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Abstract

Background: Triple-negative breast cancer (TNBC), the most ag-
gressive breast cancer subtype, poses a severe threat to women’s 
health. Adipose-derived stem cells (ADSCs) and microRNAs (miR-
NAs) critically influence tumor progression within the tumor micro-
environment (TME), but the role of the miR-301a-3p/PTEN axis in 
TNBC requires elucidation.

Methods: PTEN expression and effects were assessed by comparing 
clinical TNBC tissues with adjacent normal tissues. Mechanisms were 
investigated using integrated dataset analysis, luciferase reporter assays, 
functional cell experiments (assessing malignant phenotypes), co-cul-
ture models with ADSCs, and in vivo tumor models. Molecular expres-
sion (PTEN, vascular endothelial growth factor A (VEGFA)) and path-
way activity (phosphoinositide 3-kinase (PI3K)/AKT) were evaluated.

Results: MiR-301a-3p was upregulated in TNBC and directly bound 
PTEN’s 3'-UTR to suppress its expression. Functionally, miR-301a-
3p enhanced tumor cell malignancy. Tumor cell-derived exosomes 

transported miR-301a-3p to ADSCs in the TME, suppressing PTEN, 
activating the PI3K/AKT pathway, and upregulating VEGFA secre-
tion. In vivo, modulating miR-301a-3p levels significantly altered tu-
mor growth, PTEN expression, and VEGFA production in tumor and 
peritumoral tissues.

Conclusion: MiR-301a-3p drives TNBC progression via exosome-
mediated crosstalk with ADSCs, forming a PTEN/PI3K/AKT/VEG-
FA signaling axis. It represents a promising therapeutic target and 
novel biomarker with significant clinical value for TNBC treatment.

Keywords: Triple-negative breast cancer; PTEN; miRNA; ADSCs; 
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Introduction

Breast cancer remains one of the most common and challeng-
ing malignancies worldwide [1, 2]. Triple-negative breast can-
cer (TNBC), characterized as a distinct molecular subtype of 
breast cancer, accounts for roughly 12% of all cases [3, 4]. 
TNBC lacks three key molecular markers of human epider-
mal growth factor receptor 2 (HER-2), progesterone receptor 
(PR), and estrogen receptor (ER) [5]. TNBC is characterized 
as earlier age of onset, greater aggressiveness, rapid disease 
progression, higher risk of early metastasis, and elevated re-
currence rates. This malignancy results in significantly in-
creased mortality within the first 3 years after diagnosis. Even 
when receiving identical treatment conditions, the prognosis 
of TNBC remains worse than that of other breast cancer sub-
types. Additionally, TNBC displays high molecular heteroge-
neity that molecular features and biomarkers may vary across 
different patients even within the same subtype. This com-
plexity undoubtedly complicates research into TNBC [6-9]. 
Hence, TNBC represents a critical challenge and cutting-edge 
research area in breast cancer studies due to its unique molecu-
lar characteristics and therapeutic limitations.

Key modalities in contemporary breast cancer therapy in-
clude surgery, radiotherapy, chemotherapy, endocrine therapy, 
and immunotherapy. However, therapeutic outcome towards 
TNBC is barely satisfactory, primarily because this subtype 
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lacks expression of three key receptors that commonly serve as 
therapeutic targets in other breast cancer types. Additionally, 
TNBC patients exhibit heterogeneous responses to immune 
checkpoint inhibitors (e.g., programmed cell death-1 (PD-1)/ 
programmed death-ligand 1 (PD-L1) inhibitors). These factors 
led to the poorest prognosis among TNBC patients relative 
to other breast cancer subtypes. In recent years, advances in 
molecular biology technologies have spurred increasing re-
search on aberrantly expressed genes, miRNAs, and signaling 
pathways in TNBC. These discoveries provide new directions 
for molecular targeted therapies against TNBC [10]. In-depth 
investigations into TNBC’s molecular mechanisms, identifica-
tion of novel biomarkers, and development of precise targeted 
treatment regimens are essential for improving patient survival 
rates and clinical outcomes.

Defined as the local ecosystem encompassing tumor cells, 
the tumor microenvironment (TME) includes mesenchymal 
stromal cells (MSCs) as pivotal components that function-
ally contribute to tumor advancement. Adipose-derived stem 
cells (ADSCs), located within adipose tissue, constitute a spe-
cialized subset of MSCs [11]. ADSCs exert their functions 
through secretion of abundant cytokines. For instance, they 
release interleukin-1α (IL-1α) [12], IL-6 [13], and IL-10 [14] 
to mediate anti-inflammatory effects. Additionally, ADSCs 
could secrete transforming growth factor-beta (TGF-β), vas-
cular endothelial growth factor (VEGF), placental growth fac-
tor (PGF), and angiopoietin-1 (Ang-1) by activating pathways 
such as phosphoinositide 3-kinase (PI3K)/AKT, Ras/mitogen-
activated protein kinase (MAPK), and RhoA/Rho-associated 
protein kinase (ROCK) to promote endothelial cell prolifera-
tion and angiogenesis [15, 16]. Increasing evidence highlights 
the pivotal role of the TME in cancer progression. The stromal 
components, including ADSCs, could interact with tumor cells 
to foster growth, metastasis, and therapeutic resistance [17-19]. 
However, the molecular mediators of this interaction remain 
unclear. Functioning as a key tumor suppressor, PTEN modu-
lates cellular growth, survival, and apoptotic pathways. Dys-
regulation of PTEN is implicated in breast cancer progression, 
where inactivation correlates with heightened aggressivity and 
adverse clinical outcomes [20, 21]. Hence, understanding the 
mechanism of PTEN loss in TNBC is essential for elucidating 
the pathology of TNBC’s aggressive phenotype, and thus con-
tributing to the development of targeted therapies.

MicroRNAs (miRNAs), which are ∼20-nucleotide non-
coding single-stranded RNAs, are abundant in bodily fluids 
(e.g., blood, urine) and highly enriched in exosomes [22]. 
The mechanism by which miRNAs regulate gene expression 
post-transcriptionally involves binding the 3'-UTR of target 
mRNAs. This binding event leads to either translational sup-
pression or mRNA decay, culminating in gene silencing, rather 
than direct involvement in protein synthesis [23-25]. Further-
more, miRNAs can influence tumor progression by modulat-
ing tumorigenesis, angiogenesis around tumors, and tumor 
drug resistance.

MiR-301a has recently emerged as a research hotspot 
in oncology, with aberrant expression documented in gastric 
[26], pancreatic [27], prostate [28], and cervical cancers [29]. 
In breast cancer, miR-301a also demonstrates dysregulated ex-

pression. Studies indicated that elevated miR-301a levels were 
correlated with poor prognosis in TNBC [30]. However, re-
search on its underlying molecular mechanisms remains limit-
ed. Actually, miR-301a exists as two distinct isoforms of miR-
301a-3p and miR-301a-5p. However, current studies often fail 
to differentiate between them, which represents a significant 
oversight in miR-301a research. Furthermore, to our knowl-
edge, no in vivo studies in mouse models have been conducted 
to date and existing research is confined to in vitro cell experi-
ments. This limitation provides an incomplete understanding 
of the relationship between miR-301a and tumor growth.

In this study, we aimed to elucidate the role of miR-301a-
3p in TNBC by characterizing its impact on PTEN expression 
and downstream signaling pathways in the TME, with the goal 
of identifying potential therapeutic targets. To achieve this, we 
first compared PTEN levels in clinical TNBC tumor tissues 
and adjacent normal tissues. Integrated dataset analyses and 
luciferase reporter assays confirmed that miR-301a-3p direct-
ly binds to the 3'-UTR of PTEN, suppressing its expression. 
Functional studies, including cell counting kit-8 (CCK-8) pro-
liferation assays, transwell migration assays, wound healing 
assays, and apoptosis assays, demonstrated that miR-301a-3p 
significantly enhances tumor cell proliferation and migra-
tion while inhibiting apoptosis. Furthermore, by isolating ex-
osomes from patient serum and culture supernatants of vari-
ous cell lines, we identified the highest miR-301a-3p levels 
in TNBC-derived exosomes. These exosomes were shown to 
modulate the PTEN-PI3K/AKT signaling pathway, ultimately 
upregulating VEGFA expression. To validate these findings in 
vivo, we performed intratumoral injections of adenovirus over-
expressing miR-301a-3p or miR-301a-3p knockout constructs 
in mouse models, bidirectionally confirming that miR-301a-3p 
promotes breast cancer growth. Complementary analyses us-
ing Western blotting, quantitative real-time polymerase chain 
reaction (qRT-PCR), and immunohistochemistry (IHC) further 
established that activation of the PTEN-PI3K/AKT pathway 
increases VEGFA expression and secretion (Fig. 1).

Materials and Methods

Major laboratory supplies

Centrifuge tubes, cell culture flasks, and 0.2-mL PCR tubes 
were sourced from BIOFIL. Pipettes of various models were 
obtained from Gilson Pipettes. Pipette tips were bought from 
Axygen. The 70-mL polycarbonate ultracentrifuge bottles 
were supplied by Beckman Coulter.

Tissue samples

Surgical specimens of breast cancer were collected from pa-
tients at The Second Affiliated Hospital of Harbin Medical 
University. Written informed consent was acquired from all 
participants prior to surgery. The study protocol and all proce-
dures involving human tissues were approved by the Medical 
Ethics Committee of The Second Affiliated Hospital of Harbin 
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Medical University. Post-resection, tissue specimens were rap-
idly frozen using liquid nitrogen and archived at -80 °C. All 
experimental protocols were executed in compliance with both 
international ethical principles (Declaration of Helsinki) and 
institutional guidelines established by The Second Affiliated 
Hospital of Harbin Medical University.

Cell lines and culture

All cellular models were obtained from the Shanghai Institute 
of Biochemistry and Cell Biology and Chinese Academy of 
Sciences (Shanghai, China). Cell line identity was authenticat-
ed by short tandem repeat (STR) profiling. Cell cultures were 
grown in Dulbecco’s Modified Eagle Medium (DMEM; Ther-
mo Fisher) + 12% fetal bovine serum (FBS, Thermo Fisher) at 
37 °C with 5% CO2 in a humidified chamber. Cell lines were 
maintained for fewer than 20 passages and routinely tested 
negative for mycoplasma contamination.

Transfection

Transient transfection of small RNA oligonucleotides and 
plasmids was performed using Lipofectamine 2000 (Invitro-
gen, USA). For miRNA overexpression, miRNA mimics (Ri-
boBio, China) were employed.

Bioinformatic analysis of public databases

PTEN expression in breast cancer was analyzed using The 
Cancer Genome Atlas (TCGA) cohort, encompassing 1,097 
tumor tissues and 114 normal controls. Subtype-specific 
analysis evaluated PTEN levels in Luminal (n = 566), HER2-
positive (n = 37), and TNBC (n = 116) subtypes. TNBC-asso-
ciated miRNA expression profiles were interrogated through 
integrated analysis of TCGA and Gene Expression Omnibus 
(GEO, GSE154255) datasets. This identified nine significant-
ly upregulated miRNAs in GSE154255 and 322 upregulated 
miRNAs in TCGA. Potential PTEN-targeting miRNAs were 
predicted using RNAhybrid [31] with default parameters [32]. 
Further building upon these analyses, overall survival (OS) 
was evaluated in the TCGA BC cohort stratified by miR-301a 
expression levels (low: n = 495; high: n = 767). To control 
for treatment-related confounders, a subgroup analysis was 
conducted specifically in treatment-naive patients (low miR-
301a: n = 91, high miR-301a: n = 108) who received no prior 
systemic therapy.

Protein extraction and Western blotting

Protein extraction utilized RIPA lysis buffer (Beyotime) supple-
mented with: 1 mM phenylmethanesulfonyl fluoride (PMSF; 

Figure 1. Illustration of the expression level and biological effects of PTEN in TNBC. TNBC: triple-negative breast cancer.
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Beyotime) for protease inhibition and 1X phosphatase inhibi-
tor cocktail (Beyotime). We measured protein concentrations 
using a bicinchoninic acid (BCA) kit, separated equal protein 
loads via 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE; Bio-Rad, USA), and electroblot-
ted them onto polyvinylidene fluoride (PVDF) membranes. 
After blocking with 5% non-fat milk in Tris-Buffered Saline 
Tween (TBST) for 60 min, membranes were incubated over-
night at 4 °C with the following primary antibodies: anti-PTEN 
(ab267787, 1:1,000, Abcam), anti-AKT (ab314110, 1:1,000, 
Abcam), anti-phospho-AKT (p-AKT; ab38449, 1:1,000, Ab-
cam), anti-PI3K (ab191606, 1:1,000, Abcam), anti-phospho-
PI3K (p-PI3K; ab278545, 1:1,000, Abcam), and anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH, 60004-1-Ig, 
1:1,000, Proteintech). GAPDH served as the loading control. 
Membranes received three 10-min TBST washes prior to 60-
min incubation with horseradish peroxidase (HRP)-conjugated 
secondary antibodies (1:4,000; room temperature). Protein sig-
nals were developed with enhanced chemiluminescence (ECL) 
reagent and quantified using a chemiluminescence imaging 
system.

RNA extraction and qRT-PCR

We extracted total RNA using TRIzol reagent (Thermo Fisher, 
USA). RNA concentration and purity were determined spec-
trophotometrically, and integrity was assessed by agarose gel 
electrophoresis. We performed reverse transcription with: 1) 
Applied Biosystems’ TaqMan™ MicroRNA RT Kit (stem-
loop primers) for miRNA [33]; 2) Takara’s PrimeScript™ RT 
Reagent Kit (oligo(dT)18 primers) for protein-coding genes. 
We quantified miRNAs via TaqMan™-based qRT-PCR em-
ploying: 1) UNG-free Universal PCR Master Mix II; 2) Tar-
get-specific TaqMan™ MicroRNA Assay probes. We assessed 
protein-coding gene expression via SYBR™ Green-based 
qRT-PCR with custom primers and SYBR™ Select Master 
Mix (Applied Biosystems, USA). qRT-PCR (ABI 7300 sys-
tem) used: 1) Thermal profile: 95 °C/10 min → 40 × (95 °C/15 
s → 60 °C/60 s); 2) SYBR Green dissociation: 95 °C/15 s → 
60 °C/60 s → 95 °C/15 s; 3) Data analysis: 2(−ΔΔCt) method 
with U6 (miRNA) and GAPDH (mRNA) normalization. All 
assays were performed in technical triplicates.

Luciferase reporter assay

The dual-luciferase reporter plasmids were commercially 
sourced from GenScript (Piscataway, NJ-operations in China). 
To test miRNA binding sites, pMIR-REPORT luciferase re-
porter vectors were constructed containing the putative miR-
590 or miR-301a binding sites within the PTEN 3'-untranslat-
ed region (3'-UTR). Corresponding mutant plasmids harboring 
site-directed mutations were generated to assess binding spec-
ificity: the original miR-590 binding site sequence (ATAA-
GTT) was mutated to TATTCAA, while the original miR-301a 
binding site (TTGCACT) was mutated to AACGTGA. Lucif-
erase activity was quantified employing the Dual-Luciferase 

Reporter Assay System (Vazyme Biotech, China), in strict 
accordance with the manufacturer’s guidelines. Briefly, cells 
were co-transfected with the reporter constructs, miRNA mim-
ics or controls. At 48 h post-transfection, cells were lysed, and 
relative luminescence was quantified. Renilla luciferase activ-
ity served as the reference for normalization of Firefly lucif-
erase activity in each sample.

Cell proliferation assay

We measured the proliferation rates of MDA-MB-231 and 
MCF-7 cells using the CCK-8 (Dojindo Molecular Technol-
ogies, Japan). Briefly, we seeded cells in 12-well plates and 
transfected them with small RNA oligonucleotides. Twenty-
four hours post-transfection, we harvested the cells and re-
seeded them into 96-well plates. At 12, 24, 36, 48, and 60 h 
after re-seeding, we added 10 µL of CCK-8 reagent to each 
well and incubated the plates at 37 °C for 120 min. The mi-
croplate reader was used to detect absorbance at 450 nm post-
incubation.

Cell migration assay

Transfected MDA-MB-231 and MCF-7 cells were trypsinized 
at 24 h post-transfection, resuspended in serum-free RPMI-
1640, and seeded into 8-µm pore Millicell inserts (Millipore, 
USA) within 24-well plates. Lower chambers contained 20% 
FBS medium. After 24 h incubation, non-migrated cells were 
removed by swabbing. Post-migration processing included: 
4% PFA fixation (20 min), 0.5% crystal violet histochemical 
staining (15 min), and blinded quantification in five randomly 
chosen microscopic fields per transwell insert.

Apoptosis assay

After treatment, cell pellets were obtained via centrifugation (4 
°C, 5 min), subjected to cold phosphate-buffered saline (PBS) 
washes, and incubated with Annexin V-FITC staining solution 
(BD Biosciences Kit I, USA) following the standardized pro-
tocol. Immediate analysis (< 60 min) was conducted on an At-
tune NxT flow cytometer.

IHC analysis

We processed 5-µm paraffin sections of breast tumors and ad-
jacent adipose tissue by: 1) deparaffinizing in xylene; 2) rehy-
drating through graded ethanols; 3) blocking endogenous per-
oxidase with 3% H2O2. Sections were blocked with 5% BSA 
(60 min, RT), then incubated with primary antibodies (4 °C, 
overnight). After PBS washes, we applied: 1) biotinylated anti-
IgG secondary antibody (Beyotime, 60 min); 2) avidin-biotin 
complex (ABC, Solarbio, 0.02%) with 3,3′-diaminobenzidine 
(DAB) substrate. Final processing included hematoxylin coun-
terstaining and light microscopy.
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Mouse orthotopic model studies

We bilaterally injected MDA-MB-231 or MCF-7 cells with 
stable miR-301a overexpression/knockout into the mam-
mary fat pads of 2-month-old female nude mice. Mice were 
sacrificed at 25th day post-injection. Tumors were excised for 
RNA/protein extraction, hematoxylin and eosin (H&E) stain-
ing, or IHC. This study adhered to international (ARRIVE 
guidelines), national (NIH Guide rev. 1978), and institutional 
(Harbin Medical University) standards for animal research eth-
ics. This study was performed in line with the principles of the 
Declaration of Helsinki. All animal protocols were approved 
by the Ethics Committee of the Second Affiliated Hospital of 
Harbin Medical University (date: September 4, 2023; Number: 
YJSDW2023-075).

Statistical analysis

Results are expressed as mean ± standard deviation (SD). 
Group comparisons utilized unpaired Student’s t-test (two 
groups) or one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparisons test (≥ 3 groups). Correlations 
were determined via Pearson’s coefficient. Each experiment 
incorporated at least three biological replicates, with P-values 
< 0.05 deemed statistically significant.

Results

PTEN expression was significantly downregulated in 
TNBC tumor tissues

On the basis of TCGA database, we analyzed mRNA sequenc-
ing results from breast cancer tumor tissues and correspond-
ing normal control tissues. It revealed that levels of PTEN 
mRNA in tumor tissues were significantly lower than that of 
normal tissues (Fig. 2a). Meanwhile, PTEN mRNA levels in 
TNBC tumor tissues were much lower than luminal-positive 
and HER2-positive subtypes, suggesting that TNBC is the 
subtype with the lowest PTEN expression (Fig. 2b). To fur-
ther investigate PTEN levels in TNBC, we obtained 34 pairs 
of breast cancer tumor tissues and their corresponding nor-
mal adjacent tissues (NAT), including 18 pairs from TNBC 
patients and 16 pairs from non-TNBC patients. Western blot 
analysis revealed a significant reduction in PTEN protein 
levels in TNBC tumor tissues in contrast their matched NAT 
(Fig. 2c, d), while no such reduction was observed in non-
TNBC tumor tissues (Fig. 2c, d). Consistently, PTEN mRNA 
levels also demonstrated a comparable degree of downregu-
lation in TNBC tumor tissues relative to NAT (Fig. 2e) but 
not in non-TNBC tumor tissues. Our data confirm that PTEN 
expression is significantly reduced in TNBC as compared 
to non-TNBC tumors, both at the mRNA and protein levels. 
This observation is consistent with previous reports on PTEN 
loss in breast cancer aggressiveness and therapy resistance 
[21, 34]. In the next phase, we will delineate the molecular 

mechanisms underlying concurrent suppression of PTEN at 
transcriptional and translational levels.

PTEN was a direct target gene of miR-301a-3p, which was 
overexpressed in TNBC

According to the TCGA-BRCA cohort, we identified 121 
TNBC patients and 121 normal tissue samples. Principal 
component analysis (PCA) dimensionality reduction uncov-
ered significant separation of TNBC samples versus normal 
samples along principal components (Fig. 3a). Differential 
expression analysis identified 322 significantly upregulated 
miRNAs in TNBC samples (Fig. 3b). Additionally, an analysis 
of the GEO database breast cancer tissue microarray dataset of 
GSE154255 revealed nine upregulated and 24 downregulated 
miRNAs in TNBC versus normal tissues (Fig. 3c).

By integrating these datasets, we identified eight candidate 
miRNAs that were significantly upregulated in TNBC tissues, 
that are, miR-7-5p, miR-18a-5p, miR-18b-5p, miR-182-5p, 
miR-183-5p, miR-301a-3p, miR-362-3p, and miR-590-5p (Fig. 
3d). We then examined potential interactions between PTEN 
mRNA and the eight upregulated miRNAs with RNAhybrid. 
The results suggested that miR-590-5p and miR-301a-3p could 
directly bind to the 3'-UTR of PTEN mRNA (Fig. 3d). Lucif-
erase reporter assays were designed to test binding. Predicted 
sites were cloned into plasmid 3'-UTRs to generate PTEN-WT 
and PTEN-MUT (seed sequence mutants). HEK293T cells 
were co-transfected with these constructs plus miR-301a-3p 
mimics or negative control oligonucleotides. Luciferase assays 
indicated that miR-301a-3p specifically suppressed WT vector 
activity, whereas miR-590-5p showed no significant effect on 
either construct (Fig. 3e). This indicates that miR-301a-3p di-
rectly binds to the 3'-UTR of PTEN and inhibits its expression, 
whereas miR-590-5p does not. Based on TCGA data, we found 
that miR-301a-3p levels in TNBC were significantly higher 
than in luminal-positive and HER2-positive subtypes (Fig. 3f). 
Further, we analyzed the correlation between miR-301a-3p and 
PTEN expression in TNBC tissues by RT-qPCR, which revealed 
a strong inverse correlation (R = -0.7001) (Fig. 3g). To further 
confirm the regulatory role of miR-301a-3p on PTEN, we trans-
fected the miR-301a-3p low-expressing non-TNBC cell line 
MCF-7 with miR-301a-3p mimics. Results showed that at both 
transcriptional and translational levels, PTEN was markedly 
downregulated in miR-301a-3p-transfected cells versus controls 
(Fig. 3h, i). These findings confirm that miR-301a-3p suppress-
es PTEN expression post-transcriptionally, contributing to the 
regulation of TNBC progression.

MiR-301a-3p promoted proliferative, migratory, and 
invasive capacities while inhibiting apoptosis in breast 
cancer cells

We established a stable cell line overexpressing miR-301a-3p 
(LV-miR-301a) in the non-TNBC MCF-7 cell line using lenti-
viral infection. Additionally, we employed CRISPR-Cas9 tech-
nology to knockout miR-301a-3p in the MDA-MB-231 TNBC 
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Figure 2. Downregulation of PTEN expression in TNBC tissues. (a) The expression level of PTEN mRNA in 1097 breast tumor 
tissues and 114 normal breast tissues based on the TCGA database. A significant downregulation of PTEN mRNA is observed 
in tumor tissues compared to normal tissues. (b) Transcript levels of PTEN mRNA were compared across different breast cancer 
subtypes (luminal, HER2-positive, TNBC) and normal breast tissues using TCGA data. Sample sizes for each group are as fol-
lows: Luminal (n = 566), HER2-positive (n = 67), TNBC (n = 116), and normal tissues (n = 114). TNBC tissues display the lowest 
PTEN mRNA expression compared to other subtypes and normal tissues. (c, d) Representative Western blot images (c) and 
corresponding densitometric quantification (d) of PTEN protein expression in 34 pairs of breast cancer tumor tissues and their 
matched adjacent normal tissues. Protein levels were normalized to β-actin as a loading control. (e) PTEN mRNA expression 
levels were quantified in the same 34 pairs of breast cancer tumor tissues and corresponding normal adjacent tissues using 
qRT-PCR. Expression levels were normalized to GAPDH as an internal control and are presented as relative fold change. HER-
2: human epidermal growth factor receptor 2; qRT-PCR: quantitative real-time polymerase chain reaction; TCGA: The Cancer 
Genome Atlas; TNBC: triple-negative breast cancer.
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Figure 3. Elevated miR-301a-3p in TNBC directly targets PTEN, contributing to tumor progression. (a) PCA plot showing the 
distinct clustering of miRNA expression profiles from TNBC tissue samples (n = 116) and normal breast tissue samples (n = 114) 
within the TCGA-BRCA cohort. The separation indicates significant differences in miRNA expression patterns between TNBC 
and normal tissues. (b, c) Volcano plots highlighting differentially expressed miRNAs between TNBC and normal breast tissues 
from two datasets: (b) TCGA-BRCA cohort and (c) GEO database dataset GSE154255. Each dot represents a miRNA, with red 
indicating upregulation and blue indicating downregulation (fold change > 2 or < -2, adjusted P < 0.05, log2-transformed data). 
miR-301a-3p is marked as significantly upregulated in both datasets. (d) Venn diagram and schematic showing miRNAs signifi-
cantly upregulated in both GSE154255 and TCGA-BRCA datasets, with a focus on those predicted to target the 3’-UTR of PTEN. 
The schematic illustrates the binding site duplex formed between the PTEN 3’-UTR and candidate miRNAs, including miR-
301a-3p. (e) The luciferase activities in 293T cells co-transfected with wild type or mutant PTEN 3’-UTR and miRNA or scramble 
mimics. (f) The transcript level of miR-301a-3p in different subtypes of breast cancer (luminal, Her2 positive, TNBC) and normal 
breast tissues based on the TCGA database. (g) Pearson’s correlation scatter plot of the fold changes of PTEN mRNA and miR-
301a-3p in human TNBC tissue pairs (n = 18). (h) PTEN mRNA expression in MCF-7 cells after transfection with miR-301a-3p 
mimic. (i) Western blot analysis and densitometric analysis showing PTEN protein levels in MCF-7 cells after transfection with 
miR-301a-3p mimic. GEO: Gene Expression Omnibus; PCA: principal component analysis; TCGA: The Cancer Genome Atlas; 
TNBC: triple-negative breast cancer.
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cell line, which naturally expresses high levels of miR-301a-
3p, resulting in the MDA-231-KO cell line. The efficiencies 
of overexpression and knockout were confirmed by RT-qPCR 
(Fig. 4a, b). To probe and quantify miR-301a-3p-driven prolif-
eration changes, CCK-8 assays were systematically performed. 
Longitudinal CCK-8 profiling revealed accelerated growth ki-
netics in LV-miR-301a cells compared to LV-scramble counter-
parts (Fig. 4c). In contrast, the MDA-231-KO cell line showed 

reduced proliferation relative to the parental MDA-MB-231 cell 
line (Fig. 4d). Transwell and wound healing assays revealed 
that invasion (Fig. 4e) and migration (Fig. 4g) abilities signifi-
cantly increased in LV-miR-301a cells as compared to the LV-
scr control group. Conversely, the depletion of miR-301a-3p in 
MDA-231-KO cells resulted in decreased invasion (Fig. 4f) and 
migration (Fig. 4h) capabilities. Significantly decreased apop-
totic fractions were observed in LV-miR-301a cells relative to 

Figure 4. MiR-301a-3p enhances proliferation, migration and invasion but suppresses apoptosis in breast cancer cells. (a) 
qRT-PCR analysis confirming the efficiency of stable miR-301a-3p overexpression in the MCF-7 cell line (LV-miR-301a). (b) qRT-
PCR analysis confirming the knockout efficiency of miR-301a-3p in the MDA-MB-231 cell line (MDA-231-KO). (c) CCK-8 assay 
showing the proliferation rate of LV-miR-301a cells compared to LV-scr cells. (d) CCK-8 assay showing the proliferation rate of 
MDA-231-KO cells compared to MDA-MB-231 cells. (e) Transwell assay showing the invasion capability of LV-miR-301a cells 
compared to LV-scr cells. (f) Transwell assay showing the invasion capability of MDA-231-KO cells compared to MDA-MB-231 
cells. (g) Wound healing assay revealing the migration capability of LV-miR-301a cells compared to LV-scr cells. (h) Wound heal-
ing assay revealing the migration capability of MDA-231-KO cells compared to MDA-MB-231 cells. (i) Analysis of apoptosis in LV-
miR-301a cells and LV-scr cells. (j) Analysis of apoptosis in MDA-231-KO cells and MDA-MB-231 cells. Left panel: representative 
image; Right panel: quantitative analysis. CCK-8: cell counting kit-8; qRT-PCR: quantitative real-time polymerase chain reaction.
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LV-scr controls (Fig. 4i), whereas MDA-231-KO cells exhibited 
elevated apoptosis compared to wild-type counterparts (Fig. 4j).

Elevated miR-301a-3p in TNBC exosomes was internalized 
by peritumoral ADSCs, mediating functional regulation

Through exosome-mediated trafficking, tumor cells actively 
export regulatory miRNAs to the extracellular milieu, function-
ally reprogramming the TME [35, 36]. To determine whether 
miR-301a-3p is secreted extracellularly, we isolated exosomes 
from the serum of healthy individuals, non-TNBC patients, and 
TNBC patients. Quantification of miR-301a-3p levels in these 
exosomes revealed that its abundance was significantly higher 
in the serum exosomes of TNBC patients compared to those of 
non-TNBC patients and healthy controls (Fig. 5a). This finding 
suggests that elevated miR-301a-3p in the serum of TNBC pa-
tients may originate from tumor tissue secretion. Furthermore, 
we isolated exosomes from the culture supernatants of different 
cell lines: MDA-MB-231 (metastatic TNBC), MCF-7 (ER-posi-
tive adenocarcinoma), and MCF-10A (normal mammary epithe-
lium). Markedly increased relative expression of miR-301a-3p 
was detected in MDA-MB-231 exosomes compared to the two 
non-TNBC cell line-derived exosomes through systematic ex-

pression analysis (Fig. 5b). To investigate the in vivo effects of 
miR-301a-3p on the TME, particularly its influence on ADSCs, 
we established orthotopic breast tumor models in nude mice 
using LV-miR-301a and LV-scr cell lines. In situ hybridization 
indicated that ADSCs within peritumoral tissues had signifi-
cantly higher levels of miR-301a-3p in the LV-miR-301a group 
compared to the LV-scramble group. Furthermore, we observed 
pronounced co-localization of miR-301a-3p with CD44-posi-
tive ADSCs, demonstrating that miR-301a-3p can be secreted 
by tumor cells and subsequently internalized by ADSCs in the 
peritumoral microenvironment (Fig. 5c). We observed that se-
rum exosomal miR-301a-3p levels were significantly elevated 
in TNBC patients compared to other breast cancer subtypes, in-
dicating tumor-secreted exosomal packaging of this miRNA. In 
murine models, we further confirmed that tumor-derived exoso-
mal miR-301a-3p targets ADSCs within the TME. Consequent-
ly, our subsequent investigations will characterize the functional 
impact of exosomal miR-301a-3p on ADSCs.

Exosomal miR-301a-3p modulates TME remodeling 
through PTEN/PI3K/AKT pathway activation in ADSCs

Using differential centrifugation, exosomes were purified 

Figure 5. TNBC exosomes deliver upregulated miR-301a-3p to peritumoral ADSCs. (a) Quantification of miR-301a-3p levels in 
serum-derived exosomes from healthy donors, non-TNBC patients, and TNBC patients. (b) qRT-PCR analysis of relative miR-
301a-3p expression in exosomes derived from MDA-MB-231, MCF-7, and MCF-10A cell lines. (c) In situ hybridization for miR-
301a-3p and immunofluorescence for CD44 in peritumoral tissues from orthotopic tumor models. ADSCs: adipose-derived stem 
cells; qRT-PCR: quantitative real-time polymerase chain reaction; TNBC: triple-negative breast cancer.



Articles © The authors   |   Journal compilation © World J Oncol and Elmer Press Inc™   |   https://wjon.elmerpub.com654

MiR-301a-3p Promotes TNBC Progression World J Oncol. 2025;16(6):645-660

from LV-301a or LV-scr cell supernatants. Their sizes were de-
termined by dynamic light scattering (DLS), morphology was 
imaged via transmission electron microscopy (TEM) (Fig. 6a), 
and the molecular markers were validated with western blot 
(Fig. 6b). ADSCs treated with miR-301a-3p (OE-exosomes) 
overexpressed LV-301a exosomes exhibited significantly re-
duced PTEN protein levels relative to those treated with LV-
scr exosomes (NC-exosomes) (Fig. 6c). Previous research 
has demonstrated that PTEN inhibits VEGFA expression in 
tumor tissues through the PI3K/AKT signaling pathway [37, 
38]. Accordingly, we evaluated the phosphorylation status of 
PI3K/AKT in ADSCs post-exosome treatment. Notably, co-
culture with OE-exosomes led to a marked increase in PI3K/
AKT phosphorylation levels in ADSCs in contrast to the NC-
exosome group (Fig. 6c). Furthermore, VEGFA secretion into 
the ADSC culture medium was significantly elevated follow-
ing OE-exosome treatment (Fig. 6d). Moreover, Kaplan-Meier 
analysis showed that the patients of breast cancer with a high 
level of miR-301a-3p had worse outcome than high ones (Fig. 
6e) in TCGA database, which also indicates the prognosis 
value of miR-301a-3p in breast cancer patients. Collectively, 
these findings indicate that miR-301a-3p not only enhanced 
tumor cell proliferation and invasion but also secreted into the 
TME via exosomes, where it is internalized by ADSCs, result-
ing in increased VEGFA production (Fig. 6f). This section 
confirms that exosomal miR-301a-3p modulates the PTEN/
PI3K/AKT pathway in ADSCs to regulate VEGFA secretion 
at the cellular level. Considering that in vitro evidence alone 
is insufficient, we will employ murine in vivo models to in-
vestigate the impact of miR-301a-3p on tumor progression 
through complementary approaches (intratumoral injection of 
miR-301a-3p-overexpressing adenovirus and orthotopic im-
plantation of tumor cells with CRISPR/Cas9-mediated miR-
301a-3p knockout). These experiments will simultaneously 
validate the involvement of the aforementioned signaling path-
way while assessing tumorigenic effects.

MiR-301a-3p driven tumor growth via PTEN suppres-
sion-mediated PI3K/AKT activation and subsequent 
VEGFA secretion

To further validate the contribution of miR-301a-3p to TNBC 
progression in vivo, we established orthotopic breast tumor 
models in nude mice using the MCF-7 cell line. On day 4 post-
implantation, mice received intratumoral injection of AAV 
overexpressing miR-301a-3p (AAV-miR-301a) or scramble 
sequence (AAV-scr). As shown in Figure 7a and b, the tumor 
volume of the AAV-miR-301a group is much larger than that 
in the AAV-scr group. Western blot analysis of tumor tissues 
indicates decreased protein and mRNA levels of PTEN (Fig. 
7c-e). Immunohistochemical staining of peritumoral adipose 
tissues show a significant reduction in PTEN expression in the 
AAV-miR-301a group (Fig. 7f). IHC analysis of the peritumor-
al adipose tissues further confirms the activation of the PTEN/
PI3K/AKT pathway, resulting in enhanced VEGFA expression 
and secretion (Fig. 7f).

Genetic ablation of miR-301a-3p suppresses tumorigen-
esis via PTEN reactivation

On the other hand, we further validated whether depletion of 
miR-301a-3p could inhibit tumor formation by establishing a 
similar orthotopic model with MDA-MB-231 or MDA-231-
KO cell lines. As expected, the tumor volume and proliferation 
rate were dramatically decreased in the MDA-231-KO group 
(Fig. 8a, b). Molecular analysis also showed the restoration 
of PTEN expression (Fig. 8c-e), which led to the deactivation 
of the PTEN/PI3K/AKT pathway and downregulated VEGFA 
level in peritumoral adipose tissues (Fig. 8f).

Discussion

The clinical management of TNBC poses significant therapeu-
tic hurdles owing to its heightened aggressiveness, absence of 
targeted treatment options, and unfavorable prognosis rela-
tive to other breast cancer subtypes [39, 40]. In this study, we 
identified miR-301a-3p as a critical oncogenic regulator in 
TNBC and elucidated its dual role in tumor cells and the TME 
through the suppression of the tumor suppressor PTEN. Previ-
ous studies mainly focused on tumor-intrinsic mechanisms of 
miR-301a, for example, Song et al demonstrated that forms a 
feedback loop with CIP2A, promoting cell proliferation and 
invasion in TNBC [41]. Our findings reveal a previously un-
derappreciated mechanism that miR-301a-3p contributes to 
TNBC progression by modulating both cell-intrinsic and ex-
trinsic pathways, and provide a compelling rationale for con-
sidering miR-301a-3p as a therapeutic target and prognostic 
biomarker.

We validated significant downregulation of PTEN in 
TNBC versus non-TNBC tumors at both transcriptional 
(mRNA) and translational (protein) levels, corroborating es-
tablished associations between PTEN loss and heightened 
breast cancer aggressiveness/therapeutic resistance [21, 34]. 
Importantly, we demonstrated that miR-301a-3p directly tar-
gets the 3'-UTR of PTEN mRNA, suppressing its expression 
in a post-transcriptional manner. This direct interaction was 
validated by luciferase reporter assays, inverse correlation 
analyses, and functional experiments involving miR-301a-3p 
overexpression and knockout. These results expanded upon 
prior work describing miR-301a family members as oncogenic 
miRNAs in various cancers, and identified PTEN as a novel 
and functionally important downstream target in TNBC.

Functionally, the change of miR-301a-3p levels signifi-
cantly altered TNBC cell destiny. Ectopic miR-301a-3p ex-
pression potentiated oncogenic phenotypes - proliferation, 
migration, and invasion - while suppressing apoptosis; con-
versely, CRISPR/Cas9 mediated miR-301a-3p ablation re-
versed these effects. These findings underscored the central 
role of miR-301a-3p in promoting malignant phenotypes and 
further supported its characterization as an oncogenic miRNA.

Beyond tumor cell-autonomous effects, our study pro-
vided a novel insight into how tumor-derived exosomal miR-
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Figure 6. Exosomal miR-301a-3p from TNBC cells modulates the TME through regulating the PTEN/PI3K/AKT pathway in 
ADSC. (a) DLS analysis showing the size distribution of exosomes isolated from the culture medium of LV-301a or LV-scr cells. 
TEM image showing the typical cup-shaped morphology of isolated exosomes. (b) Western blot analysis of exosomal protein 
markers (e.g., CD9, CD63, TSG101). (c) Representative western blot and densitometric analysis of PTEN protein levels in AD-
SCs following treatment with exosomes from miR-301a-3p-overexpressing cells (OE-exosomes) or control cells (NC-exosomes). 
(d) ELISA for VEGFA in the culture medium of ADSCs following treatment with OE-exosomes or NC-exosomes. (e) Kaplan-Meier 
survival analysis of all (left panel) and untreated (right panel) breast cancer patients from the TCGA database, stratified by high 
versus low miR-301a-3p expression. (f) Schematic model illustrating the proposed mechanism of exosomal miR-301a-3p transfer 
and its downstream signaling. ADSC: adipose-derived stem cell; DLS: dynamic light scattering; ELISA: enzyme-linked immu-
nosorbent assay; TCGA: The Cancer Genome Atlas; TEM: transmission electron microscopy; TME: tumor microenvironment; 
TNBC: triple-negative breast cancer; VEGFA: vascular endothelial growth factor A.
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Figure 7. MiR-301a-3p promotes tumor growth in vivo. (a, b) Orthotopic MCF-7 mouse models (n = 6 per group) were subjected 
to intra-tumoral injection with adeno-associated virus expressing miR-301a-3p (AAV-miR-301a) or scramble control (AAV-scr). 
Tumor volumes were measured for 14 days post-injection. (a) Representative photographs of excised tumors from each group 
at the endpoint (day 14). (b) Tumor growth curves depicting the volume of tumors (measured in mm3) over time in, and data 
are presented as mean ± SEM, showing significantly enhanced growth in the AAV-miR-301a group compared to AAV-scr. (c, d) 
PTEN expression analysis in tumor tissues: Representative Western blot images (c) and densitometric quantification (d) of PTEN 
protein levels in tumor tissues harvested from mice treated with AAV-miR-301a or AAV-scr (n = 5 per group). Protein expression 
is normalized to β-actin as a loading control and presented as relative expression (mean ± SEM), showing a significant reduc-
tion in PTEN protein in the AAV-miR-301a group compared to AAV-scr. (e) qRT-PCR analysis of PTEN mRNA levels in the same 
tumor tissues, normalized to GAPDH as an internal control and presented as relative fold change (mean ± SEM, n = 5 per group), 
demonstrating significant downregulation in the AAV-miR-301a group compared to AAV-scr. (f) Representative IHC images show-
ing staining for PTEN, phosphorylated PI3K (p-PI3K), phosphorylated AKT (p-AKT), and VEGFA in peritumoral adipose tissues 
from mice treated with AAV-miR-301a or AAV-scr (n = 5 per group). Staining intensity was quantified using ImageJ software, with 
data indicating decreased PTEN expression and increased p-PI3K, p-AKT, and VEGFA expression in the AAV-miR-301a group 
compared to AAV-scr. Scale bars represent 50 µm. IHC: immunohistochemistry; qRT-PCR: quantitative real-time polymerase 
chain reaction; SEM: standard error of the mean; VEGFA: vascular endothelial growth factor A.
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Figure 8. Depletion of miR-301a-3p inhibits tumor growth in vivo. (a, b) Tumor growth curves and representative images of tu-
mors from an orthotopic mouse model established with MDA-MB-231 (MDA-231) or miR-301a-3p knockout (MDA-231-KO) cells. 
(a) Representative photographs of excised tumors from each group at the endpoint (day 14). (b) Tumor growth curves depicting 
the volume of tumors (measured in mm3) over time in, and data are presented as mean ± SEM, showing significantly enhanced 
growth in the MDA-231 group compared to MDA-231-KO group. (c, d) PTEN expression analysis in tumor tissues: representa-
tive Western blot images (c) and densitometric quantification (d) of PTEN protein levels in tumor tissues harvested from mice 
implanted with MDA-231 or MDA-231-KO cells (n = 5 per group). Protein expression is normalized to β-actin as a loading control 
and presented as relative expression (mean ± SEM), showing a significant increase in PTEN protein in the MDA-231-KO group 
compared to MDA-231. (e) qRT-PCR analysis of PTEN mRNA levels in the same tumor tissues, normalized to GAPDH as an 
internal control and presented as relative fold change (mean ± SEM, n = 5 per group), demonstrating significant upregulation 
in the MDA-231-KO group compared to MDA-231. (f) Representative IHC images showing staining for PTEN, p-PI3K, p-AKT, 
and VEGFA in peritumoral adipose tissues from mice implanted with MDA-231 or MDA-231-KO cells (n = 5 per group). Staining 
intensity was quantified using ImageJ software, with data indicating increased PTEN expression and decreased p-PI3K, p-AKT, 
and VEGFA expression in the MDA-231-KO group compared to MDA-231 group. Scale bars represent 50 µm. IHC: immunohis-
tochemistry; qRT-PCR: quantitative real-time polymerase chain reaction; SEM: standard error of the mean; VEGFA: vascular 
endothelial growth factor A.
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301a-3p reshaped the TME, particularly through its action on 
ADSCs. We showed that miR-301a-3p was packaged into ex-
osomes by TNBC cells and transferred to ADSCs, leading to 
suppression of PTEN, activation of the PI3K/AKT pathway, 
and subsequent upregulation of VEGFA secretion. This par-
acrine signaling loop aligned with previous studies that PTEN 
inhibits angiogenic signaling through the PI3K/AKT axis [38, 
42] and exosomal miRNAs can modulate stromal cell func-
tion to promote tumor progression [17, 43]. In vivo models 
further validated these findings, showing that modulation of 
miR-301a-3p levels significantly alters tumor growth, PTEN 
expression, and VEGFA production in both tumor and peritu-
moral tissues. These data suggested that miR-301a-3p acted 
as a central mediator linking tumor cells and the surrounding 
stroma via exosome-based communication, thereby promoting 
an angiogenic and growth-permissive microenvironment. Such 
mechanisms highlighted the complexity of TNBC biology and 
the importance of targeting both tumor-intrinsic pathways and 
stromal crosstalk in future therapeutic strategies. In addition, 
the effects of exosomal miRNAs and PTEN/PI3K/AKT sign-
aling can be highly context-dependent, with some studies re-
porting divergent outcomes depending on tumor type, stromal 
composition, or specific miRNA cargo. For instance, exosomal 
miR-9 and miR-92-3p have been shown to exert anti-angio-
genic effects in different cancer models [44, 45], while PTEN/
PI3K/AKT signaling outcomes may vary based on upstream 
regulators or cellular context [37]. This suggests that while our 
findings highlight a pro-angiogenic role for miR-301a-3p in 
TNBC, alternative mechanisms or opposing effects may occur 
under different conditions.

From a clinical perspective, miR-301a-3p overexpression 
in tumor tissue and patient serum served as a negative prog-
nosticator, nominating it as a candidate biomarker for TNBC 
disease progression. Zheng et al reported that elevated miR-
301a expression is associated with poor prognosis in breast 
cancer patients, including those with TNBC [30]. Similarly, Yu 
et al highlighted the correlation between miR-301a upregula-
tion and poor prognosis specifically in TNBC, reinforcing the 
clinical relevance of miR-301a as a prognostic biomarker [46]. 
In accordance with these findings, our research also showed 
worse outcomes in patients with high miR-301a-3p levels and 
provided mechanistic depth by identifying PTEN as a direct 
target of miR-301a-3p and validating its oncogenic effects 
through in vivo mouse models. Thus, our study not only cor-
roborated the established oncogenic and prognostic signifi-
cance of miR-301a in TNBC but also introduces novel insights 
into its TME interactions and molecular targets. Given its mul-
tifaceted role in driving tumor progression and modifying the 
microenvironment, miR-301a-3p may also represent a promis-
ing target for therapeutic intervention. Future studies should 
explore the efficacy of miR-301a-3p inhibition in preclinical 
models and assess its synergy with existing chemotherapy or 
immune checkpoint blockade.

Although this study provides significant insights into the 
pathogenic mechanisms of TNBC, certain limitations arising 
from resource constraints must be acknowledged. Firstly, the 
relatively small sample size may limit the statistical power 
and generalizability of our findings, necessitating validation 
in larger cohorts. Secondly, our results have not been validated 

through high-throughput sequencing methods across multi-
center clinical samples, which could provide deeper molecular 
insights and confirm the reproducibility of our observations. 
Addressing these constraints in future research will enhance 
the robustness and broader applicability of our findings.

Conclusions

PTEN downregulation was a prevalent phenotype in TNBC. 
This study attributed this phenomenon primarily to miR-301a-
3p, which directly targeted PTEN and suppressed its expres-
sion. Furthermore, miR-301a-3p drives TNBC progression 
through dual mechanisms - autonomous promotion of prolif-
eration/migration and exosome-mediated reprogramming of 
ADSCs, resulting in PTEN suppression, PI3K/AKT activa-
tion, and VEGFA secretion. This interaction not only enhanced 
tumor progress but also underscored the complex interplay be-
tween tumor cells and their microenvironment. In vivo experi-
ments further confirmed that modulating miR-301a-3p lev-
els substantially influenced tumor growth, while reaffirming 
that miR-301a-3p promoted tumor progression by suppress-
ing PTEN, activating the PI3K/AKT pathway, and enhancing 
VEGFA secretion. Given the critical role of miR-301a-3p in 
tumor progression, our findings provided a foundation for 
exploring this molecule as a potential therapeutic target and 
prognosis biomarker in TNBC.
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