974: DNA damage response

G0:0010564: regulation of cell cycle process
R-HSA-5663202: Diseases of signal transduction by growth factor receptors and second messengers
R-HSA-2262752: Cellular responses to stress
hsa05200: Pathways in cancer

R-HSA-3700989: Transcriptional Regulation by TP53

1: Torin1-specific

2: Two stimuli-overlapped
3: CCCP-specific

4: Sucrose-specific

5: Three stimuli-overlapped

R-HSA-9006934: Signaling by Receptor Tyrosine Kinases

G0:2001233: regulation of apoptotic signaling pathway

WP3888: VEGFA VEGFR2 signaling

GO:0043068: positive regulation of programmed cell death
0:0031401: positive regulation of protein modification process

GO:0009991: response to extracellular stimulus

GO:0080135: regulation of cellular response o stress

WP236: Adipogenesis

R-HSA-400253: Circadian Clock

G0:1901652: response to peptide

0062197 cellular response to chemical stress

70201: regulation of establishment of protein localization

0:0030163: protein catabolic process

G0:0019725: cellular homeostasis

40g10(7)

 hsa04142: Lysosome

R-HSA-382551: Transport of small molecules
GO:0006914: autophagy

G0:0016050: vesicle organization
R-HSA-9711097: Cellular response to starvation
G0:0010506: regulation of autophagy

Figure 2. TFEB regulates various pathways. (A) Overlap of upregulated DEGs (FC > 1.5, P,g < 0.05) under three stimuli; (B) function enrichment of five
groups of upregulated DEGs (i.e. CCCP-specific, sucrose-specific, Torin1-specific, two stimuli-overlapped, and three stimuli-overlapped); (C) The
identified promoters under three stimuli; (D) Function enrichment of four groups of upregulated identified promoters; (E) Overlap of confirmed TFEB
targets in transcriptomic and epigenetic levels; (F) Function enrichment of five groups of confirmed TFEB targets.

(Figure 1E). In addition to previously known functions as-
sociated with ALP, metabolic process, and cellular responses
to stress (e.g. starvation), these novel TFEB targets also
showed enrichment in pathways in cancer (KEGG: hsa05200),
hemopoiesis, viral infection pathways, response to extracellu-
lar stimulus, negative regulation of cellular component organi-
zation, etc. (Figure 1F). Our study identified 1 712 novel TFEB
targets and suggested that TFEB and its targets were involved
in multiple cancer-related pathways.

The confirmed TFEB targets are distributed among
the co-expression network of Pan-cancer

To further explore the roles of TFEB and its targets in can-
cer, we next adopted the gene co-expression networks from
a recent pan-cancer study (36), in which the constructed co-
expression networks by MEGENA covered 32 cancer types
from 9546 individuals in the TCGA database and included
19 757 genes from 27 448 modules. We compared the
MEGENA networks with our TFEB targets and found that
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the identified 2182 confirmed TFEB targets were distributed
among 4517 modules among 32 cancers (Supplementary
Figure S1). The confirmed TFEB targets in CCCP-specific,
Torin1-specific, two stimuli-overlapped, and three stimuli-
overlapped groups were significantly enriched (P,4; < 0.05)
in 84 modules for 24 cancers (Figure 3A, Supplementary
Table S2). These modules showed enrichment in similar func-
tions associated with metabolic process, translation, covalent
chromatin modification and protein folding, skeletal muscle
cell differentiation, regulation of peptidyl tyrosine phosphory-
lation, oxidative phosphorylation, transmembrane transport,
mitochondrial organization, etc. (Supplementary Figure S2).
In addition to autophagy lysosomal pathways and metabolic
processes, the confirmed TFEB targets in these four groups
were enriched in the immune system process, developmental
process, detoxification, etc. (Figure 3C).

Notably, the confirmed three stimuli-overlapped TFEB tar-
gets were significantly enriched in 18 modules from nine
cancers with 40 genes (Figure 3B, Supplementary Table S2)
(P, < 0.05). Within these modules, STAD_M222 for stom-
ach adenocarcinoma (STAD), including 17 significant down-
regulated cancer DEGs (P, < 0.05), showed a high haz-
ard ratio (HR = 1.54, P = 0.014) (Figure 3D), while most
of the DEGs were down-regulated (P,; < 0.05). Eight of
17 were TFEB targets enriched in the AP-1 pathway, ATF2
pathway, and corticotropin-releasing hormone signaling path-
way. UCEC_MA435 for uterine corpus endometrial carcinoma
(UCEC), including 17 significant upregulated cancer DEGs,
also showed a high hazard ratio (HR = 1.61, P = 0.034),
and most of the DEGs were upregulated (P, < 0.05) (Fig-
ure 3E). Two TFEB targets, GDF15 and FOSLI, signifi-
cantly upregulated in this module, were mainly involved in
the ERBB2-EGFR signaling pathway. It indicates that the
significant DEGs in the STAD_M222 module might pro-
tect against cancer, while those in the UCEC_M435 mod-
ule might harm and promote tumorigenesis. These results
suggest that TFEB targets are widely distributed in the co-
expression networks among cancers involved in regulating
cancers as risk factors or protective factors under different
stresses.

TFEB upregulates hub gene expressions of
Pan-cancer co-expression network modules

Interestingly, despite being one of the oncogenes, TFEB was
not a hub gene among all the identified modules in pan-cancer
co-expression networks. However, its targets were widely dis-
tributed among the Pan-cancer modules. According to the
Fisher Exact test and the Jaccard index of module similar-
ity for pairwise module comparisons of all cancer types, the
pan-cancer modules were categorized into conserved and spe-
cific modules (Materials and method). 1 941 conserved mod-
ules showed significant similarities in molecular regulatory
patterns of cancer transcriptomes in all 32 included cancer
types, while 1 063 specific modules showed their specificality
in particular cancer types (36). We performed the hypergeo-
metric tests between the hub genes of these 3 004 pan-cancer
modules and upregulated DEGs induced by activated TFEB in
five groups (Supplementary Table S3, Method). TFEB-induced
DEGs in all five groups are significantly enriched in the hub
genes of conserved Pan-cancer modules among 32 cancer
types (P,g < 0.05) (Figure 4A). The functions of these hub
genes showed strong associations with cancer, such as the bi-

ological process for immune response, regulation of cellular
stress response, and regulation of ubiquitin (Figure 4B).

In addition, DEGs in the Torin1 group were significantly en-
riched in the hub genes of five modules for specific cancers, i.e.
adrenocortical carcinoma (ACC), lymphoid neoplasm diffuses
large B-cell lymphoma (DLBC), testicular germ cell tumors
(TGCT), thymoma (THYM) and uveal melanoma (UVM)
(P,g; < 0.05). These hub genes in the five cancer types had
different functions (Figure 4C). Most DEGs were enriched in
THYM, mainly associated with epithelial cell migration. In
TGCT, the enriched hub genes were involved in osteoblast dif-
ferentiation. In UVM, the enriched hub genes regulated cellu-
lar response to grow factor stimulus and chordate embryonic
development. According to the ChIP-seq data, these DEGs
were directly bound with TFEB around the promoter regions
(Supplementary Figure S3A-E).

There were more TFEB potential targets identified by ChIP-
seq significantly enriched in the pan-cancer co-expression net-
work modules (7 = 24, P,;; < 0.05) (Supplementary Figure
S3F). The potential TFEB targets involved in the hub genes of
cancer modules showed similar function enrichment to those
mentioned above, especially some important for cancer pro-
gression, such as DNA replication, T cell activation, stress re-
sponse to metal ion, response to cAMP, etc. These results indi-
cated that TFEB might had hidden roles in cancer progression
by regulating the expression of hub genes of essential modules
in the co-expression networks in cancers.

The confirmed TFEB targets work as key drivers in
pan-cancer co-expression networks

We further confirmed the regulatory functions of TFEB in
pan-cancer by combining the transcriptomic and epigenetic
results. Hypergeometric tests showed that 111 TFEB poten-
tial targets in four groups (i.e. CCCP-specific, sucrose-specific,
Torin1-specific, and two-group overlap) were significantly en-
riched with the hub genes of conserved Pan-cancer mod-
ules (P,4 < 0.05). Besides, other five confirmed TFEB tar-
gets were induced by three stimuli, i.e. FOSB (FosB Proto-
Oncogene, AP-1 Transcription Factor Subunit), NR4A1 (Nu-
clear Receptor Subfamily 4 Group A Member 1), MORC3
(MORC Family CW-Type Zinc Finger 3), INSIG1 (Insulin In-
duced Gene 1) and THFAIP3 (TNF Alpha Induced Protein
3), were hub genes of conserved Pan-cancer modules (Figure
4D, Supplementary Table S4). In total, 116 confirmed TFEB
targets, enriched in similar functions and pathways as men-
tioned above, were hub genes among 1451 conserved pan-
cancer modules of 32 cancers. Some of these confirmed TFEB
targets had protein-protein interactions (PPI) with others (Fig-
ure 4F). The function enrichment analysis highlighted their
roles in not only the regulation of TORC1 signaling but also
cell cycle, immune system process, viral process, response to
stimuli, metabolic process, etc., which are all important for
cancer treatment and prognosis (Figure 4E).

In addition, among the referred conserved modules, 183
modules had a significant hazard ratio (P < 0.05) with genes
enriched in functions related to the immune system, such
as T cell activation, B cell activation, neutrophil migration,
and defense response to virus; mitotic cell cycle, such as
mitotic nuclear division, organelle fission, and chromosome
segregation; metabolic process, such as cellular amino acid
metabolic process, ncRNA metabolic process, sulfur com-
pound catabolic process, DNA replication, etc.; ATP synthesis
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Figure 3. The distribution of confirmed TFEB targets among all Pan-cancer modules. (A) Numbers of Pan-cancer modules among five groups of
confirmed TFEB targets; (B) The confirmed TFEB targets in three-group overlap were distributed in 18 modules of 9 cancers; PCPG: pheochromocytoma
and paraganglioma; PRAD: prostate adenocarcinoma; MESO: mesothelioma; BLCA: bladder urothelial carcinoma; CESC: cervical squamous cell
carcinoma and endocervical adenocarcinoma; UCEC: uterine corpus endometrial carcinoma; STAD: stomach adenocarcinoma; UCS: uterine
carcinosarcoma; KIRP: kidney renal papillary cell carcinoma. (C) Function enrichment of the confirmed TFEB targets included in the pan-cancer modules.
(D) The sub-network of STAD_M222 module; (E) The sub-network of UCEC_M435 module.
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Figure 4. Enrichment of TFEB targets in hub genes of pan-cancer co-expression networks. (A) Heatmap of hypergeometric tests results among
upregulated DEGs by TFEB and hub genes of Pan-Cancer co-expression network; (B) Function enrichment of significant genes by the hypergeometric
tests among five experimental groups and conserved Pan-cancer modules; (C) Function enrichment of significant genes by the hypergeometric tests
among Torin1 group and five cancertype-specific modules; (D) Heatmap of results of hypergeometric tests among confirmed TFEB targets and hub
genes of Pan-Cancer co-expression network; (E) Function enrichment of confirmed TFEB targets among five groups significantly enriched in conserved
Pan-cancer modules; (F) The protein—protein interactions (PPI) of 116 confirmed TFEB targets significantly enriched in the hub genes of conserved
Pan-cancer modules. The stars marked the genes with significant survival results in cancers. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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coupled electron transport; translation and protein location
(Supplementary Figure S4). Therefore, the confirmed TFEB
targets enriched in multi-functions might play crucial roles in
the cancer progression and prognosis by regulating the genes
in conserved modules of pan-cancer.

TFEB targets play dual functions in pan-cancer

To further define whether the confirmed TFEB targets work
as protective or risk factors for tumorigenesis and prognosis
in pan-cancer, we employed the below criteria to define pro-
tective or risk factors: (i) it is the hub gene of crucial modules
in pan-cancer networks; (ii) it shows a significant survival rate
in cancers; (iii) it is differentially expressed gene in tumor tis-
sues compared to the normal tissues; (iv) it or its regulated
modules are enriched in cancer-related functions or pathways
(Materials and methods). If the hazard ratio (HR) calculated
by survival analysis is larger than 1, the TFEB target is con-
sidered as a cancer risk factor. If the HR is smaller than 1, the
TFEB target is considered an anti-cancer protective factor. It is
a comprehensive screening strategy to find promising targets
for therapy against cancer.

First, we compared their expression levels between tumor
tissues and normal tissues in 17 cancers included in TCGA
databases (Materials and method). 32 of 116 confirmed TFEB
targets, which were hub genes of 155 conserved modules,
were significant DEGs in 16 cancers (logFC > 1 or < -1,
P,4i < 0.05). These upregulated DEGs in tumor tissues worked
as hub genes of modules mainly enriched in functions asso-
ciated with organelle fission, chromosome segregation and
cotranslational protein targeting to membrane, and most of
these modules indicated poor prognosis (HR > 1, P < 0.05).
The downregulated DEGs in tumor tissues worked as hub
genes of modules mainly enriched in functions associated with
extracellular structure organization, response to molecule of
bacterial origin, and T cell activation, and these modules indi-
cated better or poor prognosis depending on different cancer
types (Supplementary Table SS5).

Next, we performed the survival tests for the 32 con-
firmed TFEB targets (Materials and method). Nine genes,
i.e. AURKB (Aurora kinase B), BUB1 (BUB1 mitotic check-
point serine/threonine kinase), PKMYT1 (Protein kinase,
membrane-associated tyrosine/threonine 1), CXCL2 (C-X-
C motif chemokine ligand 2), NR4A1, RPS19 (ribosomal
protein S19), TIPRL (TOR Signaling Pathway Regulator),
HIST1H1E/H1-4 (H1.4 Linker Histone, Cluster Member),
and CD79A (CD79a Molecule), had significant survival rates
(P < 0.05) (Figures 4F and 5A). They were mainly enriched in
functions related to the negative regulation of cell cycle and
cell chemotaxis (Figure 5B).

AURKB, BUB1 and PKMYTT1 play critical roles in DNA-
dependent DNA replication and mitosis, especially chromo-
somal segmentation and organelle fission. They all expressed
higher in tumor tissues than normal tissues with poor sur-
vival rates (P < 0.05). AURKB was upregulated by CCCP
and Torinl (Figure 6A). The higher expressions of AURKB
showed poor prognosis in KIRC, kidney renal papillary cell
carcinoma (KIRP), and lung adenocarcinoma (LUAD) (Figure
5C). BUBI and PKMYT1 were targeted by TFEB with Torin1
treatment (Figure 6B,C). The higher expressions of PKMYT1
showed poor prognosis in KIRC, KIRP, liver hepatocellular
carcinoma (LIHC) and LUAD (Figure 5D), and the higher ex-
pression of BUB1T showed a lower survival rate in LUAD (Fig-
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ure SE). These three TFEB targets might be risk factors for the
corresponding cancers.

Three other TFEB targets, CXCL2, NR4A1 and RPS19,
which differentially expressed and had a significant effect on
the prognosis in lung squamous cell carcinoma (LUSC), thy-
roid carcinoma (THCA) and KIRP respectively (Figure SF-H),
mainly involved in cell chemotaxis. CXCL2 was strongly tar-
geted by TFEB in the CCCP-specific group (Figure 6D) and
expressed lower in tumor tissues than normal tissues in LUSC
(Figure 5F). However, the high expression of CXCL2 showed
a poor survival rate (P < 0.05) (Figure SF). NR4A1 was upreg-
ulated by TFEB under three stimuli (Figure 6E) and expressed
lower in tumor tissues, while with a lower survival rate in the
high expression group in THCA. RPS19 was included in the
two-group overlap group and upregulated by TFEB, especially
with sucrose treatment (Figure 6F). It was expressed more in
tumor tissues with a poor survival rate. Therefore, CXCL2
might work as a risk factor in LUSC, NR4A1 might be a risk
factor in THCA, and RPS19 might be a risk factor in KIRP.

TIPRL and HIST1H1E/H1-4 (Figure 6G,H) were involved
in the negative regulation of the cell cycle in kidney chromo-
phobe (KICH) and colon adenocarcinoma (COAD) (Figure
SLJ). Although they did not express differentially in the cor-
responding cancers, TIPRL showed lower expressions with
a better survival rate (P < 0.05). In comparison, HISTIHIE
showed higher expressions accompanied by a poor survival
rate (P < 0.05) (Figure 51, J). The pan-cancer modules for
KICH with hub gene TIPRL were mainly associated with
the cellular amino acid metabolic process and the uranic
acid metabolic process. The pan-cancer modules for COAD
with HIST1H1E as one of the hub genes showed higher HR
(P < 0.05) associated with chromatin assembly. These results
indicated that TIPRL might be a risk factor in KICH, and
HIST1H1E might be a risk factor in COAD.

Notably, CD79A, targeted by TFEB under Torinl treat-
ment (Figure 6I), encodes the protein Iga in cooperation with
CD79B (IgB), making up the B-cell antigen receptor (BCR)
complex responsible for the B-cell development and func-
tion (52). Furthermore, it worked as a driver gene in mod-
ules enriched with B cell activation, T cell activation, leuko-
cyte migration, and cytosolic calcium ion transport in KIRP.
The higher expression of CD79A showed better survival rates
in both LIHC and LUAD (Figure 5K). It showed no signifi-
cant differences in expression between tumor tissues and nor-
mal tissues in LIHC. Although it was expressed higher at the
early stages in tumor tissues of LUAD, the expression level
decreased at later stages (Supplementary Figure S5). It re-
vealed that CD79A might be a protective factor in LIHC and
LUAD.

Furthermore, we found that TFEB total protein levels
were higher in tumor tissues of clear cell renal cell carci-
noma and LUAD with more phosphorylated TFEB at S142
(NP_001161299.2: S437) for the former cancer type while
less for the later one according to the proteomic data from
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
database (Supplementary Figure S6A,B). TFEB protein levels
were lower in tumor tissues of LUSC with less phosphorylated
at S142 (Supplementary Figure S6C). Phosphorylated TFEB at
S142 is usually one of the inactivated forms of TFEB. Hence,
the lower levels of phosphorylated TFEB at $S142 in tumor
tissues of LUAD and LUSC might contribute to the increased
mRNA expression of AURKB, BUB1, PKMYT1, CXCL2 and
CD79A.
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In summary, TFEB targets play dual functions in pan-
cancer. The targets associated with the biological processes,
such as mitosis, regulation of the cell cycle, and cell chemo-
taxis might be risk factors for poor prognosis of cancers. The
targets contributing to the immune system are more likely to
be protective factors but might change during the different
cancer stages.

Discussion

As the primary regulator of the autophagy-lysosomal path-
way, the various roles of TFEB in human cancer were well
reported (53). However, a systematic investigation of the di-
chotomous effects of TFEB and downstream targets regulating
pan-cancer progression and prognosis has been missing. This
study integrated the transcriptomic and epigenetic regulation
of TFEB responding to stresses to discover many reported
and 1712 novel potential TFEB targets. It provided references
for the TFEB downstream targets responding to three stresses
and a comprehensive analysis of the potential to regulate pan-
cancer progress and influence the prognosis by targeting TFEB
or its downstream regulated genes. We found that TFEB was
not the hub gene of any modules included, but it could upreg-
ulate the expression of various targets under different stresses.
116 TFEB targets were hub genes of conserved Pan-cancer
modules. 111 of 116 genes were not reported in the Gene Set
Enrichment Analysis (GSEA) and ChIP Enrichment Analysis
(ChEA) databases. TFEB might work as a hidden player with
dichotomous roles by regulating expressions of risk factors,
such as CXCL2, PKMYT1 and BUBI, to escape cell cycle ar-
rest and immunosuppression, and protective factors, such as
CD79A, to activate the anti-tumor TME. Therefore, targeting
TFEB downstream targets for cancer therapy is promising due
to their multiple functions.

Previous studies have reported various TFEB downstream
targets. Overexpressing TFEB can also induce the expression
of some TFEB targets, such as BECN1, SOSTM1, ATG7, etc.
However, since many stresses are critical for cancers, such
as mitochondrial stress (54-56), lysosomal stress (57), and
mTOR inhibition (58,59), to focus on regulating TFEB which
responds to different stress scenarios, we determined the up-
regulated DEGs directly regulated by TFEB responding to
CCCP, sucrose, and Torin1 through RNA-seq and ChIP-seq.
In addition to the common functions across three treatment
groups, such as autophagy, lysosome, cellular response to cel-
lular stress, et al., there were also enriched functions apt to
specific treatment groups, e.g. response to endoplasmic retic-
ulum stress and unfolded protein response (UPR) in the CCCP
group; regulation of growth, regulation of lipid metabolic pro-
cess, positive regulation of locomotion in the sucrose group;
cellular response to starvation, neutrophil degranulation, con-
genital generalized lipodystrophy, et al., in Torinl group. It
implies that activated TFEB mainly regulates the expressions
of genes related to ALP in normal conditions and those in var-
ious downstream pathways under different stresses.

According to our results, except for ALP, TFEB targets in-
duced by these three stimuli participated in the joint and spe-
cific biological processes or pathways associated with cancer,
such as angiogenesis, apoptosis process, circadian clock, re-
sponse to peptide, cell-to-cell communication, adaptive im-
mune system, DNA damage response and so forth. Impor-
tantly, we revealed that TFEB targets in cancers might work as
protective factors against cancer or risk factors for increasing
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death or poor prognosis. Accordingly, we found some valu-
able candidates, which might be protective factors to anti-
cancer or risk factors to promote cancer. For instance, as a
potential novel TFEB target, CD79A showed better survival
rates in both LIHC and LUAD with higher expressions, al-
though studies reported that it was associated with poor prog-
nosis in DLBC due to promoting the proliferation and sur-
vival of malignant B cells (60). Besides, CD79A can work as
a signal transduction molecule, activating downstream signal
pathways to promote chimeric antigen receptor (CAR) T cells,
increasing anti-tumor efficacy (61). Since the expression of
CD79A is related to the infiltration of B cells in the TME,
the potential protective effects of CD79A from our results
might be due to its ability to promote B cell infiltration, which
was accompanied by better prognosis according to the analy-
sis of the single-cell RNA sequencing (scRNA-seq) datasets in
hepatocellular carcinoma (HCC) tumor samples (62). Thus,
CD79A might be a risk factor in promoting the prolifera-
tion and survival of malignant B cells but a protective factor
in the activation of T cells and increasing B cell infiltration
in TME.

Notably, in addition to CD79A, some risk factors, i.e. AU-
RKB, BUB1, PKMYT1 and TIPRL are all novel identified
TFEB targets in our study, validated by ChIP-seq. They are in-
volved in the regulation of the cell cycle (63-65) and mTOR
signaling pathway (66,67) which are important for tumor cell
growth and death. They were reported as potential pharma-
cological and genetic therapy targets (67-72). Furthermore,
CXCL2 was reported in the GSEA database as a TFEB tar-
get gene, supporting our RNA-seq and ChIP-seq results. It is
an important proinflammatory mediator and chemoattractant
for neutrophils involved in tumor progression in various can-
cer types (73=79). It was the hub gene in bladder urothelial
carcinoma (BLCA), LUSC, and THCA, regulating the modules
associated with response to molecules of bacterial origin, ex-
tracellular structure organization, cellular response to biotic
stimulus, and cell chemotaxis. These results further proved
that it might be a risk factor for cancer progression due to the
immunosuppressive effect on the tumor microenvironment.

We have observed that CXCL2, NR4A1 and TIPRL are
expressed at lower levels in tumor tissues compared to nor-
mal tissues, but survival analyses point to high expression of
these genes as a risk factor for survival in tumor patients (Fig-
ure SE G and I). This is supported by another study on the
prognostic significance and mechanisms of CXCL genes (80),
which also identified lower expression of CXCL2 in LUSC
tumor tissue and higher HR. A similar phenomenon has been
observed for TP53 in tumor biology, where TP53 is lowly ex-
pressed as a tumor suppressor gene in tumor patients, but mu-
tants of TP53 are highly expressed and pro-oncogenic in tu-
mor patients (81). The three risk genes we identified, CXCL2,
NR4A1 and TIPRL are also even known to be functionally
related to TPS3 in tumor biology (80). We believe that this
complex mechanism of tumor biology is the result of multiple
regulatory mechanisms, and our discovery of the role of TFEB
reveals the hidden regulatory layer and provides new insights.

However, the increase of NR4A1 and HISTIH1E/H1-4
mRNA levels might not be regulated by TFEB but due to the
stress response. It implies that environmental stresses are more
critical for regulating their expressions. Here, our findings
provide a broader range of references of more TFEB down-
stream targets responding to three stimuli that might be cru-
cial to cancer treatment.
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Figure 6. Average profiles of peak enrichment in gene body regions and mRNA levels of nine TFEB targets. The Dunnett's multiple comparison test was
performed after analysis of variance (ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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As a transcription factor, the different activities of TFEB
in tumor cells or cells in TME might contribute to the di-
verse expression levels of these TFEB downstream targets in
tumor tissues along with various prognoses. The subcellular
translocation and activity of TFEB are mainly regulated by
post-translational modifications (PTMs), such as phosphory-
lation and acetylation (82). The most well-reported form of
the PTMs of TFEB is phosphorylation. We assessed the total
protein and phosphorylated protein levels of TFEB from CP-
TAC through the UACLAN database (48,49). The decrease
of phosphorylated TFEB in cancers might contribute to the
high expression of its targets. Furthermore, other factors can
also result in the diversities of the gene expressions in differ-
ent cancers, such as the potential co-factors for TFEB, and the
modification and splicing of pre-mRNAs (83-86). These com-
plicated mechanisms are still needed to be further explored.

Another interesting phenomenon we observed in this study
is that TFEB is not a hub gene, yet it significantly influences
hub genes of pan-cancer modules. In our study, the MEGENA
analysis is based on the transcriptomic data. However, as
an important transcription factor regulating the autophagy-
lysosomal pathway, TFEB exerts its effects mainly relying on
the PTMs, e.g. phosphorylation, and acetylation (82,87), and
subcellular translocation, rather than its transcriptomic level.
Therefore, it is reasonable that TFEB is not the hub gene based
on transcriptomic data, but it can regulate the mRNA expres-
sion levels of hub genes. It indicates that TFEB might work as
a hidden player regulating the gene co-expression networks in
Pan-cancer through regulation from other omics layers.

In summary, we provide a comprehensive reference for the
TFEB downstream targets responding to three stresses and
the dual roles of TFEB and its targets in cancer. TFEB, as
a hidden player, can regulate expressions of various targets,
some of which are risk factors, such as CXCL2, PKMYT1 and
BUBI1, associated with cell cycle and immunosuppression. At
the same time, some of these are protective factors, such as
CD79A, related to the activation of T cells and increasing B
cell infiltration in TME. Noteworthily, apart from CXCL2,
which is included in the GSEA database as a TFEB target,
other genes are novelly identified as TFEB targets through
our experiments. We identified 1712 novel TFEB targets un-
der three different cellular stresses in total. Among them, 111
novel TFEB targets were hub genes of conserved Pan-cancer
modules. These TFEB targets are involved in multiple cellular
pathways related to tumor development, prognosis and treat-
ment. The dual function of TFEB targets may be cancer stage-
dependent or TME-dependent, emphasizing the importance of
stage-dependent treatment strategies. Our study helps to pro-
vide more clues for the pharmacological or genetic strategies
to inhibit tumor growth, immunosuppression, and drug resis-
tance, through regulating TFEB or TFEB targets. Many of the
previous pan-cancer studies have been based on conclusions
derived from the transcriptome and genome levels. Our study
shows that at the epigenetic level, transcription factors are also
actively involved in tumor biology, forming a hidden layer of
regulation. However, our study still has limitations. We only
integrated our experimental data from RNA-seq and ChIP-
seq with pan-cancer gene co-expression networks reported in
a previous study, which only showed survival analysis for the
module prognosis analysis. More clinical data should be con-
sidered for the interpretation of TFEB target roles. In sum-
mary, TFEB targets are promising anticancer targets but war-
rant further exploration due to their multi-function.
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Data availability

The expression profiles and ChIP-seq binding profiles of reg-
ulatory targets of TFEB under three different stress scenar-
ios can be found in Shinyapp (https://minglab.shinyapps.io/
shiny_pro/). For the TFEB binding sites from the ChIP-seq
data, we further created a relevant session of the UCSC
genome browser (https:/genome.ucsc.edu/s/c6ming2/TFEB.
PanCancer). The raw data of RNA-seq and ChIP-seq are avail-
able from the GEO. The RNA-seq GEO accession number
is GSE273702, while the ChIP-seq GEO accession number is
GSE273703. The data of MEGENA co-expression networks
in 32 cancer types used here are available from the previous
study by Xu and Zhang (36). All data have been included in
the manuscript, figures, and supplemental data.

Supplementary data
Supplementary Data are available at NAR Cancer Online.
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