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ABSTRACT

Introduction: Urolithin A (UA) is a naturally occurring compound that is converted from ellagitannin-like
precursors in pomegranates and nuts by intestinal flora. Previous studies have found that UA exerts
tumor-suppressive effects through antitumor cell proliferation and promotion of memory T-cell expan-
sion, but its role in tumor-associated macrophages remains unknown.

Objectives: Our study aims to reveal how UA affects tumor macrophages and tumor cells to inhibit breast
cancer progression.

Methods: Observe the effect of UA treatment on breast cancer progression though in vivo and in vitro
experiments. Western blot and PCR assays were performed to discover that UA affects tumor macrophage
autophagy and inflammation. Co-ip and Molecular docking were used to explore specific molecular
mechanisms.

Results: We observed that UA treatment could simultaneously inhibit harmful inflammatory factors,
especially for InterleuKin-6 (IL-6) and tumor necrosis factor o (TNF-a), in both breast cancer cells and
tumor-associated macrophages, thereby improving the tumor microenvironment and delaying tumor
progression. Mechanistically, UA induced the key regulator of autophagy, transcription factor EB
(TFEB), into the nucleus in a partially mTOR-dependent manner and inhibited the ubiquitination degra-
dation of TFEB, which facilitated the clearance of damaged mitochondria via the mitophagy-lysosomal
pathway in macrophages under tumor supernatant stress, and reduced the deleterious inflammatory fac-
tors induced by the release of nucleic acid from damaged mitochondria. Molecular docking and
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experimental studies suggest that UA block the recognition of TFEB by 1433 and induce TFEB nuclear
localization. Notably, UA treatment demonstrated inhibitory effects on tumor progression in multiple

breast cancer models.

Conclusion: Our study elucidated the anti-breast cancer effect of UA from the perspective of tumor-

associated macrophages. Specifically, TFEB is a crucial downstream target in macrophages.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Background

The leading cause of cancer-related deaths among female
patients is breast cancer, which has surpassed lung cancer in terms
of prevalence worldwide [1]. First-line therapeutic drugs such as
chemotherapy and endocrine therapy are associated with high side
effects and are not tolerated by some patients. In recent years
many natural compounds have been reported to exert tumor-
suppressive effects, such as baicalein for the treatment of lung can-
cer [2], and these drugs have the advantages of easy extraction and
few side effects, but they have not been widely used due to poor
targeting and unknown anti-cancer mechanisms.

UA is an intestinal metabolite of ellagitannin-like precursors
from pomegranates and nuts [3]. It was earlier reported to improve
skeletal muscle function by promoting mitochondrial autophagy
[3] and was demonstrated in clinical trials [4]. UA has been previ-
ously reported to have antitumor effects, inhibiting tumor cell pro-
liferation through multiple signaling pathways [5,6] and improving
drug resistance [7]. UA diet increases immunotherapeutic efficacy
by promoting memory T cell expansion [8]. However, its effect on
tumor macrophages remains unreported. Macrophages are impor-
tant in tumor development [9]. In advanced breast cancer, macro-
phages exhibit M2 polarization, secrete arginase-1 and other pro-
oncogenic inflammatory factors, and inhibit the antitumor effects
of CD8 + T cells [10,11]. Macrophage-derived IL-6 activates the
tumor cell Jak/Stat signaling pathway and activates miR-506-3p
—regulated CCL2 expression to increase macrophage recruitment
[12]. Positive feedback interaction between tumor cells and macro-
phages promotes tumor progression [13]. Immune checkpoint
blockade therapies targeting macrophages are also being continu-
ally investigated to help restore the ability of macrophages to clear
tumors.

TFEB protein is a transcription factor that regulates autophagy
and lysosomal functions [14]. TFEB has been reported as an onco-
gene in tumor cells to help repair DNA damage and promote tumor
cell proliferation [15,16]. Interestingly, there are also articles
reporting that TFEB exerts an anticancer effect in tumor macro-
phages [17]. This seemingly contradictory finding prompted us to
explore the correlation between TFEB expression levels and breast
cancer prognosis. We found that both TFEB protein and RNA levels
showed low tissue expression in breast cancer tumors and were
associated with a good prognosis. Due to the diversity of cancers,
we speculated that there were different functions of TFEB in tumor
cells and tumor macrophages affecting breast cancer prognosis.
Past studies have also suggested that low TFEB expression is asso-
ciated with a pro-proliferative inflammatory tumor microenviron-
ment [17].

We found that in tumor supernatant-intervened macrophages,
UA inhibits the release of IL-6 and TNF-o, by activating TFEB-
mediated mitophagy and helping to clear damaged mitochondria.
Meanwhile, UA treatment of tumor cells exhibited inhibition of
STAT3 phosphorylation and antiproliferative effects. UA inhibits
breast cancer development through synergistic effects on tumor
cells and macrophages. Mechanistically, UA induced TFEB entry
into the nucleus in an mTOR-partially dependent manner by block-
ing 1433 recognition of the TFEB S211 phosphorylation site. UA
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treatment rescued tumor supernatant-mediated downregulation
of total TFEB protein by inhibiting increased ubiquitination due
to TFEB inactivation. The TFEB C212S mutation altered the state
of 1433 recognition of TFEB, depriving UA of its role in facilitating
TFEB nuclear entry.

Materials and methods
Tissue samples

Tumor tissues and adjacent normal tissues from BC patients
were collected by the Department of Breast and Thyroid Surgery
at Shanghai Tenth People’s Hospital of Tongji University. No
patient received any local or systemic treatments before surgery,
and all tissue samples were promptly frozen in liquid nitrogen.
The institutional ethics committees of Shanghai Tenth People’s
Hospital acknowledged the informed consent of each participant.
The procedures followed in this study were in accordance with
the principles outlined in the Helsinki Declaration.

Cell culture

The breast cancer cell lines MDA-MB-231, BT-549, MCF-7, 4 T1,
and macrophages cell lines THP-1, and iBMDMs were purchased
from the Chinese Academy of Sciences (Shanghai, China). MDA-
MB-231, MCF-7, 4 T1, iBMDMs, and HEK293T cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA) with
10 % Fetal Bovine Serum (FBS) (Gibco, USA), penicillin and strepto-
mycin (Enpromise, China). THP-1 and BT-549 cells were grown in
the RPMI-1640 Medium (Gibco, USA). Age-matched female wild-
type (WT) C57BIl/6 bone marrow cells were cultured for 7 days in
complete media with Colony Stimulating Factor (M—CSF) after
being plated in 6- or 12-well plates for 4 h to remove non-
adherent cells. All cell lines mentioned above were incubated at
37 °C with 5 % CO,.

Cell transfection

Transfection reagent Lipo8000 (C0533, Beyotime, China) was
used for transfection h-sh-TFEB, h-Flag-TFEBW!, h-Flag-TFEB“?!%5
(from Generay company, Shanghai, China) plasmids into HEK293T,
BT-549, and MDA-MB-231 cells. Lentiviral infestation reagents car-
rying h-shTFEB, h-shNC, m-shTFEB, m-shNC, h-Flag-TFEBW', h-
Flag-TFEB®?'?5 plasmids (m = mice and h = human) were purchased
from Genechem company (Shanghai, China), and follow the
reagent vendor’s instructions. Sequence information for the plas-
mids used is available in the TableS1.

Cell coculture

Tumor cells and macrophages were seeded in the upper and
lower chambers of 0.4um pore size transwell chambers for 6-
well plates, respectively. Firstly, 3 ml of resuspended cells in the
lower chamber were added to the six-well plate, then place the
transwell chamber and let stand for a while until the upper
chamber was filled with liquid. Add the cells in the upper chamber,
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incubate for 24 h and let the cells stick to the wall, and then carry
out the UA treatment. Last. extract the RNA or protein of the cells
in the lower chamber.

Tumor conditioned media acquisition

Based on the description of previous studies [18], to capture
tumor-conditioned media (TCM), 4 T1 or BT-549 cells were cul-
tured in a 10 cm dish, and tumor cells were placed and grown to
90 % confluence. After removing the medium, the cells were rinsed
twice in serum-free DMEM. Subsequently, the medium was chan-
ged to fresh, serum-free DMEM. One day later, the collected super-
natant was centrifuged to remove the cells to obtain TCM.

Cell drug intervention

THP-1 cells were induced to adhere to the wall with 100 ng/ml
PMA (HY-18739, MCE, China). Urolithin A (HY-100599, MCE,
China) was set up five working concentrations, which were 5, 10,
25, and 50uM, control group added an equal amount of DMSO. Dif-
ferent samples were harvested with different times of UA treat-
ment, as explained in the results section. Cells were exposed to
150 ng/ml LPS (HY-D1056, MCE, China) for 3 h, subsequently, pro-
ceed with the separation of cytoplasm and nucleus proteins. To
inhibit phosphorylation of mTOR, cells were treated with 10 uM
MHY1485 (HY-B0795, MCE, China) for 4 h. For MG-132 (HY-
13259, MCE, China) treatment, CM preconditioning was performed
first for 24 h, then cells were treated with 10 puM MG-132 for 4 h.
For CHX (HY-12320, MCE, China) treatment, CM preconditioning
was performed for 24 h, UA and CHX (20 pg/ml) were then used
together to treat the cells, and cellular proteins were captured after
0, 4, 8 and 12 h respectively. To inhibit the fusion of autophago-
somes and lysosomes, cells were treated with 100 nM Bafilomycin
A (HY-100558, MCE, China) for 24 h.

MTT, Colony formation, wound healing, and transwell migration assay

After UA treatment, cells were dissociated with trypsin, and the
cell density was measured to obtain the required number of cells
for subsequent MTT, colony formation, and transwell migration
assay experiments. MTT 2000 cells were placed into each well of
96-well plates. The cells were identified according to the manufac-
turer’s instructions using an MTT test kit (Sigma). A microplate
reader measured the 490 nm optical density after 24, 48, 72, and
96 h. Colony formation 1000 cells per well in six-well plates were
transplanted. To disclose the colonies, 75 % ethanol was used to
preserve the cells, 0.1 % crystalline purple was used to color the
cells, and two cold phosphate buffer solution (PBS) rinses were
completed. Then colonies were counted and photographed.
Wound healing assay After the cells had attained about 90 % con-
fluence, a scratch was made in each well using a 200 ul pipette tip.
The tip was maintained parallel to the plate. The cells were washed
twice with 1x PBS before being cultured in DMEM medium with-
out FBS to remove the influence of cell growth on the results.
The same area of wound healing was seen under a light micro-
scope. Transwell migration Cell migration ability was evaluated
using transwell chambers in 24-well plates (Corning, USA).
200 pl of media without serum was used to transfer 3x10* cells
into the top chamber, and a medium containing 10 % FBS was
added to the bottom chamber. Cells in the top chamber were
meticulously taken out with a cotton swab 24 h later. After that,
the cells on the other side of the filter were stained with 0.1 % crys-
tal violet for 10 min and fixed with 70 % ethanol for 30 min. A light
microscope (Leica Microsystems, Mannheim, Germany) was used
to capture images, and migrating cells were counted in five ran-
dom areas.

127

Journal of Advanced Research 69 (2025) 125-138
Real-time quantitative RT-PCR

The total RNA from paired breast cancer tissues or cells was
extracted using the TRIzol® reagent (Invitrogen, Carlsbad, USA).
The ¢cDNA was produced using the HiScript Il RT SuperMix kit
(Vazyme Biotech, Nanjing, China). qRT-PCR was carried out using
the SYBR Green Master Mix (Abclonal, Shanghai, China) in accor-
dance with the manufacturer’s instructions. Primers were synthe-
sized from Generay (Shanghai, China). Beta-Actin and GAPDH were
used as internal references in genes. The relative expression of RNA
was assessed using the threshold cycle (CT) values. Sequence infor-
mation for the primers is available in Table S2.

Protein separation

To extract the total proteins, cells were allowed to lyse on ice
following the addition of the RIPA (witf the protease inhibitor
Phenylmethylsulfonyl fluoride and the phosphatase inhibitor).
After 30 min, the proteins were scraped off and the supernatant
was taken after high-speed centrifugation. The supernatant and
loading buffer mix was heated at 100 °C for 10 min and stored at
—20 °C. To extract total proteins from patient-sourced samples,
took soybean size tissue, cut it with scissors, added lysis buffer at
4 °C and homogenized well, the rest of the steps were the same
as the cell protein extraction. Protein separation of cytoplasm
and cytosol according to reagent vendor’s instructions (P0027, Bey-
otime, China). Specifically, cells were lysed in specific buffer, then
the lysate was centrifugated for 5 min at 14,000 g/min. The super-
natant represented cytoplasmic fraction while pellet (represented
nuclear fraction) was lysed in RIPA buffer. Complete the mitochon-
drial separation experiment according to the manufacturer’s
instructions (C3601, Beyotime, China). After that, RIPA was used
to extract the mitochondria protein.

Immunoprecipitation

After 36 h UA and CM treatments, the cells were lysed using
Co-IP buffer including protease and phosphatase inhibitors. After
10-minute centrifugation at 12000g, the supernatants were
collected and incubated with the specific primary antibody more
than 16 h at 4 °C. The next day, incubate with protein A/ G agarose
beads (abs995, absin, China) for 6 h. Then, the beads were washed
three times using the IP buffer. Elution was performed by boiling
the immunoprecipitates in 1xSDS sample buffer. Antibodies used
in this experiment were listed: anti-TFEB (13372-1-AP, protein-
tech, China), and anti-Flag (AE005, abclonal, China).

Western blot

Proteins were separated using SDS-polyacrylamide gel elec-
trophoresis. Separated proteins were transferred onto nitrocellu-
lose filter membranes. After 1 h blocking with 5 % BSA at room
temperature, membranes were incubated with the prespecified
antibodies at the indicated dilutions at 4 °C overnight. The next
day, membranes were incubated with secondary antibody for 1 h
at room temperature and washed with TBST for 10 min three
times. Last, membranes were scanned using the Odyssey Infrared
scanning apparatus. Beta-actin and GAPDH are used for total pro-
tein normalization, while Histone H3 and LaminA/C are used for
nuclear protein normalization. HSP60 is used for mitochondrial
protein normalization. All the stock numbers of the antibodies
used are available in Table S3.
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ELISA

Collect mice plasmas or cell supernatants from UA and control
groups after 24 h treatment. Experiment according to the reagent
vendor’s instructions (RK0O0004, Abclonal, China). Absorbance
was measured at 450 nm wavelengths and then converted to
concentration.

Immunofluorescence staining

THP-1 was grown on glass coverslips in 24-well plates. The cells
were fixed for 10 min, then permeabilized with 0.1 % Triton X-100,
blocked with 5 % BSA for 30 min, and subsequently stained with
specific antibodies. Cells transfected with the corresponding plas-
mids were stained with the relevant anti-Flag antibody. Incubated
with secondary antibodies coupled with DyLight 488 (AS037,
Abclonal, China) and DyLight 594 (AS039, Abclonal, China) for
1 h. Stain nuclei with DAPI. Use a fluorescence microscope to take
pictures.

JC-1 assays

THP-1 cells were seeded in six-well plates (added PMA), with
conditioned medium and UA treatment 24 h in advance, followed
by JC-1 experiments according to the reagent vendor’s instructions
(G1515-100 T, Servicebio, China) and photographed using a fluo-
rescence microscope.

Patient-derived organoid

BC patients’ tumor tissues were gathered by the Department of
Breast and Thyroid Surgery. Fresh tumor tissue specimens were
placed on ice and transported to the laboratory. Wash, digest, and
remove erythrocytes according to the reagent vendor’s instructions
(abs9446, Absin, China). Cell suspension was mixed with matrix gel
and planted in 24-well plates. Added specialized culture medium
and cultivated at 37 °C. UA treatment (50 pM) was administered
every 48 h. The sizes of cell clusters in Urolithin A treatment and
control groups were observed under a light microscope (Leica
Microsystems, Mannheim, Germany).

Animal experiments

Four weeks female BALB/c mice (shanghai SLAC, China) were
randomized into four groups at random (n = 4 in each group) for
the graft tumor experiment. Lentiviruses carrying m-shTFEB, and
m-shNC were screened using puromycin after infiltration of
iBMDMs to obtain stably expressing macrophages. 1.5 million
4 T1 and 0.5 million iBMDMs were mixed, resuspended in 150 pl
of serum-free DMEM medium, and injected into the fat pads of
mice after hair removal. Tumor tissue was observed after one week
of growth (about 3 mm). Then, mice were kept on a UA-containing
diet (2 g/kg) [8]or a control diet for two weeks. To obtain mice
plasma, blood was collected from the eye socket. Then, collected
the supernatant after centrifugation (3000 rpm, 15 min). Last, the
mice were executed and subcutaneous tumor tissue, liver, and kid-
ney tissue were collected.

IHC and HE staining

IHC After fixation, dehydration, embedment, and slicing, tissues
were stained with anti-TFEB (13372-1-AP, proteintech, China),
anti-ki67 (Servicebio offered) anti-IL-6 (Servicebio offered). HE
Staining is carried out according to the reagent manufacturer’s
instructions (C0105S, Beyotime, China).
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Molecular docking

The RCSB PDB database (https://www.rcsb.org/) was used to get
the crystal structures of the ligand binding domain from human
TFEB (6a5q). UA ‘s chemical composition was obtained from the
pubchem database (https://pubchem.ncbi.nlm.nih.gov/). Based on
these discovered chemical structures, protein-ligand docking
investigations involving TFEB and UA were conducted using Auto-
Dock (v4.2) tools. Specifically, all files were converted into the
PDBQT format, removing all water molecules and adding polar
hydrogen atoms. The grid box was positioned in the middle to per-
mit free molecular mobility and include the domains of the
protein.

Statistical analysis

Data from three times independent experiments were repre-
sented as mean * standard error mean (SEM), and statistical anal-
ysis was carried out using GraphPad Prism 8 (GraphPad, San Diego,
CA) and Microsoft Excel. Statistical significance was assessed using
a two-tailed Student’s t-test when comparing two groups, and one-
way ANOVA when comparing more than two groups. The relation-
ships between TFEB expression and patents’ clinicopathologic
characteristics were analyzed via Chi-square test or Fisher’s exact
test. The threshold for statistical significance in each analysis was
set at p < 0.05.

Ethics statement

This study was approved by the Ethics Committee of the Shang-
hai Tenth People’s Hospital (N0.2020-KN174-01). All animal exper-
iments were approved by the Animal Care and Use Committee of
the Shanghai Tenth People’s Hospital (No. SHDSYY-2021-0600).

Results

UA disrupts the IL-6-STAT3-IL-6 loop to inhibit breast cancer cell
proliferation and migration

UA is one of the urolithin family and has a relatively simple
chemical formula (Fig. 1A). For breast cancer, UA has been reported
to regulate ERa, as well as being a possible substrate for breast can-
cer resistance protein (ABCG2/BCRP) [19,20]. In our study, after
treating breast cancer cell lines MDA-MB-231, BT-549, MCF-7,
and 4 T1 with different concentrations of UA for one day, MTT
and colony formation assay suggested that UA weakened the pro-
liferative activity of breast cancer cells (Fig. 1B and C). Wound heal-
ing and transwell migration assay suggested that UA weakened the
migration capability (Fig. 1D and E). STAT3 is an important tran-
scription factor that regulates cell proliferation and migration,
and we found that UA treatment inhibited the phosphorylation
activation of STAT3 and the transcription of its downstream genes
including muc1, c-myc and cyclinD1 in MDA-MB-231 and BT-549
cells (Fig. 1F-I). It was also verified at the protein level (Fig. 1L-
M). Interestingly, IL-6 acts both as a ligand for the signaling path-
way of STAT3 and is also transcriptionally regulated by STAT3 [21],
and UA intervention inhibited the IL-6/STAT3/ IL-6 positive feed-
back loop in tumor cells, reducing IL-6 transcription and secretion
(Fig. 1]J-K). Since the role of UA on tumor cells has been reported in
numerous studies, we focused our study on tumor macrophages.
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Fig. 1. UA inhibits breast cancer cell proliferation and migration. A Chemical structural formula of UA. B MTT assays were performed to compare the proliferative capacity
of breast cancer cells after UA treatment at different concentrations. C Colony formation assays were performed to detect the proliferative capacity of breast cancer cells after
UA treatment at different concentrations. D, E Transwell migration and wound healing assays were conducted to detect the migration capacity of breast cancer cells after UA
treatment. F, G Total STAT3 and phosphorylated STAT3 protein levels in breast cancer cells were detected by western blot after UA treatment. H, I The expression level of
relevant mRNA after UA treatment were detected by real-time quantitative PCR. J, K IL-6 abundance in tumor supernatants after UA treatment was detected by ELISA assay. L,
M c-myc and cyclin D1 protein levels in breast cancer cells were detected by western blot after UA treatment. Data are presented as mean + SEM; Student’s t-test was

performed using Graphpad Prism. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

UA attenuates macrophage mitochondrial damage under tumor
supernatant stress by promoting mitophagy

We collected tumor-conditioned media (abbreviation CM) to
construct a tumor-associated macrophage model [18]. Treatment
of THP-1 (added PMA) and BMDM:s cells with BT-549 and 4 T1 cell
supernatants, respectively, followed by UA treatment (Fig. 2A).

129

MTT assays suggested that UA treatment did not have much effect
on macrophage activity (Fig. 2B). Macrophages under tumor super-
natant stress exhibit elevated inflammatory factors such as IL-6,
TNF-a [17], and these deleterious inflammatory factors accumulate
in the tumor microenvironment and promote tumor progression
[22]. We found that UA treatment reversed CM stimulation-
induced elevated mRNA expression of IL-6 and TNF-a (Fig. 2C



B. Zheng, Y. Wang, B. Zhou et al.

Journal of Advanced Resea

W

rch 69 (2025) 125-138

THP-1 MTT BMDMs MTT
120 120 -
£ 100 = € 100 ® oo
3 3
S s0 5 o
8 2
Z 60 o
g 4 2 w0
H 5
3 20 3 20
Breast Cancer cell lines Macrophages(THP-1 or BMDMs) ® o
BTS48016:40).or' 491 (OMEM) UAWM) - 5 10 26 50 UAUM) - 5 10 25 50
C F THP-1 BMDMs
THP-1 THP-1 B -« o+ v * F & - F = F o v
5 5 = UAWM) - - 5 10 25 50 - - 5 10 25 50
g =i §5 20 ; g
i 3, rTEBTeessesSeesess-
| - R
&gﬂ» &3 1 170 155 143 157 103 1 135 134 100 093 073
3 58
iz, sE" pico ot s o - s
g3 52 os
< ZE o s
& 2 pos G G G G 60 G0 @D D 6D @B e & 5
CM - + + + + CcM + + o+
UA@UM) - - 5 10 25 UA(UM) 5 10 25 pp65 1- ﬁ’?ﬂﬂﬂﬁ 078 OBB 1 137 134 1.19 001 053_65
T G S-S e
D S S e G @
D GAPDH - '---g 36
BMDMs
s E L
s 5 _ 3 THP-1
s5¢ §§" 4 =
L E LR =2
LR g3 £ -
$8:2 8, 2
e iF 3,
g 29 § g1 =
13 o«
o o o.
CcM + o+ o+ CM 4 @ & CM - + + +
UA(UM) 5 10 25 UA(UM) 5 10 25 .
UA(UM) 2 Blank CM  CM+UA
G H K
THP-1 BMDMs JC-1 red JC-1 green Merge
CM - + + + + + CM - + + + + 4
UAWM) - - 5 10 25 50 UAWM) - - 5 10 25 50
1043 047 058 0.63 064 1031 071 131 118 1.63 Blank
p-ULK(ser555) [ 00 N 0 o B 140 p-ULK(ser555) [l e e e s 140
1 0.30 065 0.78 0.86 0.84 1 0.72 109 126 140 1.28
beclin D - - - - -y ) beclin1 W e 5 @5 @D & 0
1 104 110104 149 153 1 104 143 185 227 336
-16
. " ces 1 52 08 4 S :’1? CMm
AP | GAPDH i B O 0 5
|
THP-1 J BMDMs
cm - + + + cMm = + + + CM+UA
- 25 50 UAWM) - - 25 50
88 1.20 116 135 151
§ §
5| pub | pub M
g 3 THP-1 BMDMs
EHspeo——--— S M B R LS = oh T kB
. 2 UAM) - - 5 10 25 50 - - 5 10 25 50
1 112 1.8 1 0.31 157 148 1 123 113 1.02 088 077 1 127 155 154 138 115
parkin [ ,52 PN P 52 PTBK] o s s s o = - — . — 3]
Q 1 063 |20 143 Q 1 0.49 1.34 1.32 1 157 148 138 118 116 1 163 146 153 114 103
=1 pinkt —— G0 =1 pink1 - — — 60 P-STING w== gy GlD SED Gup W=D oy S ——— —_4)
cAPDH [ — CAPDH D - - D GAPDH (D 5 e = &8 $= &5 B8 B &S e

Fig. 2. UA activates mitophagy in tumor macrophages to inhibit IL-6 secretion. A The process of acquisition of tumor-conditioned media and intervention in macrophages.
B MTT assays were performed to compare the cell viability after UA treatment. C, D IL-6 and TNF-oo mRNA levels in THP-1 and BMDMs after UA and CM treatment were
detected by real-time quantitative PCR. E IL-6 abundance in THP-1 cell supernatants after UA and CM treatment was detected by ELISA assay. F NF-kb pathway-associated
protein levels in THP-1 and BMDMs were detected by western blot after UA and CM treatment. G, H Macroautophagy-associated protein levels in THP-1 and BMDMs were
detected by western blot after UA and CM treatment. I, ] Mitophagy-associated protein levels in THP-1 and BMDMs were detected by western blot after UA and CM treatment.
(WCL = whole cell lysate) K, L JC-1 assays were performed to detect mitochondrial membrane potential changes after UA and CM treatment. M Phosphorylated STING and TBK
protein levels in THP-1 and BMDMs were detected by western blot. Data are presented as mean * SEM; Student’s t-test was performed using Graphpad Prism. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.

and D) and decreased extracellular secretion of IL-6 (Fig. 2E). Since
the transcription of IL-6 and TNF-o is mainly regulated by the NF-
KB signaling pathway, we tried to observe the activation of the NF-
kB signaling pathway. UA treatment inhibited the phosphorylation
activation of p65 and ixb in the NF-kB signaling pathway (Fig. 2F).

UA has been reported to promote mitophagy in skeletal muscle [3],
PINK/PARKIN-induced mitophagy attenuates stimulator of inter-
feron genes (STING) —mediated inflammation by inhibiting cyto-
plasmic leakage of mitochondrial nucleic acids [23]. STING acts
as an upstream regulator of NF-xB to promote inflammatory

>

Fig. 3. UA-mediated mitophagy is dependent on TFEB nuclear translocation. A TFEB protein levels in THP-1 and iBMDMs were detected by western blot after 36 h UA and
CM treatment. B Comparison of TFEB protein levels in 10 pairs of breast cancer and normal tissues. (N = normal and T = tumor) C Comparison of TFEB mRNA expression levels
in 68 pairs of breast cancer and normal tissues. D, E TFEB protein levels in cytoplasm and nucleus were detected by western blot after 8 h UA and CM treatment. (N = nucleus
and C = cytoplasm) F An IF assay further confirmed that UA treatment affected the subcellular localization of TFEB. The fluorescence intensity ratio of the nucleus and
cytoplasmic fraction was calculated using the Image] software. G Macroautophagy-associated mRNA levels in THP-1 and iBMDMs after 24 h UA and CM treatment were
detected by real-time quantitative PCR. H, I Knockdown of TFEB followed by UA treatment and detection of LC3B, parkin, and TFEB protein levels in THP-1 and iBMDM:s. sh-
TFEB is the shRNA targeting TFEB, and sh-NC is the shRNA for the negative control. Not described later. J, K Knockdown of TFEB followed by UA treatment and detection of IL-
6, TNF-0,, LC3B mRNA levels in THP-1 and iBMDM:s. L JC-1 assays were performed to detect mitochondrial membrane potential changes in THP-1. Data are presented as
mean * SEM; Student’s t-test (D, E, G) and one-way ANOVA (], K, L) were performed using Graphpad Prism. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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activation [24]. Therefore, we speculate that UA treatment clear
damaged mitochondria under CM stress to inhibit activation of
harmful inflammation in tumor macrophages.

To test the conjecture, we first examined indicators of macroau-
tophagy, p-ulk, beclin1, and LC3B, UA treatment restored macro-
phage macroautophagy inhibition under CM stress (Fig. 2G and
H). We went on to examine indicators of mitophagy, including
PINK1, parkin as well as phosphorylated ubiquitin in mitochondrial
fractions, and observed the same trends (Fig. 2I and J). JC-1 assay
suggested UA treatment reverses the decline in mitochondrial
membrane potential under CM stress, which attributed to the
timely removal of damaged mitochondria (Fig. 2K and L). Cytoplas-
mic leakage of nucleic acids from damaged mitochondria is an
important activator of macrophage inflammation, activating the
sting signaling pathway primarily through binding to cGAS, a pro-
cess inhibited by mitophagy [23]. Inhibition of p-sting and p-tbk
was observed after UA treatment (Fig. 2M). We also investigated
the effect of UA treatment on tumor cell autophagy (LC3B and par-
kin protein), but no significant changes were observed, probably
due to low basal autophagy rates in tumor cell (FigST1A). These
results suggested that UA treatment could reduce abnormal activa-
tion of STING and NF-xB signaling pathways, due to mitochondrial
nucleic acid leakage under CM stress, by promoting mitophagy to
remove damaged mitochondria in tumor macrophages, in turn
suppresses pro-proliferative inflammatory factors such as IL-6.

UA-mediated mitophagy is dependent on TFEB nuclear translocation

Although UA has been previously reported to primarily affect
mitophagy [3], both our study and the reported literature observed
a promotion of macroautophagy as well [3], so we speculated that
UA affected the fusion of autophagosomes with lysosomes more
than the generation of autophagosomes [25]. TFEB is an important
regulator of autophagy and lysosomal biosynthesis [14], and the
fusion of autophagosomes and lysosomes is a common pathway
in both macroautophagy and mitophagy [25]. CM stress causes
downregulation of macrophages’ total TFEB protein, activation of
macrophage ERK phosphorylation due to tumor-derived TGF-f is
one of the causes, but the exact mechanism is unknown [17,18].
We observed that UA treatment restored protein levels of TFEB
in THP-1 and immortalized murine bone marrow-derived macro-
phages (iBMDMs) cells (Fig. 3A). However, TFEB has been previ-
ously reported as an oncogene, we observed that overexpression

Table 1
The relationship between the expression of TFEB and clinicopathological variables in
BC patients.

Patients Characteristics Total mRNA expression

Low(n =34) High(n=34) P value*
Age
<60 29 14 15 0.806
>60 39 20 19
TNM stage
Tand I 37 12 25 0.002**
II and IV 31 22 9
Tumor size(cm)
<2 36 9 27 0.001***
>2 32 25 7
Lymph node metastasis 0.595
negative 48 23 25
positive 20 11 9
Distant metastasis 0.283
No 59 28 31
Yes 9 6 3

The relationships between TFEB expression and patents’ clinicopathologic charac-
teristics were analyzed via Chi-square test or Fisher's exact test. * p < 0.05, **p0.01,
***p < 0.001.
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of TFEB in breast cancer cells promoted proliferation, and knock-
down inhibited proliferation, without much effect on tumor migra-
tory capacity (FigS1B and C). We analyzed the TCGA database
through the UALCAN platform and observed that the median
expression level of TFEB in breast cancer tissues is lower than in
normal tissues (FigS1D), and patients with high TFEB expression
have a longer overall survival (FigS1E). We validated this in our
breast cancer surgical specimens, observed that TFEB was lowly
expressed in tumor tissues both protein and mRNA levels (Fig. 3B
and C) and associated with tumor volumes (Table 1). IHC assays
also indicated higher level of TFEB protein in adjacent cancer tis-
sues (FigS1F). Studies showed that mice with conditional knockout
of TFEB in Immune cells exhibit higher tumor burden [26]. we con-
sidered that TFEB in macrophages exerts an anticancer function.
Western blot and IF assays confirmed that UA facilitated TFEB
entry into the nucleus in a dose-dependent manner (Fig. 3D-F).
Interestingly, we observed that shorter (8 h) CM treatment simi-
larly promoted TFEB nuclear localization, which may be due to
the rapid dephosphorylation of TFEB under stress conditions and
the complete inability of this fraction of TFEB to scavenge the
inflammatory damage caused by CM stress [27]. UA treatment pro-
moted the transcription of TFEB target genes such as Beclin1, ATG5
and LC3B (Fig. 3G). To confirm that UA-mediated autophagy
depend on TFEB, we infiltrated macrophages with viral fluids con-
taining shRNA plasmids targeting TFEB (sh-TFEB), and set up a neg-
ative control (sh-NC). The knockdown efficiency in the RNA and
protein levels was verified (FigS1G and H). Knockdown of TFEB
blocked activation of macrophage LC3B and inhibition of IL-6 and
TNF-oo mRNA expression by UA treatment (Fig. 3H-K). Moreover,
JC-1 experiments confirmed that the knockdown of TFEB abolished
the effect of UA treatment attenuating mitochondrial damage
under CM stress (Fig. 3L).

UA promotion of TFEB nuclear translocation is not completely
dependent on mTOR inhibition

To better guide the clinical use of UA, we decided to further
explore the potential mechanisms by which UA modulates TFEB
protein. We noted that cytoplasmic and nuclear shuttling of TFEB
is mainly regulated by its phosphorylation state and is affected
by multiple kinases, such as GSK3B, ERK, AKT, and mTOR [28]. In
addition, EIF4A3 can affect TFEB nuclear translocation by regulat-
ing GSK3B splicing [29]. We observed the inhibition of p-mTOR
after UA treatment, however, the protein levels of other kinases
and EIF4A3 were not significantly altered (Fig. 4A and FigS2A-C).
UA inhibition of mTOR phosphorylation has been reported in pre-
vious studies on prostate cancer [6]. We added MHY1485, a potent
agonist of mTOR [30], to THP-1 cells pre-treated with UA for 24 h
to investigate whether UA’s promotion of TFEB nuclear transloca-
tion is dependent on inhibition of mTOR phosphorylation. Unex-
pectedly, immunofluorescence and protein isolation assays
suggested that MHY1485 treatment did not completely reverse
UA-mediated TFEB nuclear translocation, although the proportion
of TFEB protein in the nucleus was reduced (Fig. 4B and C).
MHY1485 treatment also did not completely block the UA-
mediated up-regulation of parkin (FigS2D). We hypothesized that
UA might induce TFEB nuclear translocation through other mecha-
nisms. Under physiological conditions, TFEB is highly phosphory-
lated, recognized by the 1433 protein and isolated in the
cytoplasm. We downloaded the protein structure of the TFEB-
1433 complex(6a5q) and the chemical structural formula of UA,
docking in software, the results showed that one of the hydroxyl
groups of UA can form a hydrogen bond with the phosphate group
at the TFEB 211 site (Fig. 4D), which suggested that UA might block
the recognition of TFEB phosphorylation sites by 1433. Followed
by, the Co-IP experiments also demonstrated that UA treatment
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Fig. 4. UA blocks recognition of phosphorylated TFEB by 1433. A Protein levels of mTOR and p-mTOR were detected by WB after CM and UA treatment. B
Immunofluorescence observation of TFEB subcellular localization. C Protein level of TFEB in the nucleus and cytoplasmic components was detected by WB. (N = nucleus and
C = cytoplasm) D Molecular docking of UA and TFEB-1433 complexes using Autodock software. E, F Observe changes in TFEB and 1433 protein binding after UA treatment.
(HC = heavy chain) G THP-1 cells were infiltrated with viral fluids containing wild-type (WT) TFEB and C212S mutant TFEB plasmids, and changes in TFEB protein levels in the
nucleus and cytoplasm were observed by WB after UA treatment. (N = nucleus and C = cytoplasm) H THP-1 cells were infiltrated with viral fluids containing wild-type TFEB
and C212S mutant TFEB plasmids, then immunofluorescence experiments were performed to observe the subcellular localization of TFEB after UA treatment. Data are
presented as mean + SEM; Student’s t-test (E, F) and one-way ANOVA (B, C) were performed using Graphpad Prism. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

attenuated the binding of 1433 and TFEB in THP-1 and HEK293T
(Fig. 4E and F). In addition, UA reduced cytoplasmic co-
localization of TFEB and 1433 in THP-1(FigS2E). LPS-mediated cys-
teine alkylation of TFEB at position 212 induces TFEB nuclear local-
ization by blocking 1433 recognition of TFEB p-S211, Mice with
mutations at the same locus (C270S) lose natural antimicrobial
immunity [31]. We sought to observe whether the C212S mutation
reversed UA-mediated TFEB entry into the nucleus. The reliability
of the mutant plasmid was first verified by transfecting wild-
type and mutant plasmids in THP-1 and HEK293t cells, respec-
tively, and treating them with LPS. It could be observed that LPS
failed to induce mutant TFEB into the nucleus. (FigS2F). We subse-
quently observed that the C212S mutation similarly blocked UA-
mediated TFEB entry into the nucleus (Fig. 4G and H), and we spec-
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ulated that UA and alkylated 212 site cysteines may synergistically
block 1433 recognition of TFEB (FigS3B).

UA inhibits TFEB ubiquitination degradation under CM stress

Previous studies have found that TFEB protein levels are down-
regulated in tumor macrophages under CM stress [17], but the
exact mechanism remains unclear. Inactivated phosphorylated
TFEB is recognized and degraded by E3 ubiquitin ligase [32], and
we speculated that UA rescues protein levels by inhibiting the
inactivation of TFEB under CM pressure. We treated THP-1 and
iBMDMs with CHX to inhibit the synthesis of new proteins [33]
and observed that the UA-treated group had a longer half-life of
TFEB proteins than the control group under CM stress (Fig. 5A
and B), indicating that UA treatment increased protein stability
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of TFEB. Cells were treated with the proteasome inhibitor MG132
[34] and the autolysosome inhibitor bafilomycin A [25], respec-
tively, under CM pressure. MG132 treatment but not bafilomycin
A reversed CM stress-mediated TFEB downregulation (Fig. 5C and
D), indicate that UA primarily inhibited the proteasome pathway
degradation of TFEB protein [35]. The ubiquitination of TFEB pro-
tein was then detected in THP-1 and iBMDMs, and UA inhibited
CM stress-induced ubiquitination of TFEB protein (Fig. 5E). We fur-
ther explored the effect of the C212S mutation on the ubiquitina-
tion of the TFEB protein. Under the same viral infection
conditions, the C212S mutation did not affect TFEB protein levels
(Fig. 5F). However, under CM stress, the C212S mutation abolished
the UA-mediated TFEB protein stabilization and ubiquitination
inhibition (Fig. 5G and H). In conclusion, UA inhibited the ubiquiti-
nation degradation of TFEB by reversing the inactivation of TFEB
caused by CM stress, which also explained the elevation of total
TFEB protein in tumor macrophages after UA treatment (Fig. 3A).

UA inhibits tumor progression in diverse breast cancer models

To reproduce the scene of tumor cell and macrophage interac-
tion more realistically, we co-cultured macrophages (THP-1,
iBMDMs) and breast tumor cells (BT-549, 4 T1) in transwell cham-
bers, harvesting tumor or macrophage cells after different times
(Fig. 6A). Colony formation and transwell migration confirmed that
UA treatment in a co-culture model significantly inhibited the pro-

liferation and migration ability of breast cancer cells in a
concentration-dependent manner (Fig. 6B and C). Moreover, co-
culturing with TFEB-knockdown macrophages appears to attenu-
ate UA’s inhibition of tumor cell proliferation and migration
(Fig. 6B and C). It is commonly believed that tumor macrophage
M1 polarization inhibits tumor progression [36]. In previous stud-
ies, in vivo experiments have shown that overexpression of TFEB in
BMDM s reversed tumor cell-induced macrophage M2 polarization
[18]. Combined anti-IL-6 therapy reduces the proportion of M2-
polarized macrophages and improves the efficacy of immunother-
apy [37]. TFEB knockdown affects protein levels of Arginase-1
(argl) [17]. Given the above, we speculated that UA treatment
influenced the polarization of tumor macrophages. We observed
a decrease in the proportion of spindle-shaped THP-1 cells(M2)
and the increase of radial cells (M1) after UA treatment in the
co-culture system (Fig. 6D). We examined mRNA and protein levels
of CD206 and Argl, the indicators of M2-type macrophages. UA
treatment significantly reduced the M2 polarization of tumor
macrophages, but no statistically significant changes were
observed in macrophages with knockdown of TFEB (Fig. 6E-G).
We also constructed tumor organoids derived from patients’ tis-
sues, and treated the model with UA. A significant difference in
sphere diameter was observed on the 7th day after treatment
(Fig. 6H).

In subsequent in vivo experiments, we constructed iBMDMs cell
with stable knockdown of TFEB (Fig. 7A), and referring to previous

134



B. Zheng, Y. Wang, B. Zhou et al.

A breast cancer cells & macrophages
coculture
48h Harvest breast cancer cells
i for cell function assay
THP1 or iBMDMs
0.4um membrane
— BT-549 or 4T1
B Cc
UA(uM) 0 10 25 50
BT-549

(with ShNC-THP1)

BT-549
(with shTFEB-THP1)

4T1
(with shNC-iBMDMs)

4T1
(with shTFEB-iBMDMs)

(with SANC-THP1)

(with shTFEB-THP1)

(with ShNC-iBMDMs)

Journal of Advanced Research 69 (2025) 125-138

breast cancer cells & macrophages
coculture

a2 Harvest macrophages cells

for gPCR or WB
BT-549 or 4T1
0.4um membrane
— THP1 or iBMDMs

UA(uM)

BT-549 §

BT-549

4T1

471

F G
THP-1
D Coculture THP-
Veh Coculture +UA(50uM) sh-NC  + e *
1 UAQM) . 50 sh-TFEB +
Vil v ¢ Coculture + + +
THP-1 U 4 4 UA(50uM) + +
w2 . o D206 :’ - . -170 Coculture i + +
it
i
170
g S — €D206 - ‘ . . ‘
E —
~ 20 —_— =20 — o1 - - .
3 e 3§ = Actn . S —
§% 45 §% 15 Actin m-
R B - 42
is g
Z 10 Z 10
§2 82 = mm Coculture = sh-Ne
= n-NC + Cocul
S né 2 ’E .E.. 15 Coculture + 25uM UA £ 25 — :h-TFE'B +°chmlflﬁre+ UA
£ g 05 £ Eos 5 g == Coculture + 50uM UA 5 3 1,sSh-NC + Coculture+ UA
28 R i e 22208 yue
8 0o Bk 0.0 H 3 95 =
SWNC 4+ + shNC o+ + g8 4% 1s
sh-TFEB * sh-TFEB + 2w ‘9:. =
Coculture e Coculture P N g 3E 0
UA(50uM) + i UA(50uM) + + 2 £ g g
S S E
s SEos
H g €8s
: : (X
Patient 1 Patient 2 CD206 Arg1 e D206 Arg1
Day 1 Day 5 Day 5
Patient 1 Patient 2
215 215 *
5 " H
3 3
H K
° s
3 3
g 1.0 g 1.0
] g
A A
f; 05 % 0.5
2 2
s g
& 0.0 & 0.0
Blank UA Blank UA

Fig. 6. UA treatment inhibits breast cancer in tumor macrophage co-culture and organoid models. A Schematic showing the cancer cells cocultured with macrophages in
a transwell chamber of 0.4-um pore size. B Colony formation assays were performed to detect the proliferative capacity of BT-549 and 4 T1 cells after coculturing with
macrophages and UA treatment. C Transwell migration assays were conducted to detect the migration capacity of BT-549 and 4 T1 cells after coculturing with macrophages
and UA treatment. D Morphologic changes of THP-1 after co-culture and UA treatment was observed by a light microscopy. E CD206 and Argl mRNA levels in THP-1 were
detected by real-time quantitative PCR after co-culture and UA treatment. F, G CD206, and Arg1 protein levels in THP-1 were detected by western blot after co-culture and UA
treatment. H The effect of UA treatment on the growth of organoid cell spheres of origin in breast cancer patients was observed by a light microscopy (Shows images at day
two and day seven). Data are presented as mean + SEM; Student’s t-test (F, H) and one-way ANOVA (E, G) were performed using Graphpad Prism. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

research [18] mixed tumor cells and macrophages 3:1 and injected
to form subcutaneous tumors, followed by two weeks of UA treat-
ment (Fig. 7B). UA treatment had no significant effect on body
weight (Fig. 7C), and liver and kidney tissue structure (Fig. 7D) in
mice, which confirmed the safety of UA treatment. In both groups
mixed with sh-NC iBMDMs, UA treatment significantly reduced
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tumor size, however, mixing with sh-TFEB iBMDMs seemed to par-
tially eliminate the anti-tumor effect of UA (Fig. 7E and F). Interest-
ingly, in two groups mixed with sh-TFEB iBMDMs, UA treatment
also slightly reduced tumor load, which may be related to the
antiproliferative effect of UA. The IHC results suggested that UA
treatment reduced the proportion of Ki67-positive (proliferative
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Fig. 7. UA treatment inhibits tumor growth in BALB/c mice. A Constructing iBMDMs stably expressing sh-NC and sh-TFEB, knockdown efficiency was detected by western
blot. B Schematic diagram of mice injected with mixed cells and treated with UA. C The weight of the mice varied with time. D HE staining of liver and kidney in UA-treated
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measures the IL-6 levels in mice plasma. Data are presented as mean + SEM; Student’s t-test (C, H) and one-way ANOVA (F, G) were performed using Graphpad Prism.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

antigen) cells in tumor tissues and decreased IL-6 levels in the
tumor environment (Fig. 7G). Finally, we measured the plasma
IL-6 content in tumor-bearing mice after UA diet and observed a
downregulation (Fig. 7H).

Conclusion

UA is known to researchers for its potent promotion of mito-
phagy [3,38]. In tumor therapy, UA inhibits a wide range of cancers,
as evidenced by inhibition of tumor cell proliferation and promo-
tion of memory T cell expansion [6-8]. However, the effect of UA
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on breast cancer is less studied and the effect on tumor macro-
phages is unknown. We therefore conducted this study, to explore
the positive effects and potential mechanisms of UA on breast
tumor macrophages.

This study demonstrated in several breast cancer models that
UA has anti-tumor effects. This was mainly manifested as a syner-
gistic effect of inhibition of tumor cell proliferation and migration
and reduction of secretion of pro-proliferative inflammatory fac-
tors by tumor macrophages. IL-6 blockade combined with immune
checkpoint (ICB) therapy inhibits M2 polarization of tumor macro-
phages and increases the number of CD8 + killer T cells [37], but
commercial recombinant human IL-6 antibody tocilizumab is not
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widely used in tumor combination therapy due to many adverse
reactions [39]. We found that UA inhibits IL-6 secretion from
tumor cells and tumor macrophages through different mechanisms
(FigS3A), respectively. As a natural medicine, the safety of UA has
been demonstrated in our in vivo and previous clinical trials [4].
UA combined with ICB drugs was able to increase immunothera-
peutic efficacy in animal experiments [8], and our study provided
the theoretical rationale for combination therapy from a novel
perspective.

Macrophages are recruited around tumor cells under the influ-
ence of chemokines secreted by tumor cells. Subsequently, tumor
macrophages undergo reprogramming and transform into a pro-
oncogenic phenotype, secreting inflammatory factors such as IL-6
to promote tumor cell proliferation [12]. Our study found that
UA helped clear damaged mitochondria under CM stress by pro-
moting mitophagy and reducing the activation of harmful inflam-
matory factors due to mitochondrial nucleic acid cytoplasmic
leakage. Interestingly, activation of STING can in turn upregulate
TFEB proteins [40], which may be a negative feedback regulation
of the organism.

TFEB is an important transcription factor regulating the biolog-
ical functions of autophagosomes and lysosomes [14,41]. We dis-
cuss the clinical significance of TFEB expression in breast cancer,
where its high expression is associated with a better prognosis in
our clinical cohort, which correlates with the unique function that
TFEB plays in breast cancer tumor macrophages [17]. Mechanistic
studies revealed that UA blocked the recognition of S211 and sur-
rounding amino acids by the 1433 protein by forming a covalent
bond with the phosphorylated serine at the TFEB 211 site, facilitat-
ing TFEB entry into the nucleus and reducing TFEB inactivation due
to CM stress. In contrast to previous studies [17], we found that
shorter CM intervention conditions exhibited increased TFEB entry
into the nucleus as well as a slight activation of autophagy. How-
ever, under longer CM stress, macrophages exhibited TFEB inacti-
vation and overall inhibition of autophagy. The C212S mutation
eliminates the role of UA in promoting TFEB entry into the nucleus.
We surmised that in wild-type TFEB, the alkylated cysteine at site
212 masked a small portion of the protein region recognized by the
1433 protein on TFEB, which did not affect the phosphorylation
level of serine at site 211 [31]. After UA treatment, covalent bond
formation blocks more of the 1433 protein-recognized region.
However, in the case of the C212S mutation, the region originally
masked by the cysteine alkyl group is re-exposed and recognized
by the 1433 protein resulting in cytoplasmic segregation of TFEB
(FigS3B).

In the future, the role of the TFEB C212S mutation on tumorige-
nesis and development still needs to be verified in animal and cel-
lular experiments. UA in combination with other first-line drugs
for breast cancer therapy deserves to be developed in clinical trials.
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