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Abstract  13 

Background: Growing evidence has indicated that tumor-associated macrophages (TAMs) 14 

promote tumor angiogenesis. However, the mechanisms underlying the pro-angiogenic 15 

switch of TAMs remains unclear. Here, we examined how exosomal miR-301a-3p secreted 16 

by esophageal squamous cell carcinoma (ESCC) cells triggers the pro-angiogenic switch of 17 

TAMs. 18 

Methods: We quantified miR-301a-3p levels in ESCC tumors using qRT-PCR. Macrophage 19 

phenotypes were identified using flow cytometry and qRT-PCR. The pro-angiogenic ability 20 

of TAMs was measured using the CCK-8 assay, scratch assay, Transwell migration and 21 

invasion assay, and tube formation assay. The mechanism by which exosomal miR-301a-3p 22 

secreted by ESCC cells triggers the pro-angiogenic switch of TAMs was elucidated using 23 

western blots, qRT-PCR, and a dual-luciferase reporter assay. 24 

Results: We observed anomalous miR-301a-3p overexpression in ESCC tumor tissues and 25 

cell lines. Then, we verified that ESCC-derived exosomes promoted angiogenesis by 26 

inducing macrophage polarization into M2 type, and exosomal miR-301a-3p secreted by 27 

ESCC cells was responsible for this effect. Finally, we discovered that exosomal 28 

miR-301a-3p promoted M2 macrophage polarization via the inhibition of PTEN and 29 

activation of the PI3K/AKT signaling pathway, subsequently promoting angiogenesis via the 30 

secretion of VEGFA and MMP9. 31 

Conclusion: The pro-angiogenic switch of TAMs is triggered by exosomal miR-301a-3p 32 

secreted from ESCC cells via the PTEN/PI3K/AKT signaling pathway. Although tumor 33 

angiogenesis can be regulated by a wide range of factors, exosomal miR-301a-3p could hold 34 
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promise as a novel anti-angiogenesis target for ESCC treatment. 35 

 36 

Keywords: Exosomes, miR-301a-3p, Macrophage polarization, PI3K/AKT signaling 37 

pathway, Angiogenesis, Esophageal squamous cell carcinoma 38 

 39 

Introduction 40 

In the past few decades, surgical resection, chemotherapy, targeted therapy, 41 

immunotherapy, and radiotherapy have partially improved therapeutic efficacy in cases of 42 

esophageal cancer. However, this malignancy still has the seventh-highest incidence rate and 43 

sixth-highest fatality rate among all malignancies worldwide [1]. There are two predominant 44 

histological subtypes of esophageal cancer, which differ in epidemiology and pathology: 45 

esophageal adenocarcinoma (ECA) and esophageal squamous cell carcinoma (ESCC). ESCC 46 

accounts for a large majority of all esophageal cancer cases worldwide [2]. As its early 47 

symptoms are not obvious, most patients are diagnosed with the disease at the middle or 48 

advanced stage. Therefore, the prognosis is unfavorable, and the overall 5-year survival rate 49 

is below 20% [3]. 50 

Macrophages are the most common invasive immune effector cells in the tumor 51 

microenvironment (TME). They have significant plasticity, and can change their phenotypes 52 

and play diverse roles according to the surrounding signals [4]. Macrophages have two 53 

primary phenotypes: the M1 and M2 phenotypes. The M1 phenotype occurs in macrophages 54 

that are activated in a typical manner and is induced by lipopolysaccharide (LPS) or 55 

interferon-γ (IFN-γ). High levels of interleukin (IL)-12 production and a strong ability to 56 
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present antigens are characteristic of M1-type macrophages. Accordingly, these cells are 57 

commonly considered efficient effector cells that regulate adaptive Th1 immunity and can kill 58 

microorganisms and tumor cells, while also producing a large number of pro-inflammatory 59 

cytokines to promote inflammation. In contrast, the M2 phenotype occurs in macrophages 60 

undergoing alternative activation and can be induced by IL-4, IL-10, CSF-1, or transforming 61 

growth factor β (TGF-β). M2-type macrophages show high levels of anti-inflammatory 62 

cytokines (e.g., IL-10). Hence, it is believed that they regulate adaptive Th2 immunity, 63 

promote angiogenesis and tissue repair, have anti-inflammatory effects, and are conducive to 64 

tumor growth [5]. Tumor associated macrophages (TAMs) are typically M2-type 65 

macrophages that play important roles in the TME. In addition, they are the main producers 66 

of pro-angiogenic factors in several types of tumors. They promote tumor angiogenesis by 67 

secreting a variety of pro-angiogenic cytokines, including vascular endothelial growth factor 68 

A (VEGFA), platelet-derived growth factor β, angiogenin, placental growth factor, TGF-β, 69 

and matrix metalloproteinases (MMPs) [6]. Nevertheless, how tumor cells transform 70 

macrophages into anti-inflammatory M2-type macrophages is still not clearly known. 71 

Exosomes are extracellular vesicles derived from cells and have diameters of 30–200 nm. 72 

They can transfer intracellular goods including microRNAs (miRNAs), messenger RNAs 73 

(mRNAs), and proteins to recipient cells, participate in intercellular communication, and 74 

contribute to tumor growth, metastasis, and angiogenesis [7]. miRNAs, which are 75 

approximately 20–24 nucleotides in length, are small endogenous non-coding RNA 76 

molecules. miRNAs are significant regulators of gene expression and participate in regulating 77 

translation by acting on the 3′ untranslated regions (3′UTR) of specific mRNAs [8]. 78 
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Exosomal miRNAs from cancerous cells play significant roles in macrophage polarization [9]. 79 

However, how these miRNAs enable TAMs to exert pro-angiogenic effects via intercellular 80 

crosstalk remains unclear. 81 

Growing tumors critically depend on the oxygen and nutrition delivered by the tumor 82 

angiogenic system for survival. Thus, tumor angiogenesis is considered a crucial pathologic 83 

feature of cancer that has a close association with tumor growth and progression [10]. In 1996, 84 

Hanahan et al. proposed the concept of the "angiogenic switch" and the angiogenesis switch 85 

balance hypothesis. They suggested that tumor angiogenesis depends on the balance 86 

regulated by the pro- and anti-angiogenic factors secreted by tumor cells or surrounding 87 

stromal cells, and an increase in promoting factors or decrease in inhibitory factors would 88 

shift the balance towards a pro-angiogenic state [11]. The PI3K/AKT signaling pathway 89 

controls cell growth and survival, and its continuous activation is closely related to cellular 90 

transformation, tumorigenesis, tumor metastasis, and angiogenesis [12]. Studies have verified 91 

that the PI3K/AKT signaling pathway participates in tumor angiogenesis by regulating 92 

several pro-angiogenic cytokines, such as VEGFA and MMP9 [13]. PTEN is a phosphatase 93 

that can dephosphorylate PIP3 into PIP2 and directly curb the oncogenic PI3K/AKT 94 

signaling pathway [14]. Accordingly, loss of PTEN tumor suppressor function is one of the 95 

most common events observed in the pathogenesis of various malignant tumors. However, 96 

whether PTEN and the PI3K/AKT pathway participate in triggering the pro-angiogenic 97 

switch of TAMs and whether exosomal miRNAs from cancerous cells can control these two 98 

regulators remain to be elucidated. 99 

Therefore, here, we examined the mechanism via which the pro-angiogenic switch of 100 
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TAMs is triggered in cases of ESCC, specifically focusing on the interplay among exosomal 101 

miR-301a-3p, PTEN, and the PI3K/AKT signaling pathway. 102 

 103 

Materials and methods 104 

Collection of clinical tissue samples and ethics statement 105 

We collected 20 pairs of fresh ESCC samples and surrounding normal esophageal 106 

mucosal samples from patients diagnosed with ESCC in the First Affiliated Hospital of 107 

Zhengzhou University (November 2020 to July 2021). All patients provided signed informed 108 

consent, and the ethics committee of the First Affiliated Hospital of Zhengzhou University 109 

provided approval for the study. 110 

miRNA target prediction 111 

The analysis of miRNAs predicted to target the PTEN gene was performed using Target 112 

Scan (http://www.targetscan.org/vert_72/), miRDB (http://mirdb.org), and miDIP 113 

(http://ophid.utoronto.ca/mirDIP/index.jsp#r). ESCC-related miRNA expression data were 114 

obtained from the GSE97051 dataset in the GEO DataSets collection 115 

(https://www.ncbi.nlm.nih.gov/gds/?term=). 116 

Cell culture 117 

EC9706 cells (ESCC cells; obtained from the Institute of Oncology, Chinese Medical 118 

College, Shenyang, China) and Human umbilical vein endothelial cells (HUVECs; obtained 119 

from Beina, Suzhou, China) were grown in Dulbecco's Modified Eagle Medium (DMEM) 120 

(GIBCO, New York, USA) supplemented with 10% fetal bovine serum (FBS, GIBCO) and 1% 121 

penicillin–streptomycin (Beyotime, Shanghai, China). THP-1 cells (Baikang, Shanghai, 122 

http://www.targetscan.org/vert_72/
http://mirdb.org/
http://ophid.utoronto.ca/mirDIP/index.jsp#r
https://www.ncbi.nlm.nih.gov/gds/?term=
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China), a line of human monocytes, were cultured in RPMI-1640 medium (GIBCO) 123 

containing 10% FBS and 1% penicillin–streptomycin. All cells were incubated in 5% CO2 at 124 

37°C. 125 

THP-1 cells were incubated with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, 126 

PeproTech, USA) for 48 h for macrophage induction. miR-301a-3p was overexpressed or 127 

inhibited in EC9706 cells via the stable transfection of lentiviral constructs using the 128 

manufacturer’s instructions. The miR-301a-3p mimic, miR-301a-3p inhibitor, and 129 

corresponding negative control vectors (miR-NC) were synthetized by GenePharma 130 

(Shanghai, China).  131 

Isolation and identification of exosomes  132 

At 60–70% confluence, ESCC cells were grown in serum-free DMEM for 48 h. We 133 

obtained supernatant from the cell culture and filtered it using 0.22-μm filters (Millipore, 134 

Darmstadt, Germany). The filtered supernatant was subjected to centrifugation (3000 × g, 15 135 

min) to discard any remaining cells and cell fragments. Subsequently, it was incubated with 136 

the Exo-Quick exosome precipitation solution (SBI, California, USA) overnight at 4°C based 137 

on the manufacturer’s protocol. After 12 h of incubation, the mixture underwent 138 

centrifugation (1500 × g, 30 min), and the obtained particles were resuspended in 100 μL 139 

PBS after discarding the supernatant.  140 

A transmission electron microscope (TEM, Phillips, Eindhoven, Netherlands) was used 141 

to observe exosomes after they were placed on carbon-coated grids and treated with 2% 142 

uranyl acetate for 3 min. The sizes and concentrations of the particles were examined with a 143 

nanoparticle analyzer (Nanosight, Great Malvern, UK) for nanoparticle tracking analysis 144 
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(NTA). Specific markers of exosomes (CD81 and CD63) were examined with western blots. 145 

Exosome uptake assay 146 

Exosome labeling (PKH26, Sigma) was performed following the manufacturer's protocol. 147 

Exosomes were then then incubated with macrophages for 24 h. Fluorescence was observed 148 

using laser scanning confocal microscopy (ZEISS, Oberkohen, Germany). 149 

Dual-luciferase reporter assay  150 

Lipofectamine 2000 (Invitrogen, USA) was employed for co-transfecting the 151 

PTEN-3'-UTR WT (GenePharma) and PTEN-3'-UTR MUT constructs with a miR-301a-3p 152 

mimic or miR-NC construct, respectively, into 293T cells. Forty-eight hours later, a 153 

dual-luciferase reporter assay system was used to detect the luciferase activity (Promega, WI, 154 

USA). 155 

RNA extraction and quantitative real‑time polymerase chain reaction (qRT-PCR) 156 

Total RNA was extracted from cells and exosomes using the Trizol reagent (Beyotime, 157 

Shanghai, China). For the analysis of miRNAs, the obtained RNA was reverse transcribed 158 

into complementary DNA (cDNA) using the miRNA 1st strand cDNA synthesis Kit (Vazyme, 159 

Nanjing, China), following which the miRNA universal SYBR qPCR Master Mix (Vazyme) 160 

was used for qPCR. For mRNA level analysis, the PrimeScriptTM RT reagents Kit (Takara, 161 

Japan) was used to synthesize cDNA from the extracted total RNA. Subsequently, the TB 162 

Green Premix Ex Taq II (Takara, Japan) system was used for qPCR. U6 and GAPDH were 163 

chosen as endogenous miRNA and mRNA controls for the analysis, respectively. Primer 164 

synthesis was performed by SANGON (Shanghai, China) (Table 1). The 2−ΔΔCt method was 165 

applied for quantifying relative miRNA and mRNA levels. 166 
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Protein extraction and western blot  167 

Total protein was extracted from cells and exosomes using the RIPA lysis buffer 168 

(Solarbio), which contains protease inhibitors (Vazyme) and phosphatase inhibitors (Vazyme). 169 

Sample protein levels were examined with the BCA Protein Assay Kit (Thermo Fisher, 170 

Waltham, USA). Protein levels in the experimental and control groups were adjusted to 171 

equivalent levels by adding RIPA lysis buffer and 5× loading buffer (Solarbio). Next, the 172 

protein samples were heated at 100°C for 10 min, following which 10% SDS–PAGE 173 

electrophoresis was performed using 20 mg of samples (30 min, 80 V and then 1 h, 110 V). 174 

Proteins were then transferred to poly-vinylidene difluoride membranes (Millipore, USA) (2 175 

h, 300 mA), which were subsequently blocked in 5% bovine serum albumin (Solarbio) for 2 176 

h. Following this, the membranes were incubated with primary antibodies (Abcam, 177 

Cambridge, UK) overnight at 4°C. Then, they were incubated with horseradish 178 

peroxidase-conjugated secondary antibodies (Abcam) for 2 h. Enhanced chemiluminescence 179 

reagents (Thermo Fisher) were used to detect protein expression. 180 

Flow cytometry 181 

Antibodies against surface markers of M2 macrophages (CD206-FITC; Biolegend, 182 

California, USA) and surface markers of macrophages (CD68-APC; Biolegend) were used to 183 

label macrophages for 30 min at 4°C. Subsequently, these different cell groups were detected 184 

using a BD FACSAria III flow cytometer (BD Biosciences, Franklin lakes, USA).  185 

Cell counting kit-8 (CCK-8) assay 186 

After planting 3 × 103 cells in each well, 10 μL of the CCK-8 solution (Shangbao Biology, 187 

Shanghai, China) was added, and cells were incubated at 37°C for 2 h. Finally, optical density 188 
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(OD) was examined at 450 nm with a microplate reader (Molecular Devices, San Francisco, 189 

USA). 190 

Scratch assay 191 

After planting cells in a 6-well plate and controlling cell density at 5  ×  105 cells per well, 192 

scratches were made using a sterilized 100-μL pipette tip (same tip for all experiments). 193 

Floating cells were discarded after cleaning with PBS. Next, the scratches were recorded at 0 194 

and 24 h. The wound width proportion was the ratio between the migrated distance and the 195 

total width of the wound.  196 

Transwell migration and invasion assay 197 

Transwell migration assay: 200 μL FBS-free DMEM (with 2 × 105 cells) was transferred 198 

to one chamber of a 6-well plate after 500 μL DMEM with 20% FBS was added to the well 199 

outside the chamber.  200 

Transwell invasion assay: 100 μL Matrigel was melted in one chamber of a 6-well plate 201 

before 200 μL FBS-free DMEM (with 5 × 105 cells) and 500 μL DMEM with 20% FBS was 202 

transferred to the chamber and the well outside the chamber, respectively.  203 

In both assays, after incubation at 4°C for 16 h, cells were fixed with 4% 204 

paraformaldehyde (Solarbio) for 20 min, and crystal violet (Solarbio) was used to stain cells 205 

for 20 min. Five random fields were recorded for each chamber, and the cells that had 206 

traversed across the chamber were counted using Image J (Staten, USA). 207 

Tube formation assay 208 

Matrigel (BD Biosciences, Franklin lakes, USA) was thawed at 4°C overnight before the 209 

experiments. Subsequently, 100 μL Matrigel was added to a 24-well plate. After 40 min of 210 
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incubation, 1 mL medium (containing 1 × 105 cells) was added, and followed by 5–7 h of 211 

incubation at 37°C. Subsequently, three random fields of each well were recorded, and the 212 

total branching lengths were measured using Image J. 213 

Enzyme-linked immunosorbent assay (ELISA) 214 

The levels of cytokines secreted by cells were examined using ELISA kits (RayBiotech, 215 

Atlanta, USA) according to the manufacturer's protocol. OD values (450 nm) were obtained 216 

using a microplate reader. 217 

Statistical analyses 218 

A minimum of three replicates was performed for each experiment, and results were 219 

presented as mean ± standard error of the mean (SEM). We analyzed between-group 220 

differences using independent t-tests. Correlation analyses were conducted with Spearman’s 221 

rank test. Relationships of clinicopathological characteristics in ESCC patients with 222 

miR-301a-3p levels were analyzed using Pearson χ2 test. SPSS 26.0 software (National 223 

Institutes of Health, USA) was used for all the analyses in the study, and graph preparation 224 

was performed using GraphPad Prism 8 (USA). A two-tailed P-value < 0.05 was considered 225 

an indicator of statistical significance. 226 

 227 

Results 228 

miR-301a-3p is enriched in ESCC tissues and cells and in ESCC-derived exosomes  229 

PTEN is the primary regulator of the pro-angiogenic switch [15]. We attempted to 230 

identify a miRNA that can regulate this switch by directly targeting PTEN. To this end, we 231 

used three bioinformatics software, Target Scan, miRDB, and miDIP, to predict the miRNAs 232 
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targeting the PTEN gene (Fig. 1a). Further, we obtained ESCC-related miRNA expression 233 

data (GSE97051 dataset) from the GEO DataSets and verified whether the five candidate 234 

miRNAs predicted by the software were differentially expressed in ESCC tissues. Only 235 

miR-301a-3p showed significant upregulation in ESCC tissues (Fig. 1b). 236 

To prove this differential expression experimentally, we performed qRT-PCR using 237 

clinical samples. miR-301a-3p was significantly upregulated in ESCC tissues in comparison 238 

with adjacent normal esophageal mucosa tissues (Fig. 1c). Further, the miR-301a-3p 239 

expression level showed a positive correlation with TNM stage (p=0.005), tumor invasion 240 

(p=0.008), and lymph node metastasis (p=0.026), but it showed no association with age and 241 

sex (Table 2). Subsequently, expression analysis in ESCC lines (KYSE150, EC109, EC9706, 242 

and TE1) and in the normal esophageal mucosa cell line (Het-1A) revealed the highest 243 

miR-301a-3p expression in EC9706 cells. Thus, these cells were selected for subsequent 244 

experiments (Fig. 1d). Meanwhile, the miR-301a-3p level in ESCC cells was higher than that 245 

in Het-1A cells, indicating significant miR-301a-3p upregulation in ESCC cells (Fig. 1d).  246 

In addition, qRT-PCR results demonstrated that miR-301a-3p expression was higher in 247 

exosomes secreted by EC9706 cells than in EC9706 cells, indicating that this miRNA was 248 

enriched in ESCC-derived exosomes (Fig. 1e). 249 

ESCC-derived exosomes induce M2 polarization of macrophages 250 

Exosomes were isolated from ESCC cells and identified based on three methods. As 251 

depicted in Fig. 2a and b, the typical lipid bilayer disc structures of exosomes could be clearly 252 

visualized using TEM, and their diameters were found to be about 50–150 nm using NTA. 253 

CD63 and CD81, typical markers of exosomes, were examined using western blot and were 254 
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found to be enriched in ESCC-derived exosomes (Fig. 2c). Hence, the isolates were 255 

confirmed to be exosomes. 256 

As shown in Fig. 2d, macrophages were obtained from THP-1 cells after PMA treatment. 257 

After incubating macrophages with PKH26-labeled ESCC-derived exosomes for 24 h, red 258 

fluorescence was visualized in the cytoplasm of macrophages, indicating that the exosomes 259 

were successfully internalized by macrophages (Fig. 2e). 260 

Next, flow cytometry and qRT-PCR demonstrated that M2 markers (CD206, IL-10, 261 

CD163, and Arginase-1) showed higher levels in macrophages treated with exosomes than in 262 

those treated with PBS, suggesting that ESCC-derived exosomes can induce the M2 263 

phenotype of macrophages (Fig. 2f and g). 264 

Induction and identification of tumor-associated endothelial cells 265 

To better simulate the physiological state of endothelial cells in the ESCC TME, 266 

HUVECs were co-cultured with different concentrations of EC9706 cell supernatant for 48 h 267 

in order to allow them to transform into tumor-associated endothelial cells (TECs). Then, we 268 

used the CCK-8 assay to detect the proliferation of HUVECs co-cultured with EC9706 cell 269 

supernatant. The results demonstrated that proliferation activity was noticeably higher in 270 

HUVECs treated with medium containing a 20% volume fraction of EC9706 cell supernatant, 271 

and this was thus chosen as the optimal concentration for inducing the transformation of 272 

HUVECs into TECs (Fig. 3a). The CCK-8 assay demonstrated that the 20% volume fraction 273 

of EC9706 cell supernatant remarkably promoted HUVEC cell proliferation (Fig. 3b), and 274 

qRT-PCR results showed that it also upregulated the tumor vascular endothelial cell markers 275 

TEM5 and TEM7 in these cells (Fig. 3c) [16, 17]. ELISA results showed that HUVECs 276 
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co-cultured with a 20% volume fraction of EC9706 cell supernatant secreted more VEGFA 277 

than HUVECs (Fig. 3d). The scratch assay and Transwell migration assay demonstrated 278 

enhanced migration ability in HUVECs co-cultured with the 20% volume fraction of EC9706 279 

cell supernatant (Fig. 3e and f), and the tube formation assay demonstrated that this treatment 280 

also significantly increased the total branching length of tubes formed by HUVECs (Fig. 3g). 281 

These results confirmed the successful induction of TECs, which better simulated the existing 282 

conditions of endothelial cells in the TME and had a stronger ability to promote angiogenesis 283 

than HUVECs. 284 

ESCC-derived exosomes promote angiogenesis by inducing M2 polarization of 285 

macrophages 286 

A conditioned medium system was used to explore the effect of macrophages induced by 287 

ESCC-derived exosomes on angiogenesis. The CCK-8 assay demonstrated that supernatant 288 

from macrophages incubated with ESCC-derived exosomes remarkably promoted TEC 289 

proliferation (Fig. 4a). The scratch assay and Transwell migration assay suggested that 290 

supernatant from macrophages incubated with ESCC-derived exosomes promoted TEC 291 

migration (Fig. 4b and c), and the Transwell invasion assay showed that this supernatant 292 

sharply increased the number of TECs traversing through the chamber (Fig. 4d). In addition, 293 

the tube formation assay demonstrated an obvious increase in the total branching length of 294 

tubes formed by TECs after treatment with supernatant from macrophages incubated with 295 

ESCC-derived exosomes (Fig. 4e).  296 

ESCC-derived exosomal miR-301a-3p promotes angiogenesis by inducing M2 297 

polarization of macrophages 298 
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The endogenous miR-301a-3p level of EC9706 cells was altered via transfection with 299 

miR-NC, miR-301a-3p mimic, or miR-301a-3p inhibitor, and we confirmed the transfection 300 

efficiencies using qRT-PCR (Fig. 5a). Moreover, qRT-PCR confirmed that EC9706 301 

cell-derived exosomes altered miR-301a-3p expression in macrophages (Fig. 5b), suggesting 302 

that this miRNA could be delivered to macrophages via exosomes. 303 

Flow cytometry and qRT-PCR demonstrated the upregulation of M2 markers (CD206, 304 

IL-10, CD163, and Arginase-1) in macrophages co-cultured with exosomes from 305 

miR-301a-3p mimic-transfected EC9706 cells. In contrast, these markers were 306 

downregulated when macrophages underwent treatment with exosomes from miR-301a-3p 307 

inhibitor-transfected EC9706 cells. This confirmed that exosomal miR-301a-3p can induce 308 

M2 macrophage polarization (Fig. 5c and d). 309 

Finally, the angiogenetic effect of exosomal miR-301a-3p on TECs was tested. Results 310 

showed that conditioned medium from macrophages co-cultured with exosomes derived from 311 

miR-301a-3p mimic-transfected EC9706 cells promoted TEC proliferation (Fig. 5e), 312 

migration (Fig. 5f and g), invasion (Fig. 5h), and tube formation (Fig. 5i), whereas the 313 

opposite trend was noted when miR-301a-3p inhibitor was used (Fig. 5e–i). 314 

ESCC-derived exosomal miR-301a-3p induces M2 macrophage polarization via the 315 

inhibition of PTEN and activation of the PI3K/AKT signaling pathway, and then 316 

promotes angiogenesis via the secretion VEGFA and MMP9 317 

We further explored the mechanism underlying the M2 macrophage-inducing effects of 318 

exosomal miR-301a-3p from ESCC cells. Data from Targetscan showed that the 3′UTR 319 

sequence of PTEN might possess latent binding sites with the miR-301a-3p sequence at 320 
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positions 412–418, suggesting that miR-301a-3p might target PTEN to induce M2 321 

polarization (Fig. 6a). Subsequently, we confirmed the binding of miR-301a-3p to PTEN 322 

using a dual-luciferase reporter assay, which demonstrated a significant inhibition of 323 

luciferase activity in the PTEN-3'-UTR WT construct in miR-301a-3p mimic-transfected 324 

239T cells. In contrast, no effect was observed when PTEN-3'-UTR MUT was used, proving 325 

that PTEN could be directly targeted by miR-301a-3p (Fig. 6b). 326 

In addition, qRT-PCR results from 20 patients demonstrated lower PTEN expression in 327 

ESCC tissues than in corresponding normal adjacent esophageal mucosa tissues (Fig. 6c). 328 

Through correlation analysis, we found a negative association between miR-301a-3p levels 329 

and PTEN levels, further validating the direct targeting of PTEN by miR-301a-3p (Fig. 6d). 330 

Clinicopathological analysis results suggested that the PTEN level was inversely related to 331 

tumor diameter (p=0.020), tumor invasion (p=0.004), TNM stage (p=0.032), and lymph node 332 

metastasis (p=0.017), whereas it showed no association with age and gender (Table 3). 333 

The PI3K/AKT signaling pathway participates in macrophage polarization. To further 334 

explore whether this pathway mediates the macrophage polarization induced by 335 

ESCC-derived exosomes, we examined the expression of PI3K and AKT in macrophages 336 

treated with PBS or ESCC-derived exosomes using western blot and qRT-PCR. We found 337 

that PI3K and AKT levels were significantly upregulated in macrophages incubated with 338 

ESCC-derived exosomes (Fig. 6e and f). Moreover, the expression of PTEN, which inhibits 339 

the PI3K/AKT signaling pathway, was down-regulated in macrophages incubated with 340 

ESCC-derived exosomes (Fig. 6e and f). 341 

Recent studies have confirmed that TAMs can secret pro-angiogenic factors such as 342 
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VEGFA and MMP9 and thereby promote tumor angiogenesis. In order to explore whether 343 

macrophages incubated with ESCC-derived exosomes can promote angiogenesis via the 344 

upregulation of VEGFA and MMP9, the expression of these factors in macrophages 345 

incubated with PBS or ESCC-derived exosomes was examined using western blot and 346 

qRT-PCR. VEGFA and MMP9 levels were significantly elevated in macrophages incubated 347 

with ESCC-derived exosomes (Fig. 6g and h). ELISA demonstrated that VEGFA and MMP9 348 

expression in the supernatant of macrophages incubated with ESCC-derived exosomes was 349 

significantly higher than that in the supernatant of macrophages incubated with PBS (Fig. 6i). 350 

Hence, exosomes from ESCC cells can induce M2 macrophage polarization by inhibiting 351 

PTEN and activating PI3K/AKT signaling and then promote angiogenesis by secreting 352 

VEGFA and MMP9. 353 

To further examine the role of PI3K/AKT signaling in the upregulation of VEGFA and 354 

MMP9, macrophages incubated with ESCC-derived exosomes were treated with LY294002, 355 

a PI3K inhibitor. Western blot and qRT-PCR demonstrated that LY294002 treatment 356 

attenuated the upregulation of PI3K, AKT, VEGFA, and MMP9 induced by exosomes 357 

secreted from ESCC cells (Fig. 6j and k). 358 

Moreover, PTEN expression was lower and PI3K, AKT, VEGFA, and MMP9 expression 359 

was higher in macrophages co-cultured with exosomes from miR-301a-3p mimic-transfected 360 

EC9706 cells than in those co-cultured with exosomes from miR-NC-transfected EC9706 361 

cells. However, the opposite trend was observed when the miR-301a-3p inhibitor was used 362 

for transfection (Fig. 6l and m).  363 

 364 
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Discussion 365 

Angiogenesis is crucial for maintaining survival and progression in solid tumors. 366 

Therefore, angiogenesis inhibition via targeted drug treatment has become a prospective 367 

therapeutic strategy for various malignant tumors. Several antiangiogenic drugs, such as 368 

bevacizumab and Zaltrap, have received approval from the Food and Drug Administration 369 

(FDA) as first-line treatment agents for glioblastoma, colorectal cancer, and other cancers and 370 

have provided encouraging outcomes [18, 19]. However, ramucirumab remains the only 371 

FDA-approved antiangiogenic drug which is highly effective against esophageal cancer. 372 

Moreover, most clinical trials have focused on ECA and esophageal gastric junction cancer, 373 

which are common in western populations. Data on ESCC, which is very prevalent in China, 374 

is relatively scarce and warrants more exploration [20, 21]. Therefore, investigating the 375 

molecular mechanism underlying tumor angiogenesis in ESCC may help clarify the complex 376 

angiogenic process in the TME of ESCC, enabling the development of effective 377 

antiangiogenic and anti-cancer drugs for patients with ESCC in the future. 378 

Increasing evidence has shown that exosomes, which are natural endogenous vesicles, 379 

can be used as anti-cancer drug carriers. Exosomes play important roles in tumorigenesis, 380 

cancer progression, metastasis, drug resistance, and angiogenesis owing to the miRNA they 381 

carry [22]. An immune tolerance environment, which promotes tumor progression, can be 382 

created by the exosome-mediated crosstalk of tumor cells with other cells in the TME. 383 

Exosomes from pancreatic tumor cells have been found to induce apoptosis in T lymphocytes 384 

by activating p38 MAPK and causing endoplasmic reticulum stress [23]. The cytotoxicity of 385 

natural killer cells has been found to decrease after long-term incubation with oral cancer 386 
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cell‑derived exosomes [24]. In our study, we discovered that exosomes secreted by ESCC 387 

cells induce M2 macrophage polarization via the PTEN/PI3K/AKT signaling pathway. Our 388 

findings indicated that exosomes are essential messengers mediating intercellular 389 

communication between tumor cells and surrounding stromal cells in the TME. 390 

VEGFA is commonly recognized as the most effective angiogenesis-promoting factor, 391 

and it can activate a variety of downstream signaling pathways in endothelial cells, 392 

consequently exerting a positive effect on the proliferation and migration of endothelial cells 393 

[25]. Increased serum levels of VEGF and EGF have been confirmed to show a strong 394 

correlation with a poor prognosis in ESCC patients [26]. MMP9, a core member of the MMP 395 

family, can degrade gelatin, fibronectin, and other protein components. Therefore, it assists in 396 

the proliferation and migration of endothelial cells by degrading the basement membrane and 397 

extracellular matrix [27]. Our study demonstrated that macrophages facilitate proliferation, 398 

migration, invasion, and tube formation in TECs by secreting VEGFA and MMP9, 399 

confirming the promoting effect of TAMs on tumor angiogenesis. 400 

miR-301a-3p, belonging to the mir-130/301 family, is a multifunctional miRNA that 401 

promotes tumor progression, regulates inflammatory responses, and mediates drug resistance 402 

[28–30]. miR-301a-3p can promote tumor proliferation and metastasis in several 403 

malignancies, including esophageal, pancreatic, and colorectal cancer [31–33]. Nevertheless, 404 

the mechanism via which miR-301a-3p contributes to ESCC progression has been unclear, 405 

and research on how miR-301a-3p affects angiogenesis is extremely scarce. Our findings 406 

confirmed miR-301a-3p upregulation in ESCC tissues and cells and showed that the level of 407 

this miRNA was positively correlated with TNM stage, tumor invasion, and lymph node 408 
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metastasis. Our findings thus pointed to a potential regulatory role of this miRNA in the 409 

pro-angiogenic switch in macrophages via the PTEN/PI3K/AKT pathway. 410 

Previous studies on angiogenesis have mainly focused on the direct effect of cancer cells 411 

or other cells in the TME on angiogenesis, while the mechanism by which cancer cells 412 

indirectly promote angiogenesis through effects on the TME remained unclear. Research has 413 

suggested that exosomal miR-155-5p from melanoma cells induces the transformation of 414 

normal fibroblast into cancer-associated fibroblasts (CAFs), thereby promoting angiogenesis, 415 

indicating that cancer cells can indirectly affect angiogenesis via CAFs in the TME [34]. 416 

However, how cancer cells exert indirect effects on angiogenesis by affecting TAMs 417 

remained to be explored. In particular, the mechanism by which cancer cells use exosomal 418 

miRNA to indirect affect angiogenesis via the crosstalk with TAMs had not been reported. 419 

Our study demonstrates that ESCC-derived exosomal miR-301a-3p can induce M2 420 

polarization via the PTEN/PI3K/AKT signaling pathway and then indirectly promote 421 

angiogenesis.  422 

However, there are some limitations to our study. First, the sample size used for 423 

expression analysis in tumor tissues was relatively limited. Hence, further research with a 424 

larger sample size is warranted. Second, we were unable to perform in vivo assays owing to 425 

uncontrollable external circumstances. We will validate our results with such experiments in 426 

our future studies. 427 

 428 

Conclusions 429 

Exosomal miR-301a-3p secreted from ESCC cells causes M2 macrophage polarization 430 
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via the inhibition of PTEN expression and activation of the PI3K /AKT signaling pathway 431 

and then promotes angiogenesis via the secretion of the angiogenic factors VEGFA and 432 

MMP9. Our study reveals a novel mechanism underlying the crosstalk between ESCC cells 433 

and TAMs, which triggers the pro-angiogenic switch of macrophages. Our findings lay the 434 

foundation for formulating new strategies and developing effective antiangiogenic drugs for 435 

ESCC treatment. Other biological molecules carried by ESCC cell-derived exosomes may 436 

also be involved in the pro-angiogenic switch of TAMs, and these warrant further study. 437 
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Figure captions 549 

Fig. 1 miR-301a-3p is expressed at high levels in ESCC tissues and cells and shows 550 

enrichment in ESCC-derived exosomes. a miRNAs targeting the PTEN gene were predicted 551 

using Target Scan, miRDB, and miDIP. b miRNA expression in ESCC tissues was illustrated 552 

using a Volcano plot. Each dot represents one miRNA. The dot representing miR-301a-3p is 553 

red in color, implying that miR-301a-3p was significantly upregulated in ESCC patients. c–e 554 

Quantification of miR-301a-3p expression in 20 pairs of fresh ESCC tissues and 555 

corresponding adjacent normal esophageal mucosa tissues (c), four ESCC cell lines 556 

KYSE150, EC109, EC9706, and TE1 and one normal esophageal mucosal cell line Het-1A 557 

(d), and EC9706 cells and exosomes secreted by EC9706 cells (e) using qRT-PCR. 558 

**p < 0.01, ***p < 0.001 559 

Fig. 2 ESCC cell-derived exosomes induce M2 polarization of macrophages. a Exosome 560 

structure was clearly observed using transmission electron microscopy. b Exosomal size 561 

distribution and concentration were quantified using nanoparticle tracking analysis. c CD63 562 

and CD81 expression in ESCC cell-derived exosomes was detected using western blot. d 563 

THP-1 cells were subjected to PMA treatment to obtain macrophages. e Scanning confocal 564 

microscopy images demonstrating that exosomes were internalized by macrophages. f, g 565 

Expression of M2 markers (CD206, IL-10, CD163, and Arginase-1) in macrophages 566 

incubated with exosomes was measured using flow cytometry and qRT-PCR. *p < 0.05, 567 

**p < 0.01 568 

Fig. 3 Induction and identification of tumor-associated endothelial cells. a Proliferation 569 

activity of HUVECs undergoing treatment with EC9706 cell supernatant (0%–80%) was 570 
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detected using the CCK-8 assay. b The 20% volume fraction of EC9706 cell supernatant 571 

promoted HUVEC proliferation. c Expression of tumor vascular endothelial cell markers 572 

TEM5 and TEM7 in HUVECs co-cultured with a 20% volume fraction of EC9706 cell 573 

supernatant was quantified with qRT-PCR. d VEGFA levels in the culture medium of 574 

HUVECs co-cultured with a 20% volume fraction of EC9706 cell supernatant was measured 575 

using ELISA. e, f Migration ability of HUVECs co-cultured with a 20% volume fraction of 576 

EC9706 cell supernatant was detected using the scratch assay and Transwell migration assay. 577 

g Tube formation ability of HUVECs co-cultured with a 20% volume fraction of EC9706 cell 578 

supernatant was detected using the tube formation assay. *p < 0.05, **p < 0.01 579 

Fig. 4 ESCC cell-derived exosomes promote angiogenesis by inducing M2 polarization of 580 

macrophages. a Proliferation activity of TECs was detected using the CCK-8 assay. b-e 581 

Migration ability, invasion ability, and tube formation ability of TECs co-cultured with the 582 

supernatant of macrophages incubated with ESCC cell-derived exosomes were detected using 583 

the scratch assay and Transwell migration assay (b, c), Transwell invasion assay (d), and tube 584 

formation assay (e), respectively. *p < 0.05, **p < 0.01 585 

Fig. 5 ESCC-derived exosomal miR-301a-3p promotes angiogenesis by inducing M2 586 

macrophage polarization. a, b miR-301a-3p expression in EC9706 cells transfected with 587 

miR-NC, miR-301a-3p mimic, or miR-301a-3p inhibitor (a) and macrophages co-cultured 588 

with exosomes from these cells (b) was measured using qRT-PCR. c, d Expression of M2 589 

markers (CD206, IL-10, CD163, and Arginase-1) in macrophages co-cultured with exosomes 590 

from EC9706 cells transfected with miR-NC, miR-301a-3p mimic, or miR-301a-3p inhibitor 591 

was measured using flow cytometry and qRT-PCR. e-i Proliferation activity, migration ability, 592 
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invasion ability, and tube formation ability of TECs co-cultured with conditioned medium of 593 

macrophages incubated with exosomes from EC9706 cells transfected with miR-NC, 594 

miR-301a-3p mimic, or miR-301a-3p inhibitor were evaluated using the CCK-8 assay (e), 595 

scratch assay and Transwell migration assay (f, g), Transwell invasion assay (h), and the tube 596 

formation assay (i), respectively. *p < 0.05, **p < 0.01, ***p < 0.001 597 

Fig. 6 ESCC-derived exosomal miR-301a-3p inhibits PTEN and activates the PI3K/AKT 598 

pathway to induce the M2 polarization of macrophages, which then secrete VEGFA and 599 

MMP9 to promote angiogenesis. a 3′UTR sequence of PTEN has potential latent binding 600 

sites with the miR-301a-3p sequence. b Dual-luciferase reporter assay confirming the 601 

interaction of PTEN with miR-301a-3p. c PTEN expression in 20 pairs of fresh ESCC tissues 602 

and corresponding adjacent normal esophageal mucosa tissues was measured using qRT-PCR. 603 

d The relationship of miR-301a-3p expression with PTEN expression was analyzed with 604 

correlation analysis. e, f The expression of PTEN, PI3K, and AKT in macrophages incubated 605 

with ESCC cell-derived exosomes was measured using western blot and qRT-PCR. g, h The 606 

expression of VEGFA and MMP9 in macrophages incubated with ESCC cell-derived 607 

exosomes was measured using western blot and qRT-PCR. i The expression of VEGFA and 608 

MMP9 in the culture medium of macrophages incubated with ESCC cell-derived exosomes 609 

was measured using ELISA. j, k The expression of PI3K, AKT, VEGFA, and MMP9 in 610 

macrophages incubated with ESCC cell-derived exosomes and treated with the PI3K 611 

inhibitor LY294002 was measured using western blot and qRT-PCR. l, m The expression of 612 

PTEN, PI3K, AKT, VEGFA, and MMP9 in macrophages co-cultured with exosomes from 613 

EC9706 cells transfected with miR-NC, miR-301a-3p mimic, or miR-301a-3p inhibitor was 614 
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measured using western blot and qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001 615 



Figures

Figure 1

miR-301a-3p is expressed at high levels in ESCC tissues and cells and shows enrichment in ESCC-derived
exosomes. a miRNAs targeting the PTEN gene were predicted using Target Scan, miRDB, and miDIP. b
miRNA expression in ESCC tissues was illustrated using a Volcano plot. Each dot represents one miRNA.
The dot representing miR-301a-3p is red in color, implying that miR-301a-3p was signi�cantly upregulated
in ESCC patients. c–e Quanti�cation of miR-301a-3p expression in 20 pairs of fresh ESCC tissues and
corresponding adjacent normal esophageal mucosa tissues (c), four ESCC cell lines KYSE150, EC109,
EC9706, and TE1 and one normal esophageal mucosal cell line Het-1A (d), and EC9706 cells and
exosomes secreted by EC9706 cells (e) using qRT-PCR. **p < 0.01, ***p < 0.001



Figure 2

ESCC cell-derived exosomes induce M2 polarization of macrophages. a Exosome structure was clearly
observed using transmission electron microscopy. b Exosomal size distribution and concentration were
quanti�ed using nanoparticle tracking analysis. c CD63 and CD81 expression in ESCC cell-derived
exosomes was detected using western blot. d THP-1 cells were subjected to PMA treatment to obtain
macrophages. e Scanning confocal microscopy images demonstrating that exosomes were internalized
by macrophages. f, g Expression of M2 markers (CD206, IL-10, CD163, and Arginase-1) in macrophages
incubated with exosomes was measured using �ow cytometry and qRT-PCR. *p < 0.05, **p < 0.01



Figure 3

Induction and identi�cation of tumor-associated endothelial cells. a Proliferation activity of HUVECs
undergoing treatment with EC9706 cell supernatant (0%–80%) was detected using the CCK-8 assay. b
The 20% volume fraction of EC9706 cell supernatant promoted HUVEC proliferation. c Expression of
tumor vascular endothelial cell markers TEM5 and TEM7 in HUVECs co-cultured with a 20% volume
fraction of EC9706 cell supernatant was quanti�ed with qRT-PCR. d VEGFA levels in the culture medium



of HUVECs co-cultured with a 20% volume fraction of EC9706 cell supernatant was measured using
ELISA. e, f Migration ability of HUVECs co-cultured with a 20% volume fraction of EC9706 cell
supernatant was detected using the scratch assay and Transwell migration assay. g Tube formation
ability of HUVECs co-cultured with a 20% volume fraction of EC9706 cell supernatant was detected using
the tube formation assay. *p < 0.05, **p < 0.01

Figure 4



ESCC cell-derived exosomes promote angiogenesis by inducing M2 polarization of macrophages. a
Proliferation activity of TECs was detected using the CCK-8 assay. b-e Migration ability, invasion ability,
and tube formation ability of TECs co-cultured with the supernatant of macrophages incubated with
ESCC cell-derived exosomes were detected using the scratch assay and Transwell migration assay (b, c),
Transwell invasion assay (d), and tube formation assay (e), respectively. *p < 0.05, **p < 0.01

Figure 5



ESCC-derived exosomal miR-301a-3p promotes angiogenesis by inducing M2 macrophage polarization.
a, b miR-301a-3p expression in EC9706 cells transfected with miR-NC, miR-301a-3p mimic, or miR-301a-
3p inhibitor (a) and macrophages co-cultured with exosomes from these cells (b) was measured using
qRT-PCR. c, d Expression of M2 markers (CD206, IL-10, CD163, and Arginase-1) in macrophages co-
cultured with exosomes from EC9706 cells transfected with miR-NC, miR-301a-3p mimic, or miR-301a-3p
inhibitor was measured using �ow cytometry and qRT-PCR. e-i Proliferation activity, migration ability,
invasion ability, and tube formation ability of TECs co-cultured with conditioned medium of macrophages
incubated with exosomes from EC9706 cells transfected with miR-NC, miR-301a-3p mimic, or miR-301a-
3p inhibitor were evaluated using the CCK-8 assay (e), scratch assay and Transwell migration assay (f, g),
Transwell invasion assay (h), and the tube formation assay (i), respectively. *p < 0.05, **p < 0.01, ***p < 
0.001



Figure 6

ESCC-derived exosomal miR-301a-3p inhibits PTEN and activates the PI3K/AKT pathway to induce the
M2 polarization of macrophages, which then secrete VEGFA and MMP9 to promote angiogenesis. a
3′UTR sequence of PTEN has potential latent binding sites with the miR-301a-3p sequence. b Dual-
luciferase reporter assay con�rming the interaction of PTEN with miR-301a-3p. c PTEN expression in 20
pairs of fresh ESCC tissues and corresponding adjacent normal esophageal mucosa tissues was



measured using qRT-PCR. d The relationship of miR-301a-3p expression with PTEN expression was
analyzed with correlation analysis. e, f The expression of PTEN, PI3K, and AKT in macrophages
incubated with ESCC cell-derived exosomes was measured using western blot and qRT-PCR. g, h The
expression of VEGFA and MMP9 in macrophages incubated with ESCC cell-derived exosomes was
measured using western blot and qRT-PCR. i The expression of VEGFA and MMP9 in the culture medium
of macrophages incubated with ESCC cell-derived exosomes was measured using ELISA. j, k The
expression of PI3K, AKT, VEGFA, and MMP9 in macrophages incubated with ESCC cell-derived exosomes
and treated with the PI3K inhibitor LY294002 was measured using western blot and qRT-PCR. l, m The
expression of PTEN, PI3K, AKT, VEGFA, and MMP9 in macrophages co-cultured with exosomes from
EC9706 cells transfected with miR-NC, miR-301a-3p mimic, or miR-301a-3p inhibitor was measured using
western blot and qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001
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