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Abstract

Background: Aberrantly activated mammalian target of rapamycin complex 1 (mTORCT1) plays a vital role in tumor
angiogenesis, but its precise mechanisms are still unclear.

Methods: Micro-RNA-130b-3p (miR-130b-3p) expression in mTORC1-activated and control cells was examined by
quantitative real-time PCR (gRT-PCR). MiR-130b-3p levels and their correlation with mTORC1 activity were evaluated
by analyzing publicly available databases and in-house head and neck squamous cell carcinoma (HNSCC) tissues.

The role of miR-130b-3p in mTORC1-mediated angiogenesis and tumor growth was examined using tube formation
assay, chicken chorioallantoic membrane assay, cell line — derived xenograft models, and an HNSCC patient-derived
xenograft (PDX) model. The regulatory mechanisms among signal transducer and activator of transcription 3 (STAT3),
miR-130b-3p, and muscleblind-like protein 1 (MBNLT1) were investigated via bioinformatics analyses, gRT-PCR, western
blot, RNA immunoprecipitation, immunofluorescence, luciferase reporter assay, and chromatin immunoprecipitation
assay.

Results: Elevated miR-130b-3p enhanced the angiogenic and tumorigenic abilities of mMTORC1-activated cells both
in vitro and in vivo. STAT3, a downstream effector of mTORCT, transactivated miR-130b-3p by direct binding promoter
of the miR-130b gene. MBNL1 was identified as a direct target of miR-130b-3p. MBNL1 depletion rescued the com-
promised angiogenesis and tumor growth caused by miR-130b-3p inhibition. MiR-130b-3p levels were significantly
upregulated and positively correlated with mTORC1 signaling in multiple cancers. MiR-130b-3p inhibition attenuated
tumor angiogenesis and growth in an HNSCC PDX model. MBNL1 feedback inhibited STAT3 activation in mTORC1-
activated cells.
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Conclusions: The STAT3/miR-130b-3p/MBNL1 feedback loop plays a vital role in mTORC1-mediated angiogenesis
and tumor progression. This pathway could be targeted for therapeutic intervention of mTORC1-related cancers.
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Background

Angiogenesis is recognized as one of the hallmarks of
cancer [1-3]. Tumor-associated angiogenesis has a criti-
cal role in the delivery of oxygen and nutrients to expand-
ing tumors, thus significantly influencing various aspects
of cancer development, such as tumor cell metastasis and
metabolic dysregulation [4, 5]. Because of its fundamen-
tal role in tumor progression, angiogenesis has become
an attractive target in cancer treatment [6, 7]. However,
the mechanisms and pathways that drive tumor angio-
genesis are not fully understood.

The mammalian target of rapamycin (mTOR), a highly
conserved serine/threonine protein kinase, regulates a
wide repertoire of biological processes important for cell
growth and proliferation, including protein translation,
metabolism, autophagy, and ferroptosis [8, 9]. mTOR
can form two functional complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), which
are different with regard to specific binding compo-
nents, upstream and downstream signaling, and rapamy-
cin sensitivity [10]. The heterodimer tuberous sclerosis
1 (TSC1)/tuberous sclerosis 2 (TSC2) is an important
upstream negative regulator of mTORC1 [11]. TSC1/
TSC2 complex suppresses a small GTPase, Ras homolog
enriched in the brain (Rheb), by stimulating the conver-
sion of active Rheb-GTP into inactive Rheb-GDP through
the GTPase activating (GAP) activity of TSC2 [12]. The
activity of the TSC1/TSC2 complex relies on heter-
odimer formation and is controlled by several kinases,
particularly AKT [13]. Disruption of the TSC1/TSC2
complex by the activated PI3K/AKT pathway, or by inac-
tivating mutations in either TSC1 or TSC2, results in the
accumulation of GTP-bound Rheb, which in turn acti-
vates mMTORC1 [14]. mTORCI promotes protein synthe-
sis through phosphorylating ribosomal protein S6 kinase
1 and eukaryotic translation initiation factor 4E-binding
protein 1, leading to accelerated cell growth and prolifer-
ation [8]. mTORCI signaling is frequently over-activated
in human cancers [11], but its precise mechanisms still
require further clarification.

It has been well-recognized that mTORC1 is a posi-
tive regulator of angiogenesis [15, 16]. Hyperactivated
mTORC1 upregulates hypoxia-inducible factor -la at
numerous levels, which in turn promotes angiogenesis
by enhancing the transcription of pro-angiogenic fac-
tors, such as vascular endothelial growth factor (VEGF)
and transforming growth factor -a [17]. It has also been

demonstrated that the mTORCI specific inhibitor rapa-
mycin exerts anti-angiogenic properties by reducing the
proliferation, migration, and tubular structure formation
of endothelial cells [18]. We have previously reported
that mTORCI1 signaling activation promotes angiogene-
sis through the upregulation of brain-expressed X-linked
2 [19]. However, whether noncoding RNAs are involved
in mTORC1-mediated angiogenesis remains unclear.

In this study, we showed that micro-RNA-130b-3p
(miR-130b-3p) is involved in hyperactivated mTORCI-
mediated angiogenesis and tumor growth. The tran-
scription factor signal transducer and activator of
transcription 3 (STAT3), serves as a downstream effec-
tor of mTORC1 and transcriptionally upregulates miR-
130b-3p expression. Furthermore, miR-130b-3p exerts
an angiogenesis-promoting role in mTORCI1-activated
cells by targeting muscleblind-like protein 1 (MBNL1). In
addition, MBNL1 depletion led to an increase in STAT3
activity. We suggest that the STAT3/miR-130b-3p/
MBNLI1 feedback loop is critical for mTORC1-mediated
angiogenesis and tumor growth, and that it can be tar-
geted for the treatment of cancers associated with dys-
regulated mTORCI activity.

Materials and methods

Clinical specimens

A total of 60 paired head and neck squamous cell carci-
noma (HNSCC) and adjacent normal mucosal (ANM)
tissues were acquired at the First Affiliated Hospital of
Anhui Medical University (Anhui, China) from 2014 to
2020. All recruited patients had not received chemother-
apy, radiotherapy, or other antitumor therapies before
surgery. The study was approved by the Research Eth-
ics Committee of the First Affiliated Hospital of Anhui
Medical University. All of the patients provided written
informed consent before surgery. The patients’ detailed
information is presented in Supplementary Table S1.

Cell culture and treatment

All the mouse embryonic fibroblast (MEF) cell lines
(including Tscl14 /4, Tscl1—/—, Tsc2+/+, Tsc2—/—,
STAT3C-overexpressing Tsc2+/+and the empty vec-
tor pBabe-transduced Tsc2+/+MEFs) and NTC/
T2 null (a cell line with potent tumorigenicity derived
from a subcutaneous tumor formed by the injection
of Tsc2—/—MEFs in immunodeficient mice) cells
have been described previously [20-22]. The HNSCC
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cell line FaDu, human umbilical vein endothelial cells
(HUVECs), and HEK 293 T cells were obtained from
the ATCC (VA, USA). The HNSCC cell line TU686 was
obtained from the BeNa Culture Collection (Beijing,
China). The HNSCC cell line TU212 and human normal
oral keratinocyte (NOK) cells were obtained from Otwo
Biotech (Shenzhen, China). HNSCC cell lines and NOK
cells were cultured in 1640 medium (BOSTER, Wuhan,
China) containing 10% fetal bovine serum (Gibco, CA,
USA) (containing 100 U/mL of penicillin and 100 pg/
mL of streptomycin); other cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) (BOSTER)
with the same composition at 37 °C in a humidified incu-
bator containing 5% CO,. For drug treatment, cells were
seeded into 12-well plates at 30% —40% density 24 h
before treatment. The Dimethyl sulfoxide (DMSO) stocks
of the agents used, including rapamycin, MHY-1485, and
S31-201, were diluted to appropriate concentrations with
the cell culture medium. All the drugs were purchased
from Selleck Chemicals (TX, USA).

Lentivirus production and transduction
All of the lentiviral vectors were obtained from Gene-
Chem (Shanghai, China), including the GV112 lentiviral
shRNA expression vector targeting Raptor, Rictor, STAT3,
MBNLI, and the control scrambled shRNA (shSc); GV209
and GV234 lentiviral expression plasmids that were used
to increase and decrease miR-130b-3p, respectively; and
GV341 lentiviral plasmid expressing mouse MBNL1 and
the empty plasmid. The detailed information on the recom-
binant plasmids is presented in Supplementary Table S2.
Lentiviruses were generated by transfecting with either
the recombinant vectors or control vectors together with
packaging plasmids (psPAX2 and pVSVG) into HEK 293 T
cells. Culture supernatants were collected and filtered after
48 h of transfection and then used to infect target cells at a
multiplicity of infection of 10 to 20. Two days after infec-
tion, the cells were selected with 2 pg/mL of puromycin for
1 week following the manufacturer’s instructions.

Immunoblotting
Immunoblotting analysis was performed as described
previously [23]. In brief, cell or tissue lysates were

Page 3 of 21

resolved by NuPAGE 4-12% Bis—Tris gels (Life Technol-
ogies, CA, USA), transferred to PVDF membrane (Mil-
lipore, MA, USA), and then incubated with the primary
and secondary antibodies. The specific protein bands in
the membrane were visualized using Pierce” ECL West-
ern Blotting Substrate (Thermo Scientific, MA, USA) and
ChemiScope 6100 (Clinx, Shanghai, China). All informa-
tion regarding antibodies used in this study is provided in
Supplementary Table S3.

Quantitative real-time PCR

Total RNA from cells and tissues were isolated using TRI-
zol reagent (Life Technologies) according to the proto-
col provided by the manufacturer. For analysis of mRNA
expression levels, first-strand cDNA synthesis was per-
formed using the RevertAid™ First Stand cDNA Synthesis
Kit (Thermo Scientific). Quantitative real-time PCR (qRT-
PCR) detection of mRNA expression of MMP13, VEGEF-C,
BCL2, IL18, and MBNL1 was performed using SYBR Pre-
mix Ex Taq" II (TaKaRa, Dalian, China). The expression of
miR-130b-3p was detected using the Hairpin-itTM micro-
RNAs qPCR Quantitation Kit (GenePharma, Shanghai,
China) according to the producer’s instructions. qRT-PCR
was performed on the LightCycler96 (Roche, Basel, Swit-
zerland). B-actin or U6 served as an internal control. The
primers used are listed in Supplementary Table S4.

miRNA transfection

Cells were seeded into 12-well plates and allowed to
reach 70% confluence before transfection. Transient
transfection of mouse miR-130b-3p mimics, inhibitors,
and the negative control (GenePharma) was conducted
with Lipofectamine RNAiMax (Thermo Fisher Scientific)
according to the protocol provided by the manufacturer.
The sequences are listed as follows: miR-130b-3p mim-
ics, 5-CAGUGCAAUGAUGAAAGGGCAU-3; mim-
ics negative control (NC), 5-UUCUCCGAACGUGUC
ACGUTT-3’; miR-130b-3p inhibitor, 5-AUGCCCUUU
CAUCAUUGCACUG-3’; and inhibitor negative control,
5-CAGUACUUUUGUGUAGUACAA-3.

Reporter constructs and luciferase reporter assay
A 299-bp fragment of the mouse miR-130b promoter
region (— 678/ — 976) embodying the wild-type STAT3

(See figure on next page.)

Fig. 1T mTORC1 upregulates the expression of miR-130b-3p. A Venn diagram analysis of differentially expressed miRNAs in two datasets. Dataset

1 represents differentially expressed miRNAs between Tsc2 —/ —and Tsc2 +/+ MEFs. Dataset 2 represents dysregulated serum miRNAs between
TSC patients and healthy controls. BTsc2 4/ 4, Tsc2 — / —, rapamycin (20 nM, 24 h) treated Tsc2 —/ —, Tsc1 +/+, Tsc1 —/ —and rapamycin (20 nM,
24 h) treated Tsc1 —/ — MEFs. CTsc2 —/ — or Tsc1 —/ — MEFs were infected with lentiviruses harboring vectors encoding Raptor shRNA (shRaptor),
Rictor (shRictor) or the control scrambled shRNA (shSc). D Tsc2 4/ +or Tsc1 4/ + MEFs were treated with or without MHY-1485 (1 or 5 uM) for 24 h.
B-D Cell lysates were subjected to immunoblotting with the indicated antibodies (up panels); miR-130b-3p level was analyzed by gRT-PCR (low
panels). Data indicate mean = SD of triplicate samples. ** P<0.01; *** P<0.001; **** P<0.0001; n.s indicates no significant difference
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Fig. 1 (See legend on previous page.)
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binding site was obtained by polymerase chain reac-
tion (PCR) using mouse genomic DNA extracted from
Tsc2 —/—MEFs and cloned into a pTAL-Luc vec-
tor (Clontech, CA, USA) for constructing miR-130b
promoter luciferase reporter. A fragment of 330-bp
MBNL1 3’-untranslated region (3’-UTR) containing
the putative binding site for miR-130b-3p was gener-
ated by PCR and cloned into the p-miRGLO firefly
luciferase vector (GenePharma). The potential STAT3
binding site on the promoter of the mouse miR-130b
gene and the predicted miR-130b-3p target binding site
in 3"-UTR of MBNL1 were mutated using the Q5 site-
directed mutagenesis kit (NEB, MA, USA). The primers
used to construct the recombinant plasmids are listed
in Supplementary Table S5.

To investigate the effect of STAT3 activation on the
miR-130b-3p promoter activity, HEK 293 T cells were
cultured in triplicate to 80% confluence in 24-well plates
and the promoter constructs (200 ng) were co-trans-
fected with pBabe-STAT3C or the empty vector pBabe
(200 ng) and the internal control plasmid pRL-TK
(10 ng). Luciferase activity was detected with the Dual-
Luciferase Reporter assay system (Promega, WI, USA)
according to the manufacturer’s procedures.

To examine the effect of miR-130b-3p on the MBNL1
3’-UTR, HEK 293 T cells were transfected with 50 nM
of miR-130b-3p mimics or NC-mimics, together with
100 ng of luciferase reporter plasmids (MBNL1-WT or
MBNLI1-Mut) using Lipofectamine 3000 (Invitrogen,
CA, USA). Forty-eight hours after transfection, luciferase
activities were measured as mentioned above.

Immunofluorescence assay

MBNL1-overexpressing and control cells were seeded
on fibronectin-coated glass coverslips in 24-well culture
plates. After 24 h, the cells were fixed with 4% formalde-
hyde, treated with 1% Triton X-100 (Sigma-Aldrich, MO,
USA) for permeabilization, and then blocked with 2%
bovine serum albumin. The coverslips were incubated in
a primary antibody overnight and followed with a CY3-
conjugated secondary antibody (Cell Signaling Technol-
ogy, MA, USA) for 1 h. An LSM880+ Airyscan confocal
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laser scanning microscope (Carl Zeiss, Oberkochen, Ger-
many) was used to capture images.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was per-
formed using a SimpleChIP® Plus Enzymatic Chromatin
IP kit (Cell Signaling Technology) as described previously
[22]. In brief, cells were cross-linked by 1% formalde-
hyde for 10 min, cracked with the sodium dodecyl sul-
fate lysis buffer, followed by ultrasonication for 50 min,
and then incubated with an anti-phosphor-STAT3 Tyr’%
(p-STAT3) antibody or an anti-H3K4me3 antibody
(#ab213224, Abcam, Cambridge, UK) overnight. The
immunoprecipitated DNA was purified and analyzed
using PCR or qRT-PCR with specific primers. The primer
sequences are listed in Supplementary Table S6.

Tube formation assay

Cell-derived conditioned medium (CM) was prepared
as described previously [23]. Briefly, stably transfected
cells were seeded in a 10-cm dish and incubated for 48 h,
after which the medium was removed and replaced by a
fresh serum-deprived medium. After 24 h of incubation,
the CM was collected, filtered, and then concentrated by
ultrafiltration using Amicon Ultra 10 K centrifugal filters
(Millipore). The CM was stored at — 80 °C until use.

For the tube formation assay, a total of 150 uL. of Matrigel
(Corning, NY, USA) was added to a 48-well plate and
incubated at 37 °C for 30 min. Then, HUVECs (3.5 x 10%)
in 300uL of prepared CM were added to each well and
incubated at 37 °C in 5% CO,. After incubation for 12 h,
bright-field images were recorded using a microscope and
analyzed using WimTube (https://www.wimasis.com/en/
WimTube, Wimasis GmbH, Munich, Germany).

Chicken chorioallantoic membrane assay

Pathogen-free fertilized chicken eggs were purchased
from Jinan SAIS Poultry Company (Shandong, China)
and handled as described previously [23]. Briefly,
on embryonic developmental days 8, sterile gelatin
sponges mixed with 20 pL of cell suspension containing
5 x 10° cells were deposited on chicken chorioallantoic

(See figure on next page.)

Fig. 2 miR-130b-3p positively modulates the pro-angiogenic ability of mTORC1-activated cells. A-C Tsc2 — / — MEFs were transduced with lentivirus
expressing an antisense sequence against miR-130b-3p (anti-miR-130b) or a scrambled sequence (control). D-G Tsc2 4/ + MEFs were infected
either with a lentivirus encoding miR-130b-3p (MiR-130b) or a scrambled miRNA sequence (control). A and D The expression of miR-130b-3p was
determined by gRT-PCR. B, C, E, and F The effect on angiogenesis was tested by tube formation assay (B and E, scale bar, 50 um) and CAM assay
(Cand F). Representative images (left panels) and quantifications (right panels). G mRNA levels of the indicated angiogenesis-related genes were
measured by gRT-PCR. H-L Tumor growth of mice subcutaneously injected with NTC/T2 null cells stably transduced with anti-miR-130b-3p or
control lentiviruses. N=>5 for each group. (H) Tumor pictures. Scale bar, 1 cm. I Tumor growth curves. J Tumor weight. K Representative HE and IHC
staining for CD31 of the indicated tumor tissues. Scale bar, 50 pm. L miR-130-3p levels in the indicated tumor tissues were determined by gRT-PCR.
Data indicate mean 4= SD of 3-5 replicates. ** P<0.01; *** P<0.001; **** P<0.0001
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Membrane (CAM). On embryonic developmental days
14-17, the CAM was separated, fixated, and photo-
graphed. The number of blood vessels that converged
toward the implant was counted by two blind observers.

Enzyme-linked immunosorbent assay

The levels of secreted VEGF-C in cell-free supernatant of
MBNL1-overexpressing cells and the control cells were
quantified using a mouse VEGF-C ELISA Kit (Novus
Biologicals, CO, USA) according to the manufacturer’s
instructions.

RNA immunoprecipitation assay

The RNA immunoprecipitation assay experiments were
performed with a BersinBio"" RIP Kit (BersinBio, Guang-
dong, China) according to the manufacturer’s instruc-
tions. Briefly, cells were collected and lysed with RIP lysis
buffer and then incubated with magnetic protein A beads
coupled with anti-Argonaute protein 2 (AGO2) antibody
(#186,733, Abcam) for 6 h at 4 °C. Thereafter, the RNA was
purified, and the levels of miR-130b-3p and MBNL1 were
analyzed using qRT-PCR. IgG served as a negative control.
The primers used are listed in Supplementary Table S4.

Animal experiments

BALB/c-Nude mice and NOD/SCID mice were pur-
chased from GemPharmatech (Nanjing, China). All
animals were maintained in strict accordance with the
guidelines of the Animal Center of Anhui Medical Uni-
versity, and all animal experimental procedures were
approved by the Experimental Animal Ethical Committee
of Anhui Medical University.

For in vivo xenograft assay, Nude mice were ran-
domly assigned into groups (five mice per group) to
receive respective treatments. In the right anterior arm-
pit of the mice, 4 x 10° genetically engineered cells in
0.2 mL of DMEM were inoculated subcutaneously.
Tumor growth was detected every 3 days, and tumor
volume was calculated using the following equation:
Volume = (length x width?)/2(mm?).
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To establish the patient-derived xenograft (PDX) mod-
els, tumor tissues from an HNSCC patient were pro-
cessed after tumor resection. The tumor samples were
cleaned, then cut into small pieces with diameters of
approximately 3-5 mm, and subcutaneously implanted
into the flanks of NOD/SCID mice. The successfully
established PDX model was referred to as passage 1 (P1).
When the tumor volume reached approximately 1,000
mm?, mice were sacrificed, and the tumors were pas-
saged and expanded for two more generations (named
P2 and P3) using the same previously described pro-
cedure as with Nude mice. The P3 xenografts were
treated intratumorally with either antagomiR-130b-3p
(a 2-OMe+5-chol-modified miR-130b-3p inhibitor)
or the scramble control antagomiR-NC (GenePharma) at
a concentration of 10 nmol/50 pL once every three days
when tumors reached a volume of 70-100 mm?. On day
28 after treatment, animals were sacrificed, and tumors
were collected for further analysis.

Immunohistochemistry analysis

Paraffin-embedded tumor tissues were cut into 4-pm
slices. The histological sections were stained with anti-
bodies against p-S6, CD31, p-STAT3, and MBNLI,
according to the manufacturer’s protocols. For the deter-
mination of p-S6 immunoreactivity in HNSCC samples,
immunohistochemistry analysis (IHC) staining was
scored on the basis of the intensity of staining and the
proportion of positive cells. The blinded review was per-
formed by two pathologists.

Bioinformatics analysis

RNA sequencing data from HNSCC (n=569), breast
invasive carcinoma (BRCA; n=1,207), esophageal
carcinoma (ESCA; n=200), liver hepatocellular carci-
noma (LIHC; n=425), lung adenocarcinoma (LUAD;
n=>567), and skin cutaneous melanoma (SKCM;
n=452) patients were obtained from The Cancer
Genome Atlas (TCGA) (http://cancergenome.nih.gov/).
Gene set enrichment analysis (GSEA) was performed

(See figure on next page.)

Fig. 3 mTORCT upregulates miR-130b-3p through activation of STAT3. ATsc2 —/ — or Tsc1 —/ — MEFs were treated with 50 pM S31-201 or DMSO
for 24 h. BTsc2 —/ — MEFs or Tsc1 —/ — MEFs were infected with lentiviruses encoding STAT3 shRNA (shSTAT3) or the control shRNA (shSc). C
Tsc2+/4 MEFs were transduced with the retroviruses for STAT3C in pBabe or its control vector pBabe. A-C Cell lysates were subjected to western
blot analysis using the indicated antibodies (up panels). The level of miR-130b-3p was detected by gRT-PCR (low panels). D and E Schematic
illustration of the promoter region of miR-130b (D) and the two conserved STAT3-binding sites predicted by the JASPAR database (E). F The
enrichment of H3K4me3 and STAT3 in the promoter of miR-130b was analyzed by ChIP-PCR assay. G Schematic illustration of the construction of
miR-130b promoter luciferase reporters containing a region around site #1 with the STAT3 binding site intact (WT) or mutated (Mut). H HEK 293 T
cells were co-transfected with WT-Luc or Mut-Luc plus pBabe-STAT3C or control pBabe and the internal control plasmid pRL-TK. Relative luciferase
activity was detected 24 h after transfection. 1 Tsc2 4/ 4, Tsc2 — /—, and rapamycin (20 nM, 24 h) treated Tsc2 — / — MEFs were subjected to ChiIP
analysis with antibodies to p-STAT3 or control rabbit IgG. gRT-PCR was performed to amplify regions surrounding the putative STAT3 binding region
(PBR) and a nonspecific STAT3 binding region (NBR). The data were plotted as the ratio of immunoprecipitated DNA to total input DNA. Error bars
indicate mean % SD of triplicate samples. **P<0.01; *** P<0.001; **** P<0.0001
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to examine the enrichment of mTORC1 positively
regulated gene sets in miR-130b-3p-high and miR-
130b-3p-low HNSCC, BRCA, ESCA, LIHC, LUAD, and
SKCM cancer tissues, according to methods described
previously [22].

Statistical analysis

Data were analyzed using Student’s t-test (two-tailed)
or one-way analysis of variance (ANOVA) as appropri-
ate, with GraphPad Prism 6.0 software. The association
of miR-130b-3p and p-S6 was analyzed using Pearson’s
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correlation analysis. P<0.05 is considered statistically
significant.

Results

Hyperactivated mTORC1 upregulates miR-130b-3p
Because the TSC1/TSC2 complex is the principal sup-
pressor of mTORC1 signaling and hyperactivated
mTORC1 is the main reason for tumor formation in
TSC disease [24], Tscl—/—or Tsc2—/—MEFs and
TSC samples are excellent models for the study of
mTORCI signaling. In our previous study, 51 differ-
entially expressed miRNAs (13 upregulated and 38
downregulated) in Tsc2—/—MEFs as compared with
Tsc2+ /4 MEFs (fold change>2) were identified [25].
To examine effectively functional miRNAs down-
stream of mTORCI, a Venn analysis was performed
using the aforementioned 51 miRNAs and miRNAs
that are abnormally expressed in the serum of patients
with TSC [26]. Two miRNAs were screened, including
miR-130b-3p and miR-199a-5p (Fig. 1A). The qRT-PCR
analysis confirmed that miR-130b-3p levels were signifi-
cantly increased and the miR-199a-5p level was down-
regulated in Tscl- or Tsc2-null MEFs as compared with
their corresponding control cells, and their levels were
reversed by mTORCI1 inhibition with rapamycin treat-
ment (Fig. 1B). MiR-130b-3p was chosen for further
study because the degree of its expression change is
larger than that of miR-199a-5p.

To further confirm that it is indeed mTORCI that
mediates the positive regulation of miR-130b-3p down-
stream of the TSC1/TSC2 complex, miR-130b-3p levels
in Raptor (a specific component of mTORC1) or Ric-
tor (a specific component of mTORC2)-knockdown
Tsc2 —/ — MEFs were examined. As indicated in the left
panels of Fig. 1C, cells infected with Raptor shRNAs
exhibited decreased miR-130b-3p levels, whereas Rictor
shRNAs had little effect on miR-130b-3p expression. A
consistent result was obtained in Tscl —/— MEFs after
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either Raptor or Rictor depletion (Fig. 1C, right pan-
els). In addition, mTORCI1 activation by treatment of
MHY-1485 led to the upregulation of miR-130b-3p in
Tsc2+/+or Tscl+/+MEFs (Fig. 1D). Together, these
data suggest that hyperactivated mTORC1 upregulates
miR-130b-3p expression.

MiR-130b-3p promotes angiogenesis and tumor growth
Because miR-130b-3p has been linked to tumor angio-
genesis in various types of cancer, and mTORCI is a
critical activator of angiogenesis [15, 16, 27, 28], we were
greatly interested in investigating whether miR-130b-3p
plays a vital role in mMTORC1-mediated angiogenesis and
tumor progression. First, Tsc2 —/—and Tscl —/— MEFs
were stably transfected with antisense of miR-130b-3p
(anti-miR-130b) (Fig. 2A and Supplementary Fig. S1A).
Subsequently, in vitro capillary tube formation assay was
performed. It was observed that HUVECs cultured with
the CM derived from the miR-130b-3p suppressed cell
lines developed less capillary-like structures and branch
points, implying the pro-angiogenesis function of miR-
130b-3p (Fig. 2B and Supplementary Fig. S1B). Moreover,
the CAM assay also revealed that miR-130b-3p suppres-
sion strongly attenuated the formation of new microves-
sels (Fig. 2C). Conversely, miR-130b-3p overexpression
enhanced the angiogenic capacity of Tsc2+/+ MEFs
(Fig. 2D —F). Consistently, the angiogenesis-related
genes, including MMP13, VEGF-C, BCL2, and IL18, were
found to be upregulated in miR-130b-3p-overexpressing
Tsc2+4/+MEFs (Fig. 2G). In summary, these findings
suggest that miR-130b-3p could enhance the pro-angio-
genic capacity of mTORCI-activated cells.

To further investigate the in vivo role of miR-130b-3p,
NTC/T2 null cells transfected with a lentiviral vector
encoding anti-miR-130b-3p or a scrambled sequence
were subcutaneously injected into the right anterior arm-
pit of Nude mice (Supplementary Fig. S1C — D), and then
tumor growth was monitored. As depicted in Fig. 2H —J,

(See figure on next page.)

P<0.01;** P<0.001; n.s indicates no significant difference

Fig. 4 MBNL1 is a direct target of miR-130b-3p. A Screening for miR-130b-3p target genes by prediction softwares TargetScan, RNA22, PicTar,
miRDB and miRWalk. B Venn diagram of DEGs in three datasets. Dataset 1 represents downregulated DEGs in Tsc2 —/ —vs. Tsc2 4/ 4+ MEFs. Dataset
2 represents decreased DEGs in AF of TSC patients vs. normal skin. Dataset 3 represents predicted target genes of miR-130b-3p. CTsc2+/+,

Tsc2 —/—and rapamycin (20 nM, 24 h) treated Tsc2 —/ — MEFs. D Tsc1+/+, Tsc1 —/ — and rapamycin (20 nM, 24 h) treated Tsc1 —/ — MEFs. C
and D Cell lysates and total RNA were subjected to western blot (left panels) and gRT-PCR (right panels) analyses. E Tsc2 —/ —and Tsc1 —/ — MEFs
were transfected with the miR-130b-3p inhibitor or negative control (NC-inhibitor). F Tsc2 4+ /4 and Tsc1 +/+ MEFs were transfected with the
miR-130b-3p mimics or negative control (NC-mimics). E and F MBNL1 and miR-130b-3p levels in the indicated cells were examined by western
blot (up panels) or gRT-PCR (low panels). G Sequence alignment of the predicted miR-130b-3p binding site within the mouse MBNL1 3’-UTR and
its mutated sequence for luciferase reporter assay. H Luciferase reporter assay was performed in HEK 293 T cells that were co-transfected with
miR-130b-3p mimics or NC-mimics together with reporter vectors containing MBNL1 3"-UTR or mutated MBNL1 3°-UTR. Relative luciferase activities
are presented. | RIP assay was performed using antibodies against AGO2 or IgG and the enrichment of miR-130b-3p and MBNL1 were detected

by gRT-PCR in Tsc2 —/ — or Tsc1 —/ — MEFs. J RIP assay was performed using AGO2 or IgG antibodies to estimate the enrichment of MBNL1 in
Tsc2 4 /4 MEFs infected with lentivirus expressing miR-130b-3p or a control lentivirus. Data indicate mean 4 SD of triplicate samples. * P<0.05; **
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the anti-miR-130b-3p group, compared with the control
group, showed a significant reduction in tumor volume
and weight. Furthermore, IHC analysis demonstrated
that tumor tissues derived from anti-miR-130b-3p-
expressing cells exhibited much weaker staining for the
angiogenic marker CD31 than those in the control coun-
terpart (Fig. 2K). Decreased miR-130b-3p expression in
the tumor samples derived from animals bearing anti-
miR-130b-3p-expressing cell xenografts was confirmed
by qRT-PCR (Fig. 2L). Therefore, miR-130b-3p posi-
tively regulates angiogenesis and tumor growth driven by
mTORC1 activation.

mTORC1 upregulates miR-130b-3p through STAT3
activation

Because the transcription factor STAT3 is one of the
most vital downstream effectors of mMTORCI and is a vital
driver of angiogenesis [20, 29], we investigated whether
STAT3 participates in the regulation of miR-130b-3p
expression downstream of mTORC1. We first evalu-
ated the effect of S31-201, a specific STAT3 inhibitor, on
miR-130b-3p expression. As indicated in Fig. 3A, S31-201
treatment led to a marked reduction of miR-130b-3p in
Tsc2—/—and Tscl—/—MEFs. Similarly, knockdown
of STAT3 with lentivirus mediated STAT3 shRNA led
to significantly decreased miR-130b-3p expression in
both Tsc2—/—and Tscl—/—MEFs (Fig. 3B). In con-
trast, overexpression of a constitutively activated STAT3
(STAT3C) resulted in dramatically upregulated miR-
130b-3p expression in Tsc2+/+ MEFs (Fig. 3C). There-
fore, mMTORCI1 upregulates miR-130b-3p through STAT3
activation.

Next, we further analyzed whether STAT3 binds to
the miR-130b promoter region to activate its expres-
sion. H3K4me3 is a highly conserved histone modifi-
cation and a hallmark of active genes distributed along
with promoter regions [30, 31]. By retrieving the UCSC
Genome Browser (http://genoime.ucsc.edu/), a genomic
region located from approximately —3074 to—475 bp
ahead of miR-130b stem-loop was determined to have
enrichment of the H3K4me3 histone modification
(Fig. 3D). Further analysis via the JASPAR database
(http://jaspar.genereg.net/) predicted two conserved
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STAT3-binding sites in this H3K4me3-enriched region
(Fig. 3E). ChIP assay indicated that STAT3 was only
enriched in site #1 (Fig. 3F), suggesting that this site
may have critical importance for the transcription of
miR-130b. Furthermore, miR-130b promoter luciferase
reporters containing a region around site #1 were con-
structed (Fig. 3G). STAT3C overexpression significantly
increased the luciferase activity of the reporter, whereas
the enhanced transcriptional activity was attenuated
when the putative STAT3 binding site was mutated
(Fig. 3G and H). Moreover, the ChIP assay displayed
that the recruitment of the STAT3 protein to site #1
was significantly enhanced in Tsc2 —/— MEFs in com-
parison with Tsc2+/+ MEFs, and the enrichment was
attenuated with the addition of rapamycin (Fig. 3I). On
the basis of these results, we conclude that STAT3 tran-
scriptionally elevates miR-130b-3p through direct bind-
ing with its promoter.

MBNL1 is a direct target gene of miR-130b-3p

The putative target genes of miR-130b-3p were predicted
by the following bioinformatics tools: TargetScan, picTar,
RNA22, miRDB, and miRWalk. The intersections were
retrieved by starBase V2.0, and 49 genes were found to
be potential targets (Fig. 4A and Supplementary Table
S7). To further screen target genes, the Venn analysis
of these predicted target genes with downregulated dif-
ferentially expressed genes in Tsc2—/—MEFs as com-
pared with Tsc2+/+MEFs and decreased differentially
expressed genes in angiofibroma (AF) of TSC patients
vs. normal skin obtained only one candidate, MBNL1
[32, 33] (Fig. 4B, Supplementary Tables S8 and S9). qRT-
PCR and western blot analyses confirmed that loss of
TSC1 or TSC2 led a significantly downregulated MBNL1
expression, whereas MBNLI1 expression was upregu-
lated in response to mTORC1 inhibition (Fig. 4C and
D). Furthermore, transfection of miR-130b-3p inhibitor
led to upregulated MBNLI1 expression in Tsc2—/—or
Tscl—/—MEFs (Fig. 4E). In contrast, transfec-
tion of miR-130b-3p mimics had the opposite effect
in Tsc2+4/+or Tscl+/+MEFs (Fig. 4F). Therefore,
mTORC1 downregulates MBNL1 through the upregula-
tion of miR-130b-3p.

(See figure on next page.)

Fig. 5 miR-130b-3p promotes angiogenesis via targeting MBNL1. A-D Tsc2 —/ — MEFs were infected with lentiviruses harboring control vector (Lv)
or MBNLT overexpression constructs (Lv-MBNLT1). A The expression of MBNL1 was determined by western blot. B Cell culture supernatants from the
cells were analyzed for VEGF-C by ELISA. (RU, relative unit). C and D The effect on angiogenesis of was detected by tube formation assay (C, scale
bar, 50 pm) and CAM assay (D). E-G anti-miR-130b-3p-expressing NTC/T2 null cells were infected with lentivirus harboring shRNAs targeting MBNL1
(shMBNL1-1 and shMBNL1-2) or a control shRNA (shSc). E Cell lysates were subjected to immunoblotting with the indicated antibodies. F and G The
angiogenic abilities of the indicated cells were detected by tube formation assay (F, scale bar, 50 um) and CAM assay (G). Representative images
(left panels) and quantifications (right panels). H-K The indicated cells were inoculated subcutaneously into nude mice (n=5), and tumor growth
was monitored. H Tumor pictures. Scale bar, 1 cm. 1 Tumor volumes, J Tumor weight. K Tumor tissues were subjected to HE and IHC staining. Scale
bar, 50 um. Data indicate mean = SD of 3-5 replicates. * P<0.05; ** P<0.01; *** P<0.001; *** P<0.0001
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To further assess whether MBNLLI is a direct target of
miR-130b-3p, a luciferase activity assay was performed.
A fragment of the wild-type 3"-UTR (MBNL1-WT)
and a fragment of the mutant 3-UTR (MBNL1-Mut)
were cloned into the p-miRGLO firefly luciferase vec-
tor (Fig. 4G). HEK 293 T cells were co-transfected with
MBNLI1-WT or MBNL1-Mut, miR-130b-3p mimics, or
NC-mimics. As indicated in Fig. 4H, the relative lucif-
erase activity of the reporter containing the WT 3’-UTR
was significantly decreased when co-transfected with
miR-130b-3p mimics. Conversely, the luciferase activ-
ity of the mutant 3"-UTR was similar between the miR-
130b-3p mimics and NC-mimics.

Because miRNAs exert their roles mainly through
binding with AGO2 to form an RNA-induced silencing
complex [34], anti-AGO2 RIP assays were performed
to further confirm our findings. RIP demonstrated
that AGO2, compared with IgG, was able to enrich
both miR-130b-3p and MBNL1 as compared with IgG
(Fig. 41). Moreover, it was observed that there was a dra-
matic increase in the levels of MBNL1 3’-UTR in anti-
AGO2 RIP compared with anti-IgG RIP in response to
miR-130b-3p overexpression (Fig. 4J). Collectively, the
aforementioned data suggested that MBNLL1 is a direct
downstream target of miR-130b-3p.

miR-130b-3p promotes angiogenesis and tumor
progression by targeting MBNL1

To examine the potential significance of MBNL1 in
angiogenesis, we ectopically expressed MBNL1 with len-
tivirus in Tsc2—/—and Tscl—/—MEFs (Fig. 5A and
Supplementary Fig. S2A). Enzyme-linked immunosorb-
ent assay (ELISA) revealed that the VEGF-C levels were
significantly lower in the MBNL1-overexpressing groups
(Fig. 5B and Supplementary Fig. S2B). In vitro tube forma-
tion assays demonstrated that the HUVECs treated with
CM derived from the MBNLI1 transfectants developed
less capillary-like structures than did cells treated with
CM derived from empty vector transfectants (Fig. 5C and
Supplementary Fig. S2C). Moreover, the CAM assay also
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revealed that MBNL1 overexpression dramatically sup-
pressed the formation of new microvessels (Fig. 5D and
Supplementary Fig. S2D). The in vivo function of MBNL1
was further evaluated using a subcutaneous xenograft
tumor model. As indicated in Supplementary Fig. S2E —1,
MBNLI1 overexpression attenuated tumor angiogen-
esis (as assessed by CD31 index) and xenograft growth.
Together, these data revealed that MBNL1 exerts an anti-
angiogenic activity.

To investigate whether the pro-angiogenic effect of
miR-130b-3p is dependent on MBNL1, a lentiviral vector
expressing shRNAs for MBNL1 was transduced to anti-
miR-130b-3p-expressing Tsc2—/—MEFs or NTC/T2
null cells. The knockdown efficiencies in the transformed
cell lines were detected by western blot (Fig. 5E and Sup-
plementary Fig. S3A). MBNL1 knockdown partially res-
cued the inhibitory effect of miR-130b-3p suppression on
angiogenesis (Fig. 5F, G and Supplementary Fig. S3B). In
contrast, ectopically expressed MBNLI1 in miR-130b-3p-
overexpressing Tsc2+/+ MEFs partially attenuated the
pro-angiogenic effect of miR-130b-3p (Supplementary
Fig. S3C and D). The mediation effect of MBNL1 on the
miR-130b-3p-regulated angiogenesis and tumor growth
was further confirmed using a subcutaneous xenograft
tumor model. Consistent with the forementioned results,
MBNLI1 depletion rescued the suppressive effects of
miR-130b-3p inhibition on xenograft growth and tumor
angiogenesis (Fig. 5H—K). Taken together, these data
revealed that miR-130b-3p promotes angiogenesis and
tumor growth at least partially through suppression of
MBNLI expression.

The mTORC1/STAT3/miR-130b-3p/MBNL1 signaling
pathway exists in human cancers

TCGA database was used to evaluate the clinical rel-
evance of this newly discovered mTORC1 regulation of
miR-130b-3p in human cancers. As indicated in Fig. 6A,
the analysis of TCGA dataset showed that miR-130b-3p
was remarkably upregulated in HNSCC tissues com-
pared with ANM tissues. GSEA further demonstrated

(See figure on next page.)

Fig. 6 The mTORC1/STAT3/miR-130b-3p/MBNL1 signaling pathway exists in human cancer. A Expression analysis of miR-130b-3p in HNSCC

and ANM tissues using TCGA. B GSEA analysis comparing the gene sets positively regulated by mTORC1 signaling in miR-130b-3p-high and
miR-130b-3p-low HNSCC patients based on TCGA datasets. C miR-130b-3p levels were measured by gRT-PCR using the paired ANM tissues and
HNSCC tissues (n=60). D Representative IHC images of p-56 staining from HNSCC tissues. Scale bar, 50 um. E The correlation between p-56

and miR-130b-3p expression of HNSCC tissues. F p-S6 and miR-130b-3p levels of the indicated cells were analyzed by qRT-PCR and western

blot, respectively. G FaDu cells were treated with rapamycin (20 nM or 50 nM) for 24 h. H FaDu cells were infected with lentivirus expressing
shRNAs targeting Raptor (shRaptor) or a control ShRNA (shRNA). I FaDu cells were transduced with lentiviruses expressing sponge sequences of
miR-130b-3p (miR-130b SP) or a control lentivirus. G-I Cell lysates were subjected to immunoblotting with the indicated antibodies (left panels),
the expression of miR-130b-3p was detected by gRT-PCR (right panels). J and K The pro-angiogenic effect of miR-130b-3p was detected by tube
formation (J, scale bar, 50 um) and CAM assays (K). Representative images (left panels) and quantifications (right panels) are shown. (L-O) miR-130b
SP-expressed FaDu cells and the control cells were inoculated subcutaneously into nude mice, and tumor growth was monitored. L Tumor pictures.
Scale bar, 1 cm. M Tumor growth curves. N Tumor weight. O Representative HE and IHC staining of the indicated tumor tissues. Scale bar, 50 um.
Data indicate mean £ SD of 3-5 replicates. ** P<0.01; *** P<0.001; **** P<0.0001; n.s indicates no significant difference
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that the genes positively regulated by mTORC1 signaling
were enriched in miR-130b-3p-high expression groups
in HNSCC (Fig. 6B). Similarly, miR-130b-3p was also
significantly upregulated and positively correlated with
mTORCI1 signaling in multiple human cancers, such as
SKCM, LIHC, LUAD, BRCA, and ESCA (Supplemen-
tary Fig. S4A and B). Furthermore, through analysis of
60 paired human HNSCC lesions and the corresponding
ANM tissues, it was confirmed that both miR-130b-3p
and p-S6 were upregulated in tumor tissues, and the
expression level of miR-130b-3p was positively correlated
with mTORC1 activity (Fig. 6C—E). Therefore, miR-
130b-3p expression positively correlated with mTORC1
activity in human cancer tissues, and it may play a critical
role in mMTORC1-mediated tumorigenesis.

Next, miR-130b-3p and p-S6 levels were detected in
various HNSCC cell lines. As compared with NOK cells,
HNSCC cells (FaDu and TU686) exhibited high levels of
mTORCI1 activity and miR-130b-3p (Fig. 6F). FaDu cells
were chosen for further study. As indicated in Fig. 6G
and H, mTORCI inhibition by either pharmacological or
genetic strategies led to the downregulation of p-STAT3
and miR-130b-3p. As expected, MBNL1 was substan-
tially upregulated in response to mTORC1 suppression.
Consistent with Tscl- or Tsc2-null MEFs, miR-130b-3p
inhibition through expressing sponge sequences target-
ing miR-130b-3p upregulated the MBNL1 expression and
suppressed angiogenesis as evaluated by tube formation
and CAM assays (Fig. 61 — K). Inhibition of the mTORC1/
miR-130b-3p axis in TU686 cells, similar to FaDu cells,
upregulated MBNL1 and impaired angiogenesis (Supple-
mentary Fig. SSA — D). The pro-oncogenic role of human
miR-130b-3p was further evaluated using a xenograft
tumor model. As depicted in Fig. 6L — N, miR-130b-3p
suppression markedly retarded tumor progression. IHC
analysis of CD31 in the xenograft tumors confirmed
that miR-130b-3p is a positive regulator of angiogenesis
in vivo (Fig. 60). Taken together, these data revealed that
the mTORC1/STAT3/miR-130b-3p/MBNL1 signaling
cascade is also present in human cancer cells.

Inhibition of miR-130b-3p suppressed the growth

of HNSCC PDX models

PDX tumor models can highly preserve the histologi-
cal characteristics and heterogeneity of the original
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tumors [35, 36]. Therefore, to further validate the role
of miR-130b-3p in the tumorigenesis of human cancers,
a PDX model of HNSCC was constructed. As indicated
in Fig. 7A — D, one fresh HNSCC tumor with activated
mTORC1 and a high level of miR-130b-3p was cho-
sen to establish the PDX model. The PDX model mice
were intratumorally injected with antagomiR-130b-3p
or antagomiR-NC once every 3 days. As indicated in
Fig. 7E— G, antagomiR-130b-3p significantly delayed
the growth of PDX tumors. The qRT-PCR analysis con-
firmed that miR-130b-3p was substantially decreased
in the antagomiR-130b-3p-treated groups than in the
antagomiR-NC-treated groups (Fig. 7H). Further-
more, the IHC staining of xenograft tissues indicated
a marked increase in MBNLI1 expression and a reduc-
tion in CD31 and p-STAT3 in the antagomiR-130b-3p-
treated group as compared with the control group
(Fig. 7I). Taken together, these results confirmed that
miR-130b-3p inhibition could effectively inhibit the
growth of HNSCC PDX models.

MBNL1 inhibits the STAT3 activation

Next, we investigated whether decreased MBNL1 con-
tributes to the enhancement of STAT3 activity caused
by hyperactivation of mTORC1 signaling was investi-
gated. As indicted in Fig. 8A, MBNLI1 overexpression
markedly attenuated STAT3 activity in Tsc2—/—or
Tscl — / — MEFs. Immunofluorescence analysis also con-
firmed that the nuclear level of STAT3 was dramatically
reduced in response to MBNL1 overexpression (Fig. 8B).
In contrast, knockdown of MBNL1 led to STAT3 acti-
vation in both Tsc2+/+and Tscl+/+ MEFs (Fig. 8C).
Decreased p-STAT3 expression was observed in tumor
tissues derived from MBNLI1-overexpressing NTC/
T2 null cells compared with the control cells (Fig. 8D).
Moreover, decreased p-STAT3 expression in tumor tis-
sues derived from anti-miR-130b-3p-expressing NTC/
T2 null was partially rescued by knockdown of MBNL1
(Fig. 8E). Taken together, these data revealed that
MBNL1 is a negative regulator of STAT3 and that miR-
130b-3p-mediated downregulation of MBNL1 is, at
least partially, responsible for the STAT3 activation in
mTORCl1-activated cells.

(See figure on next page.)

Fig. 7 Effect of inhibition of miR-130b-3p on the growth of HNSCC PDX models. A Clinical characteristics of donor patients. B Graphic illustration
of the generation of HNSCC PDX mouse models. C miR-130b-3p levels in the donor HNSCC tissues and paired ANM tissues were measured by
gRT-PCR. D Representative IHC images of p-S6 staining from ANM or tumor tissues of donor patients. Scale bar, 50 ym. E-G PDX model tumors
(n="5 mice/group) treated with antagomiR-130b-3p (10 nmol/50 ulL) or antagomiR-NC. E Tumor images. Scale bar, 1 cm. F Tumor volume. G Tumor
weight. H miR-130-3p levels in the indicated tumor tissues were determined by gRT-PCR. | Representative HE and IHC staining for CD31, MBNLT,
and p-STAT3 in the indicated PDX model tumors. Scale bar, 50 um. Data indicate mean = SD of 3-5 replicates. ** P<0.01; *** P<0.001
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Discussion

Hyperactivated mTORC1 promotes tumor angiogen-
esis, but its underlying mechanisms remain partially
understood. In this study, mainly on the basis of Tsc2-
or Tscl-null MEFs, HNSCC cell lines, and HNSCC tis-
sues, we identified miR-130b-3p as a novel downstream
target of mTORCI1. The positive correlation between
mTORC1 and miR-130b-3p was also observed in mul-
tiple human cancer tissues. In addition, we illustrated
that elevated miR-130b-3p contributed to angiogenesis
and that tumor growth is driven by mTORCI. The vital
role of miR-130b-3p in tumor angiogenesis has been
illustrated recently in some human cancers. For exam-
ple, Liao reported that miR-130b-3p was significantly
upregulated and promoted angiogenesis in hepatocellu-
lar carcinoma [37]. Yan et al. demonstrated that exosomal
miR-130b-3p derived from oral squamous cell carcinoma
cells enhanced angiogenesis and tumor growth [38]. Our
findings not only showed consistent results with these
previous studies that miR-130b-3p is critical for angio-
genesis but also revealed a new molecular link between
mTORCI1 activation and tumor angiogenesis. Because
mTORCI is frequently activated in hepatocellular carci-
noma and oral squamous cell carcinoma owing to muta-
tions in the RTK/PI3K/AKT pathway [39, 40], it may be
that deregulated mTORCI1 signaling in these cancers pro-
motes miR-130b-3p expression and subsequent accelera-
tion of angiogenesis and tumor progression. Therefore,
miR-130b-3p is a potential therapeutic target for some
mTORC]1-related cancers.

In addition to angiogenesis, miR-130b-3p has been dem-
onstrated to take part in various cellular processes involved
in cancer progression, including cell proliferation, cell migra-
tion, apoptosis, and drug resistance [27, 41, 42]. Therefore,
it is critical to examine how miR-130b-3p expression is
controlled. Various transcription factors have been dem-
onstrated to regulate the miR-130b gene expression. For
example, Cannistraci and colleagues reported that c-Met
activation increases miR-130b levels, which then promote
prostate cancer metastasis and resistance to hormone abla-
tion therapy [43]. Tong et al. demonstrated that metadherin,
acting as a coactivator of NF-kB, promotes epithelial-mesen-
chymal transition (EMT) -like change and invasion of glioma
cells through the upregulation of miR-130b transcription
[44]. In addition, other transcription factors, such as TAp63,
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NEF-YC, FOXM]1, and p53, have also been reported to be
involved in the transcriptional regulation of miR-130b in vir-
ous types of cells [45-48]. Here, we illustrated that STAT3,
a well-known downstream effector of mTORCI1, upregu-
lates miR-130b-3p at the transcriptional level by directly
binding the promoter of the miR-130b gene. We not only
determined a novel transcription factor of miR-130b but
also revealed that the upregulation of miR-130b-3p repre-
sents a new mechanism of angiogenesis driven by the over-
activated mTORC1/STAT?3 signaling pathway. In addition to
transcriptional regulation, emerging evidence recently indi-
cated that some IncRNAs and circular RNAs, such as H19
IncRNA and circSLC8A]1, are also involved in the post-tran-
scriptional regulation of miR-130b-3p [49, 50]. In the future,
it will be interesting to investigate whether these noncoding
RNAs are also involved in mTORC1-mediated regulation of
miR-130b-3p.

MiRNAs are evolutionarily conserved small noncod-
ing RNAs and are involved in tumorigenesis by targeting
mRNAs for cleavage or translational repression [51, 52].
MiR-130b-3p has been determined to target multiple
tumor suppressors, such as PTEN, HOXAS5, and SASH]1,
in various types of cancer, resulting in cancer progression
and treatment resistance [37, 38, 53]. In the current study,
through the integration of bioinformatics and experimen-
tal strategies, we found that MBNLI is an unreported
target of miR-130b-3p. Furthermore, we confirmed that
elevated miR-130b-3p driven by aberrantly activated
mTORCI1 signaling promotes angiogenesis and tumor
growth through downregulation of MBNLI. The splicing
regulator MBNL1 is a ubiquitously expressed RNA-bind-
ing protein [54]. MBNL1 was found to be downregulated
in various common cancers, such as breast, lung, and
stomach adenocarcinomas, and downregulation of
MBNL1 predicted poor overall survival in patients with
these cancers [55]. Although the specific role of MBNL1
in tumor angiogenesis has not been elucidated yet, sev-
eral MBNL1-regulated genes are involved in angiogenesis
[56]. Our findings not only confirmed that MBNL1 is a
novel anti-angiogenic factor but also explained the regu-
latory molecular mechanism of MBNLI1 expression. We
propose that elevated miR-130b-3p resulting from hyper-
activated mTORCI1 signaling inhibits MBNL1 expression
and then facilitates tumor angiogenesis and progression
in some mTORC1-related cancers.

(See figure on next page.)

Fig. 8 MBNL1 negatively regulates STAT3 activity. A and B Tsc2 —/ —and Tsc1 —/ — MEFs were transduced with a lentiviral vector expressing
MBNLT (Lv-MBNL1) or empty vector alone (Lv). CTsc24/4and Tsc1 +/+ MEFs were infected with lentiviruses expressing shRNAs targeting

MBNLT (shMBNL1-2) or a non-targeting sShRNA (shSc). A and C Cell lysates were subjected to immunoblotting with the indicated antibodies. B The
expression of STAT3 in the indicated cells was analyzed by an immunofluorescence assay. Scale bar, 20 um. D and E Xenograft tumor tissues derived
from the indicated cells were subjected to immunoblotting. F Schematic illustration of the STAT3/miR-130b-3p/MBNL1 feedback loop downstream

of mTORC1 signaling promotes tumor angiogenesis
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STAT3 is constitutively activated in various of cancer
types and plays a vital role in tumor angiogenesis and
expansion [57]. It is widely perceived that STAT3 acts as
a key regulator of angiogenesis downstream of mTORC1
signaling [20, 58]. For example, Yang and colleagues dem-
onstrated that blocking the mTORC1/STAT3 signaling
pathway suppresses tumor angiogenesis [29]. Our previ-
ous study revealed that STAT3-mediated upregulation
of brain expressed X-linked 2 is critical for angiogen-
esis induced by hyperactivated mTORC1 [19]. In addi-
tion, we have proposed that mTORC1 promotes glucose
metabolism and suppresses cell differentiation via STAT3
activation [20, 21, 59]. However, the underlying mecha-
nisms by which mTORC1 activates STAT3 are less elu-
cidated. In the current study, we found that activated
mTORCI1 decreased MBNL1 expression through STAT3/
miR-130b-3p pathway activation. Interestingly, ectopic
expression of MBNLI1 attenuates the phosphorylation
and activation of STAT3 in Tscl- or Tsc2-deficient cells,
whereas MBNL1 depletion facilitates STAT3 activa-
tion. Thus, our study illustrated a feedback loop between
STAT3 and MBNL1 downstream of mTORC1 signaling
and provided the first evidence that mTORCI activates
STAT3, at least in part, by MBNLI inhibition. Together
with our previous findings that mTORC1 upregulates
STAT3 protein levels through miR-125b-5p suppression
and mTORCI1 activates STAT3 under the promotion of
EGEFR expression [25, 32], our results open a possibil-
ity that multiple molecular mechanisms are involved in
mTORCI1-dependent regulation of STAT3. However, it
remains to be verified how MBNL1 regulates the activ-
ity of STAT3. A previous study has demonstrated that
knockdown of MBNLI1 led to c-Jun N-terminal kinase
(JNK) activation [55]. Because JNK is a well-known posi-
tive regulator of STAT3 [60, 61], decreased MBNL1 may
contribute to the enhancement of STAT3 activity via JNK
activation in mTORCl1-activated cells. Future work, how-
ever, is required to examine this possibility.

Conclusions

We demonstrate that aberrantly activated mTORC1 con-
tributes to angiogenesis and tumor growth by regulating of
the STAT3/miR-130b-3p/MBNLI1 feedback loop (Fig. 8F).
Our findings help in the elucidation of the molecular mech-
anism by which dysregulated mTORC1 signaling drives
tumor angiogenesis, indicating that the components in the
STAT3/miR-130b-3p/MBNL1 loop signaling pathway may
be targeted for the treatment of mMTORC1-related tumors.

Abbreviations

mTOR: Mammalian target of rapamycin; mTORC1: Mammalian target of
rapamycin complex 1; mTORC2: Mammalian target of rapamycin complex 2;
TSC1: Heterodimer tuberous sclerosis 1; TSC2: Heterodimer tuberous sclerosis

Page 19 of 21

2; MiR-130b-3p: Micro-RNA-130b-3p; PDX: Patient-derived xenograft; STAT3:
Activator of transcription 3; MBNL1: Muscleblind-like protein 1; HNSCC: Head
and neck squamous cell carcinoma; NOK: Normal oral keratinocyte; HUVECs:
Human umbilical vein endothelial cells. Rheb: Ras homologue enriched in
brain; GAP: GTPase activating; ANM: Adjacent normal mucosal; MEFs: Mouse
embryonic fibroblasts; DEGs: Differentially expressed genes; 3"-UTR: 3"Untrans-
lated region 3"-UTR; MOI: Multiplicity of infection; CM: Cell-derived condi-
tioned medium; CAM: Chicken chorioallantoic membrane; TCGA: The Cancer
Genome Atlas; AGO2: Argonaut proteins 2; gRT-PCR: Quantitative real-time
PCR; ChIP: Chromatin immunoprecipitation; ELISA: Enzyme-linked immuno-
sorbent assay; RIP: RNA immunoprecipitation; IHC: Immunohistochemistry;
GSEA: Gene Set Enrichment Analysis; AF: Angiofibroma; DMSO: Dimethyl sul-
foxide; DMEM: Dulbecco’s Modified Eagle’'s Medium.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-022-02513-z.

Additional file 1: Fig. S1. Inhibition of miR-130b-3p suppresses angio-
genesis. Fig. S2. Overexpression of MBNLT1 inhibits angiogenesis. Fig.
$3. miR-130b-3p promotes angiogenesis through downregulation of
MBNL1. Fig. S4. miR-130b-3p was upregulated and positively correlated
with mTORC1 signaling in multiple human cancers. Fig. S5. Inhibition of
mTORC1/miR-130b-3p axis impairs angiogenesis.

Additional file 2: Supplementary Table 1. Clinical features of 60 HNSCC
patients. Supplementary Table 2. Oligonucleotide sequences used in
this study. Supplementary Table 3. Antibodies used in this study. Sup-
plementary Table 4. Primer sequences used for gRT-PCR in this study.
Supplementary Table 5. Primers used for luciferase reporter in this study.
Supplementary Table 6. Primers used for ChIP Assays in this study.

Additional file 3: Supplementary Table S7. List of the predict target
genes of miR-130b-3p from prediction softwares TargetScan, RNA22,
PicTar, miRDB and miRWalk.

Additional file 4: Supplementary Table S8. List of the downregulated
differentially expressed genes from RNA sequencing results in Tsc2-/-
MEFs and Tsc2+/+ MEFs. All genes were identified with FDR-adjusted
p-value<0.05 and absolute value of log2(FC)>1.

Additional file 5: Supplementary Table 9. List of the downregulated
differentially expressed genes from DEGs in angiofibroma(AF) of TSC
patients vs. normal skin. All genes were identified with FDR-adjusted
p-value < 0.05 and absolute value of log2(FC) > 1.

Acknowledgements
We sincerely thank Cheng Qian (the Scientific Research Experimental Center of
Anhui Medical University) for the technical guidance of confocal microscopy.

Authors’ contributions

HWL, YHL, WL and XJZ conceived and designed the experiments; HWL, PL,

DPL, ZXW, ZD, MZ, XC, MLM, and JLD performed the experiments; HWL, PL,
DPL and WL analyzed the data; PL, ZXW, and XJZ wrote the paper; HWL, WL
and XJZ revised the paper. All authors read and approved the manuscript.

Funding

This work was supported by the Natural Science Foundation of China
(82171127 and 81372475), Anhui Provincial Natural Science Foundation
(1808085MH261 and 2208085MH239), the Natural Science Foundation of
Universities of Anhui Province (KJ2019A0219), the Natural Science Foundation
of Anhui Medical University (2020xkj153), 2020 Basic and Clinical Cooperative
Research Promotion Program of Anhui Medical University (2020xkjT027), and
Discipline Construction Project of the First Affiliated Hospital of Anhui Medical
University (No. 4245).

Availability of data and materials
The data supporting the conclusions of this article have been given in this
article and its additional files.


https://doi.org/10.1186/s13046-022-02513-z
https://doi.org/10.1186/s13046-022-02513-z

Li et al. J Exp Clin Cancer Res (2022) 41:297

Declarations

Ethics approval and consent to participate

The collection of clinical samples in this study was carried out in accordance
with the requirements of the First Affiliated Hospital of Anhui Medical Uni-
versity Research Ethics, and all patients signed informed consent. All animal
experiments were carried out in accordance with the requirements of the
Experimental Animal Ethical Committee of Anhui Medical University.

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors have no conflict of interests to declare.

Author details

'Department of Otorhinolaryngology, Head & Neck Surgery, The First Affili-
ated Hospital of Anhui Medical University, Hefei 230032, China. 2Anhui Public
Health Clinical Center, Hefei 230032, China. 3Departmem of Biochemistry

& Molecular Biology, School of Basic Medicine, Anhui Medical University,
Hefei 230032, China. 4Departmem of Pharmacy, Genertec Universal Medi-
cal Maanshan Shigiye Hospital, Maanshan 243000, Anhui Province, China.
°Department of Pediatrics, The First Affiliated Hospital of Anhui Medical Uni-
versity, Hefei 230032, China. ®Department of Stomatology, The First Affiliated
Hospital of Anhui Medical University, Hefei 230032, China.

Received: 15 August 2022 Accepted: 4 October 2022
Published online: 11 October 2022

References

1. Viallard C, Larrivée B. Tumor angiogenesis and vascular normalization:
alternative therapeutic targets. Angiogenesis. 2017;20:409-26.

2. Sharma RA, Harris AL, Dalgleish AG, Steward WP, O'Byrne KJ. Angiogenesis
as a biomarker and target in cancer chemoprevention. Lancet Oncol.
2001,2:726-32.

3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

4. Draoui N, de Zeeuw P, Carmeliet P. Angiogenesis revisited from a metabolic
perspective: role and therapeutic implications of endothelial cell metabo-
lism. Open Biol. 2017,7:170219.

5. Naumov GN, Akslen LA, Folkman J. Role of angiogenesis in human
tumor dormancy: animal models of the angiogenic switch. Cell Cycle.
2006;5:1779-87.

6. Hanahan D, Folkman J. Patterns and emerging mechanisms of the angio-
genic switch during tumorigenesis. Cell. 1996,86:353-64.

7. Albini A, Tosetti F, Li VW, Noonan DM, Li WW. Cancer prevention by targeting
angiogenesis. Nat Rev Clin Oncol. 2012;9:498-509.

8. Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and
disease. Nat Rev Mol Cell Biol. 2020;21:183-203.

9. YiJ, ZhuJ,Wu J, Thompson CB, Jiang X. Oncogenic activation of PI3K-AKT-
mTOR signaling suppresses ferroptosis via SREBP-mediated lipogenesis. Proc
Natl Acad Sci U S A. 2020;117:31189-97.

10. Laplante M, Sabatini DM. mTOR signaling in growth control and disease.
Cell. 2012,149:274-93.

11. Mossmann D, Park S, Hall MN. mTOR signalling and cellular metabolism are
mutual determinants in cancer. Nat Rev Cancer. 2018;18:744-57.

12. Switon K, Kotulska K, Janusz-Kaminska A, Zmorzynska J, Jaworski J.
Tuberous sclerosis complex: From molecular biology to novel therapeutic
approaches. [UBMB Life. 2016;68:955-62.

13. InokiK, LiY, Zhu T, Wu J, Guan KL. TSC2 is phosphorylated and inhibited by
Akt and suppresses mTOR signalling. Nat Cell Biol. 2002,4:648-57.

14. Kim J, Guan KL. mTOR as a central hub of nutrient signalling and cell growth.
Nat Cell Biol. 2019;21:63-71.

15. Quan L, Ohgaki R, Hara S, Okuda S, Wei L, Okanishi H, Nagamori S, Endou
H, Kanai Y. Amino acid transporter LAT1 in tumor-associated vascular
endothelium promotes angiogenesis by regulating cell proliferation

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 20 of 21

and VEGF-A-dependent mTORCT activation. J Exp Clin Cancer Res.
2020;39:266.

Oberkersch RE, Pontarin G, Astone M, Spizzotin M, Arslanbaeva L, Tosi G,
Panieri E, Ricciardi S, Allega MF, Brossa A, et al. Aspartate metabolism in
endothelial cells activates the mTORC1 pathway to initiate translation dur-
ing angiogenesis. Dev Cell. 2022;57:1241-1256.1248.

Conciatori F, Bazzichetto C, Falcone |, Pilotto S, Bria E, Cognetti F, Milella M,
Ciuffreda L. Role of mTOR Signaling in Tumor Microenvironment: An Over-
view. Int J Mol Sci. 2018;19:2453.

Blatt J, McLean TW, Castellino SM, Burkhart CN. A review of contemporary
options for medical management of hemangiomas, other vascular tumors,
and vascular malformations. Pharmacol Ther. 2013;139:327-33.

Hu Z,Wang Y, Huang F, Chen R, Li C, Wang F, Goto J, Kwiatkowski DJ,
Wdzieczak-Bakala J, Tu P, et al. Brain-expressed X-linked 2 Is Pivotal for Hyper-
active Mechanistic Target of Rapamycin (mTOR)-mediated Tumorigenesis. J
Biol Chem. 2015;290:25756-65.

Zha X, Wang F, Wang Y, He S, Jing Y, Wu X, Zhang H. Lactate dehydroge-
nase B is critical for hyperactive mTOR-mediated tumorigenesis. Cancer
Res.2011;71:13-8.

Ma J, Meng Y, Kwiatkowski DJ, Chen X, Peng H, Sun Q, Zha X, Wang F,
Wang Y, Jing Y, et al. Mammalian target of rapamycin regulates murine
and human cell differentiation through STAT3/p63/Jagged/Notch cas-
cade. J Clin Invest. 2010;120:103-14.

Wan X, Zhou M, Huang F, Zhao N, Chen X, Wu'Y, Zhu W, Ni Z, Jin F, Wang
Y, et al. AKT1-CREB stimulation of PDGFRa expression is pivotal for PTEN
deficient tumor development. Cell Death Dis. 2021;12:172.

Chen X, Miao M, Zhou M, Chen J, Li D, Zhang L, Sun A, Guan M, Wang Z,
Liu P, et al. Poly-L-arginine promotes asthma angiogenesis through induc-
tion of FGFBP1 in airway epithelial cells via activation of the mTORC1-
STAT3 pathway. Cell Death Dis. 2021;12:761.

Crino PB, Nathanson KL, Henske EP. The tuberous sclerosis complex. N
EnglJ Med. 2006;355:1345-56.

Zhang C, Wan X, Tang S, Li K, Wang Y, Liu Y, Sha Q, Zha X, Liu Y. miR-
125b-5p/STAT3 Pathway Regulated by mTORC1 Plays a Critical Role in
Promoting Cell Proliferation and Tumor Growth. J Cancer. 2020;11:919-31.
Trelinska J, Fendler W, Dachowska I, Kotulska K, Jozwiak S, Antosik K, Gnys
P, Borowiec M, Mlynarski W. Abnormal serum microRNA profiles in tuber-
ous sclerosis are normalized during treatment with everolimus: possible
clinical implications. Orphanet J Rare Dis. 2016;11:129.

Zhang Y, Meng W, Yue P, Li X. M2 macrophage-derived extracellular vesi-
cles promote gastric cancer progression via a microRNA-130b-3p/MLL3/
GRHL2 signaling cascade. J Exp Clin Cancer Res. 2020;39:134.
Colangelo T, Fucci A, Votino C, Sabatino L, Pancione M, Laudanna C,
Binaschi M, Bigioni M, Maggi CA, Parente D, et al. MicroRNA-130b
promotes tumor development and is associated with poor prognosis in
colorectal cancer. Neoplasia. 2013;15:1086-99.

Yang F, Zhang W, Li D, Zhan Q. Gadd45a suppresses tumor angiogen-
esis via inhibition of the mTOR/STAT3 protein pathway. J Biol Chem.
2013,;288:6552-60.

Schneider R, Bannister AJ, Myers FA, Thorne AW, Crane-Robinson C, Kou-
zarides T. Histone H3 lysine 4 methylation patterns in higher eukaryotic
genes. Nat Cell Biol. 2004;6:73-7.

Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G,

Alvarez P, Brockman W, Kim TK, Koche RP, et al. Genome-wide maps of
chromatin state in pluripotent and lineage-committed cells. Nature.
2007;448:553-60.

Lin W,Wan X, Sun A, Zhou M, Chen X, Li Y, Wang Z, Huang H, Li H, Chen
X, et al. RUNX1/EGFR pathway contributes to STAT3 activation and
tumor growth caused by hyperactivated mTORC1. Mol Ther Oncolytics.
2021;23:387-401.

Li S, Takeuchi F, Wang JA, Fan Q, Komurasaki T, Billings EM, Pacheco-Rodri-
guez G, Moss J, Darling TN. Mesenchymal-epithelial interactions involving
epiregulin in tuberous sclerosis complex hamartomas. Proc Natl Acad Sci
U S A.2008;105:3539-44.

Treiber T, Treiber N, Meister G. Regulation of microRNA biogenesis

and its crosstalk with other cellular pathways. Nat Rev Mol Cell Biol.
2019;20:5-20.



Li et al. J Exp Clin Cancer Res

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

(2022) 41:297

Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, Arcaroli JJ,
Messersmith WA, Eckhardt SG. Patient-derived tumour xenografts as mod-
els for oncology drug development. Nat Rev Clin Oncol. 2012;9:338-50.
Siolas D, Hannon GJ. Patient-derived tumor xenografts: transforming clini-
cal samples into mouse models. Cancer Res. 2013;73:5315-9.

Liao Y, Wang C, Yang Z, Liu W, Yuan'Y, Li K, Zhang Y, Wang Y, Shi Y, Qiu Y,

et al. Dysregulated Sp1/miR-130b-3p/HOXAS axis contributes to tumor
angiogenesis and progression of hepatocellular carcinoma. Theranostics.
2020;10:5209-24.

Yan W, Wang Y, ChenY, GuoY, Li Q, Wei X. Exosomal miR-130b-3p
Promotes Progression and Tubular Formation Through Targeting PTEN in
Oral Squamous Cell Carcinoma. Front Cell Dev Biol. 2021;9:616306.
Zhang H, Su X, Burley SK, Zheng XFS. mTOR regulates aerobic glycolysis
through NEAT1 and nuclear paraspeckle-mediated mechanism in hepa-
tocellular carcinoma. Theranostics. 2022;12:3518-33.

Wang J, Jiang C, Li N, Wang F, Xu'Y, Shen Z, Yang L, Li Z, He C. The circEP-
STI1/mir-942-5p/LTBP2 axis regulates the progression of OSCC in the
background of OSF via EMT and the PI3K/Akt/mTOR pathway. Cell Death
Dis. 2020;11:682.

Guo Q Yan J, Song T, Zhong C, Kuang J, Mo Y, Tan J, Li D, Sui Z, Cai K,
Zhang J. microRNA-130b-3p Contained in MSC-Derived EVs Promotes
Lung Cancer Progression by Regulating the FOXO3/NFE2L2/TXNRD1 Axis.
Mol Ther Oncolytics. 2021,20:132-46.

Ma S, Tang KH, Chan YP, Lee TK, Kwan PS, Castilho A, Ng I, Man K, Wong

N, To KF, et al. miR-130b Promotes CD133(+) liver tumor-initiating cell
growth and self-renewal via tumor protein 53-induced nuclear protein 1.
Cell Stem Cell. 2010;7:694-707.

Cannistraci A, Federici G, Addario A, Di Pace AL, Grassi L, Muto G, Collura
D, Signore M, De Salvo L, Sentinelli S, et al. C-Met/miR-130b axis as novel
mechanism and biomarker for castration resistance state acquisition.
Oncogene. 2017;36:3718-28.

Tong L, Chu M, Yan B, Zhao W, Liu S, Wei W, Lou H, Zhang S, Ma S, Xu

J, Wei L. MTDH promotes glioma invasion through regulating miR-
130b-ceRNAs. Oncotarget. 2017,8:17738-49.

Su X, Chakravarti D, Cho MS, Liu L, Gi YJ, Lin YL, Leung ML, EI-Naggar A,
Creighton CJ, Suraokar MB, et al. TAp63 suppresses metastasis through
coordinate regulation of Dicer and miRNAs. Nature. 2010;467:986-90.
Castro NE, Kato M, Park JT, Natarajan R. Transforming growth factor 31
(TGF-B1) enhances expression of profibrotic genes through a novel
signaling cascade and microRNAs in renal mesangial cells. J Biol Chem.
2014;289:29001-13.

Besharat ZM, Abballe L, Cicconardi F, Bhutkar A, Grassi L, Le Pera L, Moretti
M, Chinappi M, D’Andrea D, Mastronuzzi A, et al. Foxm1 controls a pro-
stemness microRNA network in neural stem cells. Sci Rep. 2018;8:3523.
Dong P, Karaayvaz M, Jia N, Kaneuchi M, Hamada J, Watari H, Sudo S, Ju J,
Sakuragi N. Mutant p53 gain-of-function induces epithelial-mesenchymal
transition through modulation of the miR-130b-ZEB1 axis. Oncogene.
2013;32:3286-95.

Li CX, Li HG, Huang LT, Kong YW, Chen FY, Liang JY, Yu H, Yao ZR. H19
INncRNA regulates keratinocyte differentiation by targeting miR-130b-3p.
Cell Death Dis. 2017;8:3174.

LuQ LiuT, Feng H, Yang R, Zhao X, Chen W, Jiang B, Qin H, Guo X, Liu M, et al.
Circular RNA circSLC8AT acts as a sponge of miR-130b/miR-494 in suppress-
ing bladder cancer progression via regulating PTEN. Mol Cancer. 2019;18:111.
Hayes J, Peruzzi PP, Lawler S. MicroRNAs in cancer: biomarkers, functions
and therapy. Trends Mol Med. 2014;20:460-9.

Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for
the management of cancer and other diseases. Nat Rev Drug Discov.
2017;16:203-22.

ZhuY,MaY, Peng H, Gong L, Xiao M, Xiang L, He D, Cao K. MiR-130b
promotes the progression of oesophageal squamous cell carcinoma by
targeting SASH1. J Cell Mol Med. 2019;23:93-103.

Du J, Aleff RA, Soragni E, Kalari K, Nie J, Tang X, Davila J, Kocher JP, Patel SV,
Gottesfeld JM, et al. RNA toxicity and missplicing in the common eye dis-
ease fuchs endothelial corneal dystrophy. J Biol Chem. 2015;290:5979-90.
Ray D, Yun YC, Idris M, Cheng S, Boot A, lain TBH, Rozen SG, Tan P, Epstein
DM. A tumor-associated splice-isoform of MAP2K?7 drives dedifferentia-
tion in MBNL1-low cancers via JNK activation. Proc Natl Acad Sci U S A.
2020;117:16391-400.

56.

57.

58.

59.

60.

Page 21 of 21

Di Matteo A, Belloni E, Pradella D, Cappelletto A, Volf N, Zacchigna S,
Ghigna C. Alternative splicing in endothelial cells: novel therapeutic
opportunities in cancer angiogenesis. J Exp Clin Cancer Res. 2020;39:275.
Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting STAT3 signalling

in cancer: new and unexpected biological functions. Nat Rev Cancer.
2014;14:736-46.

Chen Z, Han ZC. STAT3: a critical transcription activator in angiogenesis.
Med Res Rev. 2008;28:185-200.

Sun Q, Chen X, Ma J, Peng H, Wang F, Zha X, Wang Y, Jing Y, Yang H, Chen
R, et al. Mammalian target of rapamycin up-regulation of pyruvate kinase
isoenzyme type M2 is critical for aerobic glycolysis and tumor growth.
Proc Natl Acad Sci U S A. 2011;108:4129-34.

Liu J, Chen B, Lu Y, Guan Y, Chen F. JNK-dependent Stat3 phosphorylation
contributes to Akt activation in response to arsenic exposure. Toxicol Sci.
2012;129:363-71.

61. Rojanasakul Y. Linking JNK-STAT3-Akt signaling axis to EZH2 phosphoryla-
tion: a novel pathway of carcinogenesis. Cell Cycle. 2013;12:202-3.
Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	STAT3miR-130b-3pMBNL1 feedback loop regulated by mTORC1 signaling promotes angiogenesis and tumor growth
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Clinical specimens
	Cell culture and treatment
	Lentivirus production and transduction
	Immunoblotting
	Quantitative real-time PCR
	miRNA transfection
	Reporter constructs and luciferase reporter assay
	Immunofluorescence assay
	Chromatin immunoprecipitation
	Tube formation assay
	Chicken chorioallantoic membrane assay
	Enzyme-linked immunosorbent assay
	RNA immunoprecipitation assay
	Animal experiments
	Immunohistochemistry analysis
	Bioinformatics analysis
	Statistical analysis

	Results
	Hyperactivated mTORC1 upregulates miR-130b-3p
	MiR-130b-3p promotes angiogenesis and tumor growth
	mTORC1 upregulates miR-130b-3p through STAT3 activation
	MBNL1 is a direct target gene of miR-130b-3p
	miR-130b-3p promotes angiogenesis and tumor progression by targeting MBNL1
	The mTORC1STAT3miR-130b-3pMBNL1 signaling pathway exists in human cancers
	Inhibition of miR-130b-3p suppressed the growth of HNSCC PDX models
	MBNL1 inhibits the STAT3 activation

	Discussion
	Conclusions
	Acknowledgements
	References


