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Abstract: Objectives: 2’-Hydroxyflavanone (2HF) has been recognized for its antitumor potential in recent years. In 
the past decade, the role of miRNAs in tumors has been gradually explored. Since natural compounds may regulate 
miRNA networks, our objective is to investigate the potential effects and mechanisms of 2HF in the treatment of 
bladder cancer (BCa) by targeting miRNAs. Methods: Cell viability, tube formation, Transwell, western blotting and 
colony formation assays were used to evaluate the effects of 2HF on the viability and angiogenesis of BCa cells. The 
expression of miR-99a-5p and mTOR was detected via RT-qPCR and western blotting. A subcutaneous xenograft 
animal experiment was used to evaluate the tumor inhibition of 2HF in vivo. The binding of miR-99a-5p to mTOR 
was demonstrated via dual-luciferase reporting and RNA pull-down assays. Results: 2HF inhibited the cell viability, 
angiogenesis, protein expression of VEGFa and Ki67 in T24 and 253J cells and protein expression of CD31 in HUVEC 
cells. Also, 2HF induced the upregulation of miR-99a-5p but the downregulation of mTOR expression. Additionally, 
the inhibitory effect of 2HF on tumor cells can be effectively rescued by silencing miR-99a-5p or overexpressing 
mTOR in vitro. Moreover, 2HF inhibited tumor growth in nude mice, in which it upregulated miR-99a-5p but sup-
pressed mTOR expression in xenograft tissues. Mechanistically, miR-99a-5p can directly target the mRNA of mTOR 
by binding to its 3’ untranslated region (3’-UTR) and then inhibiting the expression of mTOR. Conclusions: 2HF inhib-
ited BCa cell proliferation and angiogenesis by regulating the miR-99a-5p/mTOR/VEGFa axis, which may provide a 
novel treatment strategy and molecular mechanism for BCa treatment.
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Introduction

In 2022, more than 610,000 cases of bladder 
cancer (BCa) were diagnosed and more than 
220,000 deaths were caused worldwide [1-3]. 
Urothelial carcinoma accounts for approximate-
ly 90% of BCa cases and strongly threatens the 
survival of patients [4, 5]. Radical cystectomy is 
recommended as the standard treatment for 
muscle-invasive bladder cancer [6]. However, 
many patients still experience cancer progres-
sion and develop treatment resistance [7-9]. 
Therefore, there is an urgent clinical need to 
develop more effective drugs and clinical 
strategies.

In recent decades, researchers have sought 
plant extracts with high biological activity from 

nature [10-13]. Flavonoids are a group of natu-
ral substances with variable phenolic struc-
tures, which have effects on a wide variety of 
biological processes, including the regulation of 
inflammatory responses, antioxidative and anti-
tumor [14, 15]. The natural flavonoid 2’-hydroxy-
flavanone (2HF) is commonly extracted from 
oranges, lianas, and Hovenia dulcis, and has 
been widely recognized for its potent antitumor 
activity in kidney, pancreatic, prostate, and 
colon cancers [16-19]. Previously, our studies 
have revealed that 2’-hydroxyflavanone has 
good tumor suppressive effects on urinary 
tumors [20, 21].

MicroRNAs (miRNAs) are a class of single-
stranded noncoding RNAs that play specific 
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roles in BCa tumorigenesis and progression 
[22]. In recent years, many researchers have 
reported that some natural drugs may interact 
with miRNAs to jointly regulate some biological 
characteristics in vivo [23, 24]. MiR-99a-5p is 
well known as a tumor suppressor. In BCa, miR-
99a-5p has been shown to inhibit cell prolifera-
tion or epithelial-mesenchymal transition (EMT) 
and induce cell senescence and apoptosis [25, 
26]. Therefore, some researchers have pro-
posed that miR-99a can be used as a potential 
biomarker in BCa diagnosis and treatment [27, 
28].

In this study, we demonstrated that 2HF inhib-
ited cell viability, vascular endothelial cell tube 
formation and recruitment in a dose-depen-
dent manner in two BCa cell lines (T24 and 
253J). Additionally, we found that 2HF regulat-
ed miR-99a-5p expression, and then inhibited 
mTOR and its downstream pathways by directly 
binding to the mTOR 3’UTR, thereby inhibiting 
BCa cell proliferation and angiogenesis.

Materials and methods

Cell culture, drug treatment and culture me-
dium collection

Human BCa cell lines, T24 and 253J, were 
obtained from the Chinese Academy of Scien- 
ces Cell Bank of Type Culture Collection (CBT- 
CCCAS, Shanghai, China). The cells were grown 
in standard medium containing 10% fetal 
bovine serum (FBS) at 37°C in a humidified 
environment with 5% CO2. 2HF (99% pure, for 
research use) was purchased from Sigma-Aldri- 
ch (Germany) and dissolved in 100% dimethyl-
sulfoxide (DMSO; Corning Cellgro; Manassas, 
VA) at a stock concentration of 100 mM. The 
stock solution was subsequently diluted in PBS 
(pH 7.2) to obtain a working solution of 2HF 
(0-60 μM). The vehicle control was 0.2% DMSO. 
The cells were treated with various concentra-
tions of 2HF in 1% FBS for 48 h at 37°C with 5% 
CO2. BCa cells (5 × 105) were seeded into 
60 mm dishes with 10% FBS medium and then 
treated with 2HF at final concentrations of 0, 
20, 40, 60 μM or 20 μM miRNA. After 12 h, the 
cells were washed with serum-free medium 
(SFM) and then cultured with 5 mL of SFM for 
24 h. The supernatants of T24 and 253J were 
collected as culture media (CMs) and centri-
fuged to remove debris.

Plasmids and cell transfection

The cells were transfected with the pcDNA3.1 
mTOR overexpression plasmid from GenePhar- 
ma (Shanghai, China) and a matched negative 
control (NC). The miR-99a-5p mimics, NC mi- 
mic, miR-99a-5p inhibitor, and NC inhibitor we- 
re purchased from RiboBio (Guangzhou, China). 
Stably transfected cells were screened in medi-
um containing 5 μg/mL puromycin, and puro-
mycin-resistant cell clones were removed after 
14 days.

Cell viability assay and colony formation assay

BCa cells were seeded in 96-well plates in 
advance at 2 × 103 cells per well, and after 
overnight stabilization, they were treated with 
various concentrations of 2HF (0-60 μM) for 48 
h. The medium was removed and replaced with 
200 µL of MTT (Sigma-Aldrich; Merck KGaA) in 
200 µL, after which the mixture was incubated 
for 4 h under the normal culture conditions as 
described above. The medium was completely 
removed, and 200 μL of DMSO was added to 
the wells, which were subsequently vortexed 
well for 10 min. Optical density at 490 nm was 
measured by an automatic microplate reader 
(Bio-Tek Instruments, Winooski, USA) in 8 
replicates.

For the long-term colony formation assay, medi-
um-log phase cultured T24 and 253J cells were 
plated onto 24-well tissue culture plates at 
1000 cells per well for 48 h and treated with 
different concentrations of 2HF for 2 weeks. 
Then, the plates were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformal-
dehyde and stained with crystal violet solution 
for 15 min. The number of colonies in five ran-
dom fields was counted via microscopy.

In vitro HUVEC recruitment assay and tube 
formation assay

HUVECs were seeded in Transwell inserts at a 
density of 5 × 104 cells per well, and the same 
number of BCa cells with/without 2HF treat-
ment for 24 h were seeded in the lower cham-
ber. After coculture, the transwell inserts were 
gently rinsed, soaked in 4% paraformaldehyde 
for 15 min, and then transferred to 0.1% crystal 
violet for 20 min. Under an inverted optical 
microscope (× 100), three fields of view and cell 
numbers were randomly collected. HUVECs 
were suspended in CM and then added to 
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24-well plates coated with Matrigel for tube for-
mation. Pictures were taken after 6 h.

Western blotting

BCa cell proteins were collected in RIPA buffer 
containing proteinase inhibitors (1% inhibitor 
cocktail and 1 mM PMSF) (Roche Applied Sci- 
ence, Germany). A BCA protein assay kit and 
loading buffer (Beyotime) were used for con-
centration determination and protein denatur-
ation, respectively. Proteins were separated on 
10% SDS-PAGE gels and transferred to PVDF 
membranes at 110 V for 2 h. After blocking 
with 5% nonfat milk, the membranes were incu-
bated with primary antibodies (VEGFa, Ki67, 
mTOR, p-mTOR and CD31 from Cell Signaling 
Technology, USA and GAPDH from Proteintech, 
China) at 4°C overnight. Next, the membranes 
were washed with TBST buffer 3 times and in- 
cubated with peroxidase-conjugated second-
ary antibodies for 1 h at room temperature. The 
membranes were visualized with an enhanced 
chemiluminescence (ECL) detection system 
(Bio-Rad, USA). ImageJ software was used for 
relative protein densitometric analysis.

RT-qPCR

Total RNA from cells was extracted via TRIzol 
(Invitrogen), and reverse transcription was per-
formed via the TransScript First-Strand cDNA 
Synthesis SuperMix Kit (TransGen Biotech, 
Beijing, China) according to the manufacturer’s 
recommendations. 18S was used to normalize 
the RNA levels via the 2-ΔΔCt method. The 
sequences of the primers used for RT-qPCR 
were as follows: miR-99a-F: 5’-CAACATACCCG- 
TACTACAGGA-3’; miR-99a-R: 5’-TTCATCTACCCG- 
TTCATACCC-3’; mTOR-F: 5’-TACAGAGAAACTGG- 
CATCACT-3’; and mTOR-R: 5’-CAACCCCTC CCCA- 
GAACCA-3’.

Dual-luciferase reporter assay

In accordance with the protocol, site-directed 
mutagenesis and sequencing of DNA frag-
ments were performed via the QuikChange 
Lightning Directed Mutagenesis Kit (Agilent 
Technologies). The designed oligonucleotide 
strand was amplified, subcloned, and insert- 
ed into the pGL4-Basic vector (GenePharma, 
Shanghai, China) during annealing with T4 DNA 
Ligase (Roche). T24 and 253J cells were seed-
ed in 24-well plates at a density of 1 × 104 cells 
per well for 24 h before transfection. The cells 
were transfected with the indicated luciferase 

reporter plasmids, miRNA mimics, and internal 
control luciferase reporter vectors (pRL-TK) 
(GenePharma, Shanghai, China) via Lipofecta- 
mine 3000 (Thermo Fisher Scientific, MA, USA) 
following the manufacturer’s protocol. Luci- 
ferase and Renilla signals were measured 48 h 
after transfection via a Dual-Luciferase Re- 
porter Assay Kit (GenePharma, Shanghai, Chi- 
na). Luciferase activity was normalized to the 
corresponding Renilla luciferase values for the 
calculation of fold changes.

RNA pull-down

BCa cells were seeded at 5 × 105 cells/well in 
six-well plates with complete DMEM overnight. 
The medium containing biotinylated miRNA 
(Roche, USA) and the transfection reagent was 
replaced for 24 h, followed by retransfection for 
24 h. After that, the prepared streptavidin mag-
netic beads were mixed with 300 μL of cell 
lysate thoroughly for 4 h to bind to the target 
biotin-RNAs. Total RNA was extracted from the 
resuspended beads (TRIzol method), followed 
by cDNA preparation and RT-qPCR following the 
SYBR Green protocol.

Subcutaneous xenograft experiments

Male BALB/c nude mice (4 weeks old) were pur-
chased from the Experimental Animal Center of 
Xi’an Jiaotong University and were housed 
under pathogen-free conditions in the Animal 
Laboratory of Xi’an Jiaotong University. The 
ambient temperature for feeding is maintained 
at 26°C with a relative humidity of 50%, and 
the environment follows a 12-hour light-dark 
cycle. Animal experiments were performed ac- 
cording to protocols approved by the Ethics 
Review Committee of Xi’an Jiaotong University. 
All of the mice were acclimatized to each other 
for 1 week. The mice were randomly grouped (n 
= 8 mice per group, the control group (corn oil 
100 µL/day, gavage) and the 2HF group (50 
mg/kg/day, gavage) via the random number 
method. Ea ch mouse model was established 
by injecting 2 × 106 T24 cells subcutaneously 
into the flanks of the mice, and we determined 
the tumor volume for each mouse every five 
days as 0.5 × length × width2. The mice were 
sacrificed after 4 weeks, and the tumor speci-
mens were harvested for further experiments.

At the endpoint, the mice were euthanized via 
cervical dislocation, the tumor tissues were 
harvested, and the tumor weights were mea-
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sured. Then, the tumor tissues were fixed in 
10% buffered formalin for 48 h for immunohis-
tochemistry (IHC). The remaining parts were 
washed with PBS and then frozen at -80°C for 
RT-qPCR measurement.

TCGA and GEO database analysis

The dataset GSE36121 containing publicly 
available mRNA-seq data was used, and no 
data availability statement was needed. Z score 
normalization was applied to all the data before 
further analysis. EdgeR was used to identify dif-
ferentially expressed miRNAs between 16 BCa 
patients and 8 normal bladder donors. To en- 
sure the accuracy of the sequencing data anal-
ysis, miRNAs with p values < 0.05 and fold 
changes ≥ 2 were considered significant DEGs 
and DECs. Visualization of the expression pro-
file was performed via heatmaps.

Statistical analysis

SPSS 28.1 (IBM, SPSS, Chicago, IL, USA) and 
GraphPad Prism V9.3.1 (GraphPad Software, 
CA, USA) were used to analyze the results. One-
way ANOVA or Student’s t test was performed 
to evaluate the differences between the groups. 
The log-rank test was used to determine the 
significant differences between survival curves. 
Correlations between two groups were ana-
lyzed via Pearson’s correlation coefficient anal-
ysis. A two-tailed P < 0.05 was considered sta-
tistically significant, and P < 0.01 was con- 
sidered highly significant.

Results

2HF suppressed BCa cell viability and tumor-
associated angiogenesis

To explore the effects of 2HF on the inhibition 
of BCa cell proliferation and angiogenesis, T24 
and 253J cell lines were treated with different 
doses of 2HF before different cell function as- 
says were performed. The results of MTT assay 
revealed that the viability of T24 and 253J cells 
was significantly inhibited by 2HF at concentra-
tions above 20 μM at 48 h (Figure 1A, *P < 
0.05, ***P < 0.001), however, 2HF did not 
exhibit a significant effect on the viability of 
SV-HUC-1 and HUVEC cells (Figure S1A, S1B). 
Moreover, the number of colonies formed was 
decreased in 2HF-treated T24 and 253J cells 
(Figure 1B). The IC50 value of T24 cells was 
37.04 ± 4.28 µM at 48 h, and that of 253J cells 

was 41.61 ± 1.83 µM at 48 h. HUVEC tube for-
mation and recruitment assays revealed that 
the number of tube formations (Figure 1C and 
1D, ***P < 0.001) and migrated HUVECs 
(Figure 1E and 1F, *P < 0.05, **P < 0.01, ***P 
< 0.001) decreased following 2HF treatment. 
Finally, western blotting analysis confirmed that 
2HF inhibited the expression of a proliferation-
related protein, Ki67, and an angiogenesis-
related protein, VEGFa, in T24 and 253J cells, 
meanwhile, 2HF inhibited the expression of 
CD31 protein in HUVEC cells (Figure 1G). These 
data confirmed that 2HF could inhibit BCa cell 
proliferation and angiogenesis in vitro.

2HF upregulated miR-99a-5p but inhibited 
mTOR expression in BCa cells

Next, we attempted to identify misregulated 
miRNA genes in BCa cells. Our previous studies 
revealed that the IFIT5 complex could degrade 
precursor miRNAs and downregulation of miR-
99a-5p was crucial in BCa development [29, 
30]. We first examined miR-99a-5p expression 
in normal tissues and BCa tissues from patients 
in the TCGA cohort. MiR-99a-5p was signifi-
cantly downregulated in BCa tissues (Figure 
S2A, ***P < 0.001), whereas miR-99a-5p in 
cancer tissues was also significantly downregu-
lated in the matched tissues (Figure S2B, *P < 
0.05). By comparing miRNA expression in nor-
mal, peripheral cancer, and core cancer tis-
sues, we also identified the miR-99a-5p as one 
of the most significant downregulated miRNAs 
in the BCa cohort (Figure S2C). Additionally, 
normal bladder epithelial SV-HUC-1 cells were 
compared with BCa cell lines (T24 and 253J). 
Indeed, we found that miR-99a-5p expression 
was lower but mTOR expression was higher in 
T24 and 253J cells than in SV-HUC-1 cells 
(Figure 2A and 2B, ***P < 0.001). According to 
the RT-qPCR results, miR-99a-5p was upregu-
lated after 2HF treatment in BCa cells in a 
dose-dependent manner (Figure 2C, *P < 0.05, 
***P < 0.001). Moreover, p-MTOR and mTOR 
were inhibited by 2HF in a dose-dependent 
manner (Figure 2D). Our study confirmed that 
miR-99a-5p and mTOR were involved in the 
pharmacological action of 2HF in BCa treat- 
ment.

Silencing miR-99a-5p promotes BCa cell viabil-
ity and tumor-associated angiogenesis

To further clarify the role of miR-99a-5p in 2HF 
pharmacological actions, T24 and 253J cells 
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were transfected with miR-99a-5p single-chain 
inhibitors and controls supplemented with 2HF 
treatment. RT-qPCR revealed that miR-99a-5p 

expression was significantly downregulated in 
the miR-99a-5p inhibitor-transfected cells (Fi- 
gure 3A, ***P < 0.001). Indeed, the miR-99a-

Figure 1. 2HF suppressed BCa proliferation and angiogenesis in vitro. A. MTT assay was used to measure the vi-
ability of T24 and 253J cells after 2HF treatment at 48 h. B. A colony formation assay was conducted in T24 and 
253J cells after 2HF treatment. C. A tube formation assay was used to measure angiogenesis in T24 and 253J cells 
after 2HF treatment. D. Quantitative analysis of tube formation assay was shown. E. The HUVEC recruitment assay 
was used to measure the angiogenesis of T24 and 253J cells after 2HF treatment. F. Quantitative analysis of HUVEC 
recruitment assay was shown. G. Western blotting anaysis of Ki67 and VEGFa protein expression in T24 and 253J 
cells and CD31 protein expression in HUVEC cells after 2HF treatment. *P < 0.05, ***P < 0.001.
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5p inhibitor could abolish the inhibitory effect 
of 2HF in cell growth, HUVEC tube formation, 
HUVEC cell recruitment and colony formation 
(Figure 3B-G, *P < 0.05, **P < 0.01, ***P < 
0.001). Also, western blotting analysis revealed 
that miR-99a-5p blockade could rescue the 
expression of Ki67, VEGFa and CD31 inhibited 
by 2HF (Figure 3H). Our results revealed that 
miR-99a-5p mediated the tumor-inhibitory ef- 
fect of 2HF in BCa tumor growth and angio- 
genesis.

miR-99a-5p directly regulates mTOR expres-
sion in BCa

Next, we further identified the regulatory role of 
miR-99a-5p in mTOR. Through the TargetScan 
and miRanda database, we identified the po- 
tential binding sequences of miR-99a-5p on 
mTOR-3’UTR, and then wild-type and mutant 
mTOR-3’UTR vectors were constructed (Figure 
4A). T24 and 253J cells were co-transfected 
with the miR-99a-5p mimic and the mTOR 
3’UTR WT or mTOR 3’UTR MUT vector, the lucif-
erase assay results indicated that miR-99a-5p 
mimic could significantly suppress the lucifer-
ase activity of mTOR 3’UTR WT, but had no 
effect on mTOR 3’UTR MUT (Figure 4B, *P < 
0.05). In addition, RNA pull-down was used to 
verify the direct binding of miR-99a-5p on 
mTOR mRNA, and the miR-99a-5p mimic effec-

tively increased this binding in T24 and 253J 
cells (Figure 4C, *P < 0.05). Similarly, the ex- 
pression of mTOR protein in these cells treated 
with the miR-99a-5p inhibitor was significantly 
enhanced, whereas the expression of mTOR in 
the miR-99a-5p mimic group was significantly 
suppressed (Figure 4D). Taken together, miR-
99a-5p could directly regulate mTOR mRNA 
expression in BCa.

Overexpression of mTOR rescued the inhibi-
tion of tumor proliferation and angiogenesis 
by 2HF

Dysregulation of the mTOR pathway plays a 
complex role in tumor growth, so many scholars 
expect to enhance tumor therapeutic efficacy 
by targeting mTOR [31, 32]. Herein, the role of 
mTOR in 2HF-mediatied BCa treatment has 
been further explored. PcDNA3.1-mTOR and 
pcDNA3.1 vectors were used to transfect BCa 
cell lines and induce mTOR or p-mTOR overex-
pression (Figure 5A). 2HF and PBS were used 
to treat mTOR-overexpressing BCa cells before 
cell viability was determined. The results 
showed that mTOR overexpression could res-
cue the growth inhibition of tumor cells caused 
by 2HF (Figure 5B). Moreover, mTOR increased 
the ability of HUVECs tube formation in T24 and 
253J cells and rescued the inhibitory effects of 
2HF treatment (Figure 5C and 5D, *P < 0.05, 

Figure 2. The expression of miR-99a-5p and mTOR in 2HF-treated BCa cells. A. RT-qPCR was used to detect the miR-
99a-5p expression level in BCa and normal cell lines. B. Western blotting was used to detect the protein expression 
levels of mTOR and phosphorylated mTOR in BCa and normal cell lines. C, D. miR-99a-5p expression levels and 
mTOR and phosphorylated mTOR protein expression levels were detected in T24 and 253J cells treated with 2HF 
for 48 h. *P < 0.05, ***P < 0.001.
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**P < 0.01, ***P < 0.001). Similarly, HUVECs 
cell recruitment was also promoted by mTOR 
overexpression (Figure 5E and 5F, **P < 0.01, 
***P < 0.001). Furthermore, we found that 
mTOR rescued BCa colony formation, Ki67, 

VEGFa and CD31 expression which was inhibit-
ed by 2HF treatment (Figure 5G and 5H). These 
results confirmed that mTOR was essential for 
2HF-mediated BCa proliferation and vascular 
growth inhibition.

Figure 3. The blockade of miR-99a-5p abloshed the inhibitory effects of 2HF in BCa cell proliferation and angiogen-
esis in vitro. A. RT-qPCR was used to detect the miR-99a-5p level in T24 and 253J cells treated with the miR-99a-5p 
inhibitor. B. MTT assay was used to measure cell viability at 24, 48 and 72 h. C. A tube formation assay was used 
to measure angiogenesis in T24 and 253J cells. D. Quantitative analysis of tube formation assay was shown. E. 
The HUVEC recruitment assay was used to measure angiogenesis in T24 and 253J cells. F. Quantitative analysis of 
HUVEC recruitment assay was shown. G. A colony formation assay was conducted in T24 and 253J cells. H. Western 
blotting analysis of Ki67 and VEGFa expression levels in T24 and 253J cells, CD31 expression in HUVEC cells trans-
fected with miR-99a-5p inhibitor combined with 2HF treatment. *P < 0.05, ***P < 0.001.
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2HF inhibits BCa growth and angiogenesis in 
vivo

Next, we further determined the anti-BCa role 
of 2HF in vivo. T24 cells were injected subcuta-
neously into nude mice gavaged with 2HF (100 
mg/kg/day) or corn oil via intraperitoneal injec-
tion. The mice were weighed on Days 12, 15, 
18, and 21 and the results revealed that the 
volume of xenograft tumors from the 2HF- 
treated group was significantly lower than that 
of the control group (Figure 6A and 6B, **P < 
0.01). The tumor tissue was collected and 
weighed 28 days after the xenografts were 
established. Consistently, the weight of xeno-
graft tumors from the 2HF group were signifi-
cantly lower than that of the control group 
(Figure 6C, **P < 0.01). The RT-qPCR results 
confirmed that 2HF upregulated miR-99a-5p 
expression in xenograft tumors (Figure 6D, **P 
< 0.01). Immunohistochemical staining (IHC) 
data indicated that 2HF treatment inhibited 
mTOR, Ki67, and VEGFa expression in xenograft 
tumor tissues (Figure 6E). In brief, we demon-
strated that 2HF inhibited BCa tumor growth 
and angiogenesis in vivo.

Discussion

BCa is a heterogeneous disease characterized 
by extensive intratumor angiogenesis, which is 
a marker of BCa carcinogenesis and tumor pro-
gression. Among angiogenic inducers, VEGFa 
plays a significant role in angiogenesis both in 
vitro and in vivo [33].

mTOR has long been recognized as the mam-
malian target of rapamycin [34]. mTOR exists 
as a complex of two protein forms, mTORC1 
and mTORC2 [35]. Researchers have reported 
that some upstream molecules, nutrients, and 
energy-sensing signals converge in the mTOR 
signaling pathway. PI3K/Akt is a key upstream 
signaling molecule of mTOR, and it has been 
shown that EGFR and HER2 can drive mTOR to 
activate cancer progression through PI3K/Akt 
in a variety of tumors [36, 37]. Similarly, the 
RAS-Raf-MEK-ERK pathway, which can be acti-
vated by growth factors [38], hormones [39], 
and cytokines [40], regulates mTOR. Mutations 
in RAS and its family proteins ultimately medi-
ate abnormal activation of this pathway in many 
types of cancer. Our previous study confirmed 
that depletion of DAB2IP, a novel Ras-GTPase 

Figure 4. mTOR was a downstream target of miR-99a-5p in BCa cells. A. The results from TargetScan (http://www.
targetscan.org) and miRanda (microRNA.org) showing the predicted miR-99a-5p binding sites in the 3’UTR of the 
mTOR mRNA. B. A luciferase reporter assay indicated that alterations in miR-99a-5p expression regulated the lucif-
erase activity of the wild-type (WT), but not the mutant (MUT) mTOR 3’UTR plasmid. C. RNA pull-down assays were 
used to examine mTOR expression in T24 and 253J cells subjected to biomiR-99a-5p-mediated pull-down. D. mTOR 
protein expression in miR-99a-5p mimic- and inhibitor-transfected cells. *P < 0.05; ns, not significant.
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activating protein, leads to the activation of 
ERK/RSK1 and the PI3K/mTOR pathway, which 
synergizes with the induction of hypoxia-induc-
ible factor (HIF)-2α [41]. Therefore, targeting 
mTOR pathway provides a new therapeutic 
strategy for BCa treatment.

VEGFa as an inducer of HUVEC proliferation, 
migration, and invasion, meanwhile the prolif-
eration of HUVECs was rapidly induced follow-
ing incubation with the tumor culture superna-
tant. In this study, we demonstrated that 2HF 
significantly inhibited mTOR-mediated prolifera-

Figure 5. mTOR onverexpression abolished the inhibitory effect of 2HF in BCa cell proliferation and angiogenesis 
in vitro. A. mTOR protein expression was detected by western blotting in transfected cells. B. MTT assay was used 
to measure cell viability at 24, 48, and 72 h. C. HUVEC tube formation assay in T24 and 253J cells with mTOR 
overexpression and 2HF treatment. D. Quantitative analysis of HUVEC tube formation was shown. E. HUVEC recruit-
ment assay in T24 and 253J cells with mTOR overexpression and 2HF treatment. F. Quantitative analysis of HUVEC 
recruitment was shown. G. A colony formation assay was conducted in T24 and 253J cells. H. Western blotting 
analysis of Ki67 and VEGFa protein levels in T24 and 253J cells, CD31 expression in HUVEC cells transfected with 
pcDNA-mTOR combined with 2HF treatment. *P < 0.05, **P < 0.01, ***P < 0.001.
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tion and angiogenesis in a dose-dependent 
manner, and also it could suppress the expres-
sion of Ki67 and VEGFa. Notably, 20 μM 2HF 
inhibited mTOR-mediated proliferation but had 
almost no effect on HUVEC viability. This finding 
suggested that 2HF may be a good natural 
tumor suppressor adjuvant.

Interestingly, through database screening and 
qPCR screening, we found that the inhibitory 
pharmacological effect of 2HF treatment in 
BCa was via the dysregulated miRNAs in tumor 
cells, in which miR-99a might play a critical 
role. MiR-99a has been identified as an inhibi-
tor of BCa in several studies [25, 42-44]. Com- 
pared with that in other cancers [45], the func-
tion of miR-99a in BCa seems to be relatively 

stable, such as inhibition of cell proliferation, 
invasion and migration of BCa cells and induc-
tion of cell apoptosis. A recent study reported 
that miR-99a induced cell senescence in gem-
citabine-resistant BCa cells [46]. In our study, 
we confirmed that 2HF could regulate miRNAs 
and show its pharmacological effects in BCa. 
First, the expression of miR-99a-5p was regu-
lated in a 2HF dose-dependent manner. Se- 
cond, miR-99a-5p directly regulated the activity 
of mTOR mRNA. Also, both miR-99a-5p and 
mTOR played roles in the inhibitory of 2HF in 
BCa tumor growth and angiogenesis. From this 
perspective, 2HF, as a naturally derived com-
pound characterized by its abundant availabili-
ty and cost-effectiveness, holds substantial 
medicinal potential. In the present study, it 

Figure 6. 2HF treatment attenuated the tumorigenicity and angiogenesis of BCa in vivo. A. Representative images 
of subcutaneous tumors derived from T24 cells after 2HF treatment. B. Tumor volume was measured every 5 days. 
C. After the mice were sacrificed at the end of the experiment, the wet weights of the tumors were compared. D. The 
expression of miR-99a-5p in xenograft tumors was detected via RT-qPCR. E. Immunohistochemistry was performed 
to detect the expression of mTOR, Ki67, and VEGFa in xenograft tumor tissues from different groups. Scale bar: 50 
μm (left), 25 μm (right). **P < 0.01.
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demonstrated pronounced antitumor activity 
while exhibiting an overall low-to-negligible tox-
icity profile.

These findings suggest that 2HF may serve as 
a promising candidate for clinical applications, 
particularly in combination with chemothera-
peutic agents to mitigate drug resistance, 
thereby contributing to the development of in- 
novative cancer treatment strategies. There- 
fore, it is hypothesized that 2HF has the poten-
tial to serve as a promising adjuvant therapeu-
tic agent in the future, however, this requires 
clinical validation and further investigation into 
the underlying mechanisms.
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Figure S1. 2-HF has no significant effect on the activity and proliferation of normal bladder epithelial cells and vas-
cular endothelial cells. A, B. MTT assay was used to measure the viability of SV-HUC-1 and HUVEC cells after 2HF 
treatment at 48 h.

Figure S2. Expression of miR-99a-5p in BCa tissues. A, B. miR-99a-5p mRNA expression in normal bladder tis-
sues and matched BCa tissues from TCGA database. C. Heat maps of key disordered miRNAs from GEO database 
(GSE36121).


