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Abstract. Exosomal pyruvate kinase isoenzyme type M2 
(PKM2) has been found to play a key role in the progres‑
sion of human hepatocarcinoma. However, exosomal PKM2 
(especially plasma‑derived exosomal PKM2), in patients with 
oesophageal squamous cell carcinoma (ESCC) has not been 
well defined. In the present study, plasma‑derived exosomes 
were isolated from healthy controls and patients with ESCC, 
and identified by transmission electronic microscopy, western 
blotting, nano‑flow cytometry, nanoparticle tracking and 
phagocytosis analysis; exosomal PKM2 was detected by 
western blotting and ELISA. In addition, changes in cellular 
proliferation and motility in recipient cells  (Eca109) were 
assessed using Cell Counting Kit‑8, colony formation, 
wound‑healing and Transwell assays. The PKM2 content was 
higher in exosomes from patients with ESCC than in those 
from healthy donors. Furthermore, exosomes from patients 
with ESCC enhanced the proliferation and motility of ESCC 
cells in vitro. Notably, PKM2 was found to be transferred 
by exosomes, and was able to act by activating STAT3. To 
verify the association between PKM2 and STAT3, immuno‑
histochemistry was employed to analyse the protein levels of 
PKM2 and pSTAT3Tyr705. These data revealed that PKM2 and 

pSTAT3Tyr705 were upregulated and associated with overall 
survival in patients with ESCC. Therefore, the present study 
highlights that exosomes from patients with ESCC enhance 
the migration and invasiveness of ESCC cells by transferring 
PKM2.

Introduction

Oesophageal carcinoma (EC) is the ninth most common 
malignancy worldwide, and its mortality rate is the sixth 
highest among all tumour types (1). In China, EC incidence 
and mortality are especially high, accounting for ~50% 
of worldwide morbidity and mortality rates  (2). As the 
predominant form of EC in China, oesophageal squamous cell 
carcinoma (ESCC) is generally associated with a poor prog‑
nosis due to inadequate effective clinical approaches for early 
detection (3). With or without neoadjuvant therapy or adjuvant 
therapy, the five‑year survival rate for patients with ESCC 
undergoing surgery is 25‑45% (4), and the infiltration and 
metastasis of ESCC are the primary causes of ESCC‑related 
deaths (5). Therefore, the identification of molecular markers 
for predicting ESCC prognosis is crucial.

Exosomes range between 30‑100  nm in diameter, are 
composed of a lipid bilayer, and are widely distributed in 
serum, urine, plasma and malignant ascites (6). To sustain 
their survival and reproduction, tumour‑originated exosomes 
harbour oncogenic biomolecules, including RNA, DNA and 
proteins, that maintain internal cancer cell homeostasis. 
Numerous studies have documented that exosomes may also 
be involved in tumour progression (7). Therefore, investiga‑
tion of the biological features of patients with ESCC‑derived 
exosomes may be of great importance for the early diagnosis 
of ESCC, monitoring of treatment efficacy, and evaluation of 
their functions in tumour progression and metastasis. Pyruvate 
kinase isoenzyme type M2 (PKM2) is a metabolic enzyme and 
signalling modulator in the cytoplasm, and a transcriptional 
regulator in the nucleus (8). In our previous proteomics study, 
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screening for exosomal differential proteins revealed that 
PKM2 was upregulated in patients with stage III compared 
with stage II ESCC. In addition, several studies indicated that 
PKM2 was packaged into exosomes (9‑14). However, whether 
PKM2 can be assembled into exosomes in ESCC, and the 
function of exosomal PKM2 in patients with ESCC, remain 
unknown.

Therefore, the aim of the present study was to investigate 
the protein level of plasma‑derived exosomal PKM2. The 
impacts of plasma‑derived exosomes from ESCC patients on 
the proliferation, migration and invasion abilities of oesopha‑
geal squamous cell lines was also determined. To clarify the 
possible mechanism of exosomal PKM2 in ESCC, the differ‑
ences in PKM2 and STAT3 mRNA expression between EC 
and non‑malignant oesophageal tissues were analysed using 
the Gene Expression Profiling Interactive Analysis (GEPIA) 
database. In addition, the levels of PKM2 and pSTAT3Tyr705 
in ESCC clinical samples were assessed and verified by 
immunohistochemistry.

Materials and methods

Patients. The present study was approved by the local ethics 
committee of the Affiliated Tumor Hospital of Xinjiang 
Medical University (approval no. K‑2019054). From December 
2013 to November 2014, patients with ESCC at various stages, 
who were hospitalized in the Cancer Hospital Affiliated with 
Xinjiang Medical University, were enrolled in the study. 
All subjects were treated by surgical dissection. The study 
subjects had not received surgical resection, chemotherapy or 
radiotherapy prior to recruitment. The TNM staging system 
of the American Joint Commission on Cancer (8th edition, 
published in 2017) was used for tumour staging (15). A cohort 
of 76 candidates [52 patients with ESCC, 18 healthy volun‑
teers and 6 patients with oesophageal intraepithelial neoplasia 
(EIN)] who were seen in the Department of Thoracic Surgery 
of the Cancer Hospital Affiliated with Xinjiang Medical 
University (Urumqi, China) were recruited for ELISA. 
Detailed information on all participants is summarized in 
Table SI and SII; two tissue microarrays (HEso‑Squ180Sur‑01 
and HEso‑Squ180Sur‑04; Shanghai Outdo Biotech Co., 
Ltd.) including 95 ESCC and 85 matched non‑malignant 
control tissues, as well as a group of surgical specimens from 
52 patients with ESCC (administered from the Department 
of Thoracic Surgery of the Cancer Hospital Affiliated with 
Xinjiang Medical University) were immunostained for analysis 
of the protein level of PKM2 and pSTAT3Tyr705.

Extraction of exosomes from plasma. Blood samples (4 ml) 
were obtained from individuals with ESCC and healthy 
controls prior to surgery, and were centrifuged at 4,000 x g 
for 20 min to remove cells and debris. The plasma was stored 
at ‑80˚C until required. Isolation of exosomes was performed 
using the exoEasy Maxi Kit (Qiagen GmbH), per the manu‑
facturers protocol. Specifically, the plasma was mixed with an 
equivalent volume of XBP buffer and loaded onto exoEasy spin 
columns. The mixture was centrifuged at 500 x g for 1 min 
at room temperature (RT). The flow‑through was discarded 
and 10 ml XWP buffer was added to each column, followed 
by centrifugation at 5,000 x g (5 min at RT) to remove any 

residual buffer. After washing with XWP, the columns were 
transferred into new collection tubes. Buffer XE (1 ml) was 
added to the membrane and incubated for 1 min. The exosomes 
were collected following centrifugation at 500 and 5,000 x g 
(5 min each at 4˚C).

Transmission electron microscopy (TEM). TEM was used to 
examine and photograph the exosomes. First, the exosomes 
were isolated and coated onto a carbon grid as previously 
described (16). Briefly, exosome solution was dropped onto 
100‑mesh sample‑loaded copper mesh and fixed with 2% 
glutaraldehyde and 2% paraformaldehyde in 0.1 mol/l sodium 
cacodylate buffer at pH 7.3 for 3 h at RT. Afterwards, the grids 
were air dried and the exosome morphology photographed 
using a transmission electron microscope (Tecnai™ G2 spirit 
Bio‑Twin; FEI; Thermo Fisher Scientific, Inc.) at an accel‑
eration voltage of 100 kV. Digital images were captured with a 
charge‑coupled device camera (Veleta; Olympus Soft Imaging 
Solutions GmbH).

Exosome size and concentration analysis. A volume of 5 µl 
exosomes was diluted in PBS to 30 µl. After the standard sample 
was tested, the exosome sample was loaded. Information 
regarding the size and concentration of exosomes was detected 
and analysed using Nano flow cytometry (NanoFCM) (instru‑
mentation, Flow NanoAnalyzer; NanoFCM) as previously 
described (17).

NanoFCM analysis of exosomes‑bound beads. A volume of 
10 µl exosomes was diluted to 0.2 µg/µl. Then, 20 µl FITC 
mouse anti‑human CD9 (cat. no. 555371; BD Biosciences), FITC 
mouse anti‑human CD81 (cat. no. 551108; BD Biosciences) and 
FITC mouse IgG (cat. no. 400108, BioLegend, Inc.) was added. 
The sample was incubated at 37˚C for 30 min in the dark, and 
rinsed twice with PBS by ultracentrifugation at 100,000 x g 
(2  h at  4˚C). The pellet was subsequently resuspended in 
100  µl PBS for detection and analysis using NanoFCM. 
Instrumentation; Flow NanoAnalyzer; NanoFCM (Flow 
NanoAnalyzer, Model No: N30E, S/N: FNAN30E2007151114; 
Software:V1.08).

Cell culture. Eca109, KYSE30, KYSE150, TE‑1 and KYSE510 
cells were purchased from Wuhan University, China, and 
maintained in RPMI‑1640 medium (HyClone; Cytiva) 
enriched with 10% FBS (Shanghai VivaCell Biosciences, Ltd.) 
and penicillin‑streptomycin (HyClone; Cytiva) in a humidified 
atmosphere containing 5% CO2 at 37˚C.

Uptake of exosomes by Eca109 cells. To determine whether 
Eca109 cells could take up exosomes from patients with 
ESCC, the PKH67 Green Fluorescent Cell Linker Kit 
(Sigma‑Aldrich; Merck KGaA) was used to label exosomes, 
according to the manufacturers protocol. Briefly, ESCC 
patient exosomes were diluted and resuspended in sterile 
PBS to a final concentration of 50 µg/ml. Diluent C (250 µl; 
PKH67 solution) was added to 1.6  µl PKH67 dye, and 
200 µl exosomes were mixed with 250 µl PKH67 solution 
in a 1.5‑ml microfuge tube. The samples were gently mixed 
for 4 min at 37˚C, and 500 µl 1% BSA was added to bind 
the excess PKH67 dye. Next, the ExoEasy Maxi Kit was 
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used to collect PKH67‑labelled exosomes, after which the 
PKH67‑labelled exosomes were resuspended in RPMI‑1640. 
Eca109 cells were seeded onto culture dishes (35‑mm 
diameter) at a density of 3x105 cells/dish, and incubated in 
complete medium for 24 h at 37˚C (5% CO2). Subsequently, 
the plates were rinsed three times with PBS to remove the 
effect of serum exosomes, and medium containing 100 µl 
PKH67‑labelled exosomes and an equivalent volume of the 
PKH67‑PBS or PBS control, was added to the appropriate 
wells. After that, cells and ESCC exosomes were co‑cultured 
for 1, 2, 4  and  24  h, after which the dishes were gently 
rinsed in PBS and fixed with 4% paraformaldehyde solution 
for 30 min at RT. The dishes were then rinsed again three 
times using PBS. After nuclear staining was performed 
using ProLong Gold Antifade Reagent with DAPI (Beijing 
Solarbio Science & Technology Co., Ltd.), the dishes were 
viewed under a fluorescence microscope.

ELISA. The PKM2 ELISA kit (cat. no. tw041272; Shanghai 
Tongwei Biological Technology Co., Ltd.) was equilibrated at 
RT for 60 min. Plasma was completely lysed in a water bath 
set at 37˚ for 30 min. After standing at RT for 30 min, the 
supernatant was obtained. For sample addition, 50 µl stan‑
dard or 10 µl sample mixed with 40 µl sample diluent was 
added to each ELISA plate well, and 100 µl biotin‑conjugated 
antibody working solution was added to all wells, followed 
by incubation for 1 h at 37˚C. The supernatant was discarded, 
and the plate was rinsed five times with wash solution (in the 
kit). Then, 50 µl each of substrate solution A and B was added 
to each well, followed by incubation at 37˚C in the dark for 
15 min. Then, 50 µl stop solution was added to terminate the 
reaction, and 5 min later, the OD value of each well was deter‑
mined using a microplate reader set at 450 nm. A standard 
curve of the OD values was plotted by using GraphPad Prism 
5.0 software (GraphPad Software, Inc.), and the concentration 
of plasma-derived PKM2 in each sample was determined.

Cellular proliferation assay. Eca109 cells were washed with 
PBS and seeded into 96‑well plates (3,000  cells/well) in 
RPMI‑1640 medium enriched with 10% exosome‑free FBS, 
with or without exosomes (50 µg/ml). After incubation for 2 h, 
the Cell Counting Kit 8 (APExBIO Technology LLC) was 
used to assess proliferative capacity after 0, 24, 48, 72 and 96 h 
according to the product instructions.

Transwell invasion assay. Diluted Matrigel (60 µl) was added 
to the upper compartment of the Transwell plates (Corning, 
Inc.) and incubated at  37˚C for 2  h. Subsequently, 5x103 
Eca109 cells were added into the upper compartment in 
medium without or with exosomes (50 µg/ml); 500 µl medium 
with 10% exosome‑free FBS was added to the lower compart‑
ment and incubated, and the plate was incubated for 24 h. 
The cells were then fixed with 4% paraformaldehyde at 4˚C 
for 30 min, followed by staining with crystal violet (Beijing 
Solarbio Science & Technology Co., Ltd.) at RT for 5 min. 
The migrated cells were counted and photographed using an 
inverted phase‑contrast microscope.

Wound‑healing assay. Eca109 Cells were seeded into 
a 6‑well flat‑bottomed plate (1x105/well) in RPMI 1640 

medium enriched with 10% exosome‑free FBS as previously 
described (18). Subsequently, a pipette tip was used to create a 
wound in the cell monolayer, the floating cells were removed, 
and medium without or with 50 µg/ml exosomes was added 
to each well. Thereafter, an inverted microscope was used to 
capture images at 0 and 24 h post‑scratching. The motility 
of cells was determined by comparing the closure distance 
between the two time points.

Colony formation assay. Eca109 cells were plated into 6‑well 
plates (1x103 per well) in RPMI 1640 medium with 30% 
exosome‑free FBS, with or without exosomes (50 µg/ml). The 
plates were incubated at 37˚C with 5% CO2 for 10‑14 days. 
Formed colonies were fixed with 4% paraformaldehyde at 4˚C 
for 30 min, stained with crystal violet for 15 min at RT and 
washed with distilled water. Colonies containing >50 cells 
were counted by eye.

Western blotting. Total protein from the exosomal, cell or 
co‑culture cell samples was extracted using RIPA lysis 
buffer (Beijing Solarbio Science & Technology Co., Ltd.), 
and the concentration was calculated using a BCA kit. The 
proteins were boiled at  100˚C for 5  min, fractionated on 
10% SDS‑PAGE gels for 120 min, and then blotted onto a 
PVDF membrane for 100 min. Thereafter, 5% skimmed milk 
was used to block the membranes for 2 h at RT, followed 
by inoculation with antibodies against CD9 (1:1,000; 
cat. no. 20597‑1‑AP; ProteinTech Group, Inc.), CD63 (1:1,000; 
cat. no. 25682‑1‑AP; ProteinTech Group, Inc.), CD81 (1:1,000; 
cat.  no.  27855‑1‑AP; ProteinTech Group, Inc.), TSG101 
(1:1,000; cat.  no.  14497‑1‑AP; ProteinTech Group, Inc.), 
PKM2 (1:1,000; cat. no. 15822‑1‑AP; ProteinTech Group, Inc.), 
STAT3 (1:1,1000; cat. no. 10253‑2‑AP; ProteinTech Group, 
Inc.), pSTAT3Tyr705 (1:1,000; cat. no. 9145S; Cell Signaling 
Technology, Inc.) and GAPDH (1:10,000; cat. no.  ab8245; 
Abcam) at 4˚C overnight. Then, the membranes were incu‑
bated with secondary goat anti‑mouse IgG antibody (1:1,000; 
cat. no. BA1010) and goat anti‑rabbit IgG antibody (1:1,000, 
cat. no. BA1011) (both Wuhan Boster Biological Technology, 
Ltd.) at RT for 60 min. Finally, the membranes were rinsed 
three times with PBST (PBS + 0.05% Tween 20), followed by 
soaking in AP Chromogenic Substrate (Invitrogen; Thermo 
Fisher Scientific, Inc.) for signal development. Grayscale 
quantification was performed using ImageJ software (1.51j8, 
National Institutes of Health).

Immunofluorescence analysis. A total of 4x105 Eca109 cells 
were inoculated into a 35‑mm petri dish with RPMI 1640 
medium supplemented with 10% exosome‑free FBS, with or 
without exosomes (50 µg/ml), and incubated for 24 h. The 
cells were then fixed with 4% paraformaldehyde at RT for 
30 min, and then treated with 0.5% Triton X‑100 diluted with 
PBS at RT for 15 min. Cells were incubated with antibodies 
specific for PKM2 (1:40; cat. no. 15822‑1 AP; ProteinTech 
Group, Inc.) and pSTAT3Tyr705 (1:150, cat.  no.  9145S, Cell 
Signaling Technology) overnight at 4˚C, and then with Alexa 
Fluor‑labelled secondary antibodies (1:100; cat. no. BA1142; 
Wuhan Boster Biological Technology, Ltd.) in the dark for 
45  min at RT. DAPI was used to counterstain the nuclei 
for 20 min at RT, and images were captured using a laser 
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scanning confocal microscope (magnification, x400; LSM710; 
Zeiss AG).

GEPIA. GEPIA (http://gepia.cancer‑pku.cn/) is a widely 
utilized interactive web resource for plotting the expression 
patterns of specified genes. GEPIA contains 9,736 tumours 
and 8,587 non‑malignant tissue samples from The Cancer 
Genome Atlas, as well as GTEx data resources. It is employed 
to conduct survival analysis on the basis of levels of speci‑
fied gene expression, per the user‑specified sample selections 
and approaches (19). Herein, GEPIA was used to determine 
PKM and STAT3 mRNA levels in EC, as well as subsequent 
correlation analyses.

Immunohistochemistry. A total of 147 ESCC and 85 
non‑malignant control tissues were examined. The tissue 
microarray and tissue samples were cut at 4‑µm thickness, 
dewaxed, hydrated in a descending alcohol series, treated with 
EDTA antigen repair solution (Sigma‑Aldrich; Merck KGaA) 
for 98˚C for 13 min, and then blocked in serum (OriGene 
Technologies, Inc.) for 1 h at RT. Endogenous peroxidase 
activity was blocked with 3% H2O2. The sections were incu‑
bated overnight with rabbit anti‑PKM2 (cat. no. 15822‑1 AP; 
ProteinTech Group, Inc.) at a dilution of 1:200, and rabbit 
anti‑pSTAT3Tyr705 (cat. no. 9145S, Cell Signaling Technology) 
at a dilution of 1:150. Then, the sections were incubated with 
goat anti‑rabbit IgG (1:800; cat. no. 31926; Cell Signaling 
Technology) for 60 min at 37˚C. A semiquantitative scoring 
technique was used to determine the PKM2 and pSTAT3Tyr705 
expression levels. An evaluation of the staining intensity and 
proportion of positive cells was used to assess the expression 
of PKM2 and pSTAT3Tyr705. Staining intensity was scored 
using a four‑point scale as follows: 3, strong (tan); 2, medium 
(brown‑yellow); 1, weak (light yellow); and 0, none. The 
proportion of positive cells was scored as 0, 0%; 1, ≤10%; 
2, 11‑50%; 3, 51‑75%; and 4, >75% (20). The staining index 
(SI) was determined as the sum of the staining intensity score 
and the number of positive cells. Patients with ESCC were 
stratified into two groups on the basis of SI: i) Patients with a 
total score of 0‑3 were clustered into the low‑expression group 
(Fig. S1A‑D); and ii) those with a total score of 3‑7 were strati‑
fied into the high‑expression group (21).

Statistical analysis. Numerical data are presented as 
the mean ±  standard deviation. Student's t‑test was used 
to compare statistical significance between two groups, 
while Bonferroni's post hoc analysis was used following 
ANOVA. For categorical data, Fisher's exact test was used to 
analyse significant differences when dealing with expected 
values  <5. Spearman's correlation analysis was used to 
analyse the correlation between the protein levels of PKM2 
and pSTAT3Tyr705. All in vitro experiments were performed 
2‑4 times. Survival analyses for patients with ESCC were 
performed using the Kaplan‑Meier method, and the log‑rank 
test was used to determine the statistical significance of the 
difference between the two groups. Analyses were conducted 
using GraphPad Prism 8.0 software (GraphPad Software) 
or STATA 15.0 software (StataCorp LP) at the 95% confi‑
dence level. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Characterization of exosomes extracted from plasma. 
Exosomes were successfully derived from the plasma of 
patients and healthy controls, and exosomes isolated from 
patients with ESCC were validated in terms of morphology, 
size and specific markers. Fig. 1A indicates that extracted 
exosomes from patients with ESCC appeared as discs in the 
TEM images. In addition, ~2.84x109 vesicles were detected in 
most of the 1‑ml plasma samples (Fig. 1B). Exosome diam‑
eter ranged from 30 to 150 nm based on NanoFCM analysis, 
and the mean diameter was ~81.97 nm (Fig. 1C). In addition, 
NanoFCM displayed that the proportions of CD9 and CD81 
were 7.3 and 14.5%, respectively (Fig. 1D). In order to further 
verify exosome extraction, the expression of other exosomal 
proteins was confirmed by western blot analyses. The results 
showed that CD9, CD63, CD81 and TSG101 were expressed 
in exosomes (Fig. 1E). Altogether, this isolation approach was 
suitable for the following experiments. As shown in Fig. 1F, 
quantitative analysis of the western blotting data showed 
that the expression of exosomal PKM2 was lower in healthy 
subjects (Exo‑H), than in individuals with ESCC (Exo‑P) 
(P<0.001). To determine whether host cells could take up 
ESCC patient exosomes, PKH67 dye (green fluorescence) was 
used to label ESCC patient exosomes, which were then incu‑
bated with Eca109 ESCC cells in vitro. As indicated in Fig. 2A, 
there was no obvious phagocytosis following co‑culture for 
1 h. However, the cytoplasm and nucleus exhibited green 
fluorescence at 2 (Fig. 2B), 4 (Fig. 2C) and 24 h (Fig. 2D) in 
exosomes from patients with ESCC, implying that Eca109 
cells took up a significant number of exosomes compared with 
the PKH67‑PBS control, or the PBS control. Quantification 
of internalized exosomes (green) showed that the average 
optical densities at 2 and 24 h were 59.67 and 50.33% of that 
at 4 h, respectively. Notably, phagocytosis was the strongest 
at 4 h (Fig. 2E).

Concentration of plasma‑derived PKM2 in ESCC. The 
aforementioned results prompted investigation into the role of 
exosomal PKM2 expression in patients with ESCC, which was 
assessed by ELISA. The clinicopathological characteristics of 
the plasma samples of 76 patients were acquired via diagnostic 
procedures, and the characteristics of ESCC, EIN and healthy 
donors (HDs) are summarised in Tables SI and SII. ESCC, 
EIN and HDs accounted for 68.4, 7.9 and 23.7%, respectively. 
The data from patients with ESCC were extracted; 27 (51.9%) 
of the 52 patients had stage  II ESCC, and 25 (41.9%) had 
stage III ESCC. In addition, most patients presented with T3 
or T4 (78.8%) and a positive nodal status (61.5%).

The profile of plasma‑derived PKM2 was assayed via 
ELISA, and the data showed that the PKM2 content was mark‑
edly higher in patients with ESCC (3022±528.0 pg/ml plasma) 
and EIN patients (2748±300.6 pg/ml plasma) than in healthy 
controls (2327±409.7 pg/ml serum) (P<0.001 and P<0.05, 
respectively) (Fig. 3A). No significant difference was identi‑
fied in tumour grade (Fig. 3B) or lymph node stage (Fig. 3C). 
However, the PKM2 level of patients with stage III disease 
(3265±697.9 pg/ml plasma) was markedly higher than that 
of patients with stage II disease (2893±552.8 pg/ml plasma) 
(P<0.05, Fig. 3D).
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Exosomes from patients with ESCC enhance the proliferation 
and motility of ESCC cells, and PKM2 can be transferred 
by exosomes. To assess the oncogenic potential of ESCC 
patient‑derived exosomes, the basal expression of PKM2 in 
a panel of ESCC cell lines was assessed by western blotting 
(Fig.  4A). Among these, the expression of PKM2 was the 
lowest in Eca109 cells. Next, Eca109 cells were treated with 
or without exosomes from patients with ESCC, and the colony 
formation assay showed that patient exosomes promoted 
cellular proliferation (Fig. 4B, P<0.001). The CCK‑8 assay 
results showed that exosomes derived from patients with ESCC 
promoted the proliferation of ESCC cells at  24 and 48 h, 
though this effect was not observed at 72 and 96 h (Fig. S1E). 
Although the CCK‑8 assay results suggested that exosomes 
had limited ability to promote proliferation, the clone forma‑
tion assay revealed that exosomes promoted colony formation 
significantly. Thus collectively, these two experiments indi‑
cated that exosomes promoted cellular proliferation. When 
the mobility of recipient cells was investigated via Transwell 
migration assay, exosome‑treated cells also exhibited elevated 
infiltration compared with the control cells (Fig. 4C, P<0.05). 
Furthermore, in the wound‑healing assay, patient‑derived 
exosomes exerted increased cellular motility. At  24  h, 

exosomes facilitated a higher rate of wound closure than PBS 
control (Fig. 4D, P<0.001). Moreover, to validate that exosomes 
mediate PKM2 delivery and activate STAT3, Eca109 cells 
were exposed to exosomes from patients with ESCC and HDs, 
and the protein expression level of PKM2 and pSTAT3Tyr705 was 
evaluated by immunofluorescence analysis and western blot‑
ting. Quantitative analyses showed that in the ESCC‑derived 
exosome group, PKM2 and pSTAT3Tyr705 expression in ESCC 
cells was significantly increased compared with that in the PBS 
group; by contrast, no significant changes in total STAT3 were 
observed between ESCC‑derived exosome group and HDs 
group (Fig. 4E‑I).

PKM2 mRNA expression correlates with that of STAT3 
in EC. To verify whether PKM2 exerts its role through 
phosphorylation of STAT3, the mRNA levels in EC and 
non‑malignant oesophageal tissues were examined. The 
findings revealed elevated mRNA levels of PKM2 and 
STAT3 in EC samples compared with non‑malignant 
oesophageal tissue (Fig. S1F and G); however, no significant 
difference was observed. Nevertheless, there was a remark‑
able correlation between PKM2 and STAT3 expression in 
EC (P<0.05, Fig. S1H).

Figure 1. Characterization of plasma‑derived exosomes of ESCC. (A) Exosomes isolated from patients with ESCC were observed under a transmission electron 
microscope to have a diameter of 50‑150 nm (scale bar, 100 nm). (B) Vesicles from 1‑ ml plasma detected by NanoFCM. (C) Size distribution of exosomes 
measured by NanoFCM (mean value, 81.97 nm). (D) Exosome‑enriched proteins, CD9 and CD81, were analysed by FCM. (E) Exosome‑enriched CD9, CD63, 
CD81 and TSG101 were analysed by western blotting. (F) PKM2 levels in exosomes were analysed by western blotting in Exo‑P and Exo‑H cells. ***P<0.001. 
ESCC, oesophageal squamous cell carcinoma; Exo‑P, exosomes from patients with ESCC; Exo‑H, exosomes from healthy controls; FCM, flow cytometry; 
PKM2, pyruvate kinase isoenzyme type M2.
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Figure 2. Laser confocal microscopy of fluorescence‑labelled exosomes and exosomes taken up by Eca109 cells. Co‑culture was performed for (A) 1, (B) 2, 
(C) 4 and (D) 24 h. (E) Quantitative analysis of internalized exosomes (green) by Eca109 cells. Magnification, x400; scale bar, 25 µm; ***P<0.001.

Figure 3. PKM2 is highly expressed in plasma from patients with ESCC. (A) Quantitative analysis of PKM2 levels (pg/ml plasma) in ESCC (n=52), EIN (n=6) 
and HDs (n=18). (B) Quantitative analysis of PKM2 levels (pg/ml plasma) in T1‑T2 (n=11) and T3‑T4 (n=41) samples. (C) Quantitative analysis of PKM2 levels 
(pg/ml plasma) in N0 (n=20) and N1‑3 (n=32) samples. (D) Quantitative analysis of PKM2 levels (pg/ml plasma) in stage II (n=27) and stage III (n=25). *P<0.05 
and ***P<0.001. PKM2, pyruvate kinase isoenzyme type M2; ESCC, oesophageal squamous cell carcinoma; EIN, oesophageal intraepithelial neoplasia; 
HDs, healthy donors.
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PKM2 and pSTAT3Tyr705 are associated with clinico‑ 
pathological features and prognosis in patients with ESCC. 
Tissue microarrays and 52 ESCC tumour tissues obtained 
from diagnostic procedures were immunostained for PKM2 

and pSTAT3Tyr705. To validate the correlation between PKM2 
and pSTAT3Tyr705, their protein levels were detected by immu‑
nohistochemical analysis. As ESCC showed increased PKM2 
expression and pSTAT3Tyr705 compared with normal‑adjacent 

Figure 4. Exosomes affect the proliferation, migration and invasiveness of recipient Eca109 cells after co‑cultivation for 24 h. (A) Endogenous expression of 
PKM2 in ESCC cell lines. (B) Proliferation of recipient Eca109 cells with PBS or Exo‑P was assessed using the colony formation method. (C) Invasiveness of 
Eca109 cells with PBS or Exo‑P was assessed by Transwell assay. (D) Migration of Eca109 cells treated with PBS or Exo‑P was assessed using the wound‑healing 
method. (E) PKM2 protein level of recipient Eca109 cells treated with PBS or Exo‑P was analysed by immunofluorescence analysis. Magnification, x400; 
scale bar, 25 µm. (F) pSTAT3Tyr705 protein of recipient Eca109 cells with PBS or Exo‑P was analysed by immunofluorescence analysis. Magnification, x400; 
scale bar, 25 µm. Quantification of immunofluorescence of (G) PKM2 and (H) pSTAT3Tyr705 levels in Eca109 cells. (I) PKM2, total STAT3 and pSTAT3Tyr705 
protein levels of recipient Eca109 cells treated with Exo‑P and Exo‑H were analysed by western blotting. *P<0.05, **P<0.01 and ***P<0.001. ESCC, oesophageal 
squamous cell carcinoma; Exo‑P, Exosomes from patients with ESCC. PKM2, pyruvate kinase isoenzyme type M2; Exo‑H, Exosomes from healthy controls.
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tissues (Fig. 5A‑F), further assays to assess the clinicopatho‑
logical potential of PKM2 and pSTAT3Tyr705 in ESCC were 
performed. The PKM2 expression level was positively linked 
to metastasis to the lymph nodes (χ2=8.200; P=0.004; Table I), 
TNM stage (χ2=7.718; P=0.022; Table I), and the upregulation 
of pSTAT3Tyr705 was associated with TNM stage (χ2=7.408; 
P=0.006; Table II).

The Kaplan‑Meier survival curve showed that the median 
OS of ESCC patients with high and low PKM2 expression 
was 20.3 and 49.1 months, respectively, exhibiting a marked 
difference (P<0.001; Fig.  6A). Similarly, the median OS in 
ESCC patients with high and low pSTAT3Tyr705 expression was 
25.7 and 42.2 months, respectively, displaying a statistically 
significant difference (P<0.01; Fig. 6B). After determining the 
risks associated with PKM2 expression and pSTAT3Tyr705, the 
147 ESCC patients were stratified into 4 groups on the basis of 
pSTAT3Tyr705 and PKM2 level: pSTAT3Tyr705‑/PKM2‑(S‑/P‑); 
pSTAT3Tyr705‑/PKM2+ (S‑/P+); pSTAT3Tyr705+/PKM2‑(S+/P‑) 
and pSTAT3Tyr705+/PKM2+(S+/P+). Using the Kaplan‑Meier 
approach, patients with the S+/P+expression had the shortest OS 
(17.5±1.7 months), while patients with the S‑/P‑expression trend 
had the longest OS (52.3±4.5 months) (Fig. 6C). In addition, the 

relationship between PKM2 and STAT3 expression was assessed 
in 147 patients with ESCC. The data illustrated that PKM2 expres‑
sion was markedly linked to pSTAT3Tyr705 (r=0.3503; P<0.001; 
Fig. 6D). To determine whether PKM2 or pSTAT3Tyr705 expression 
levels were independent of other predictive factors, univariate and 
multivariate analyses were conducted using a Cox multivariate 
proportional hazard regression model. The univariate assess‑
ment data demonstrated that PKM2 upregulation, pSTAT3Tyr705 
upregulation, male sex, lymph node metastasis, clinical classifica‑
tion and gross classification were predictors of poor prognosis 
for ESCC (Table III). Multivariate analysis showed that PKM2 
expression, pSTAT3Tyr705 and TNM stage were independent prog‑
nostic factors of ESCC survival (Table III).

Discussion

The present study illustrated that PKM2 was assembled 
into exosomes; in vitro, exosomes from patients with ESCC 
promoted the proliferation, invasion and migration of ESCC 
cells. Furthermore, the results indicated that PKM2 could be 
transferred by exosomes, and that exosomal PKM2 may func‑
tion by activating STAT3.

Figure 5. PKM2 and pSTAT3Tyr705 is highly expressed in ESCC tissues. Representative images of immunohistochemical staining of PKM2 in (A) ESCC 
and (B) matched NAT. (C) Quantitative analyses of immunohistochemical PKM2 data. Representative images of the immunohistochemical staining of 
pSTAT3Tyr705 in (D) ESCC and (E) NAT. (F) Quantitative analyses of immunohistochemical data on pSTAT3Tyr705. ***P<0.001. Magnification, x100 and x400; 
scale bar, 20 and 5 µm, respectively. ESCC, oesophageal squamous cell carcinoma; PKM2, pyruvate kinase isoenzyme type M2; HPF, high power field; 
NAT, normal‑adjacent tissue.
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To the best of our knowledge, the present study was the first 
to investigate the biological function of exosomes in ESCC, 
and to establish that PKM2 can be transferred by exosomes 
and acts by activating STAT3. In this respect, the results have 
important implications for understanding the progression of 
ESCC.

Exosomes are extracellular vesicles found in the 
blood  (22,23), urine  (24) and other bodily f luids  (25). 
Exosomes are secreted in excess by tumour cells under 
oxidative stress conditions  (26), and are involved in their 
interaction with the cancer microenvironment (14). As core 
communication centres, exosomes are rich in bioactive 
molecules (13), including RNA, DNA and proteins. Cancer 
cells have been documented to produce exosomes harbouring 
PKM2 (14,26‑28). However, whether PKM2 could be packaged 
and transferred in exosomes from patients with ESCC was 
unknown. Other studies (29,30) and our previous study (31‑33) 
have shown that the expression of PKM2 in tumour tissues 

and cells was higher than that in normal‑adjacent tissues 
and oesophageal epithelial cells, and that upregulation of the 
PKM2 isoform was associated with the increased Warburg 
effect of tumour cells (34,35). Moreover, exosomes express 
blastocyte‑derived surface markers (36). Cancer cells, which 
secrete more exosomes than normal tissue cells (37), secrete 
elevated levels of PKM2. In addition, seminal studies from 
prostate cancer (14) and liver cancer (38) have demonstrated 
that the elevated PKM2 in plasma exosomes of tumour patients 
was secreted by tumour cells. The present data were consis‑
tent with previous investigations, and verified that PKM2 was 
expressed by circulating exosomes of cancer patients (12). 
PKM2 in circulating exosomes possesses clinical significance 
and modulates biological roles in tumours (8). In the present 
study, ELISA also indicated that the plasma level of PKM2 
in individuals with ESCC differed markedly to that in the 
healthy controls, which was in accordance with the results of 
a study on prostate cancer (14).

Table I. Association between PKM2 expression and clinical characteristics of patients with ESCC.

	 PKM2 expression
	--------------------------------------------------------
Characteristic	 Patients, N	 Negative	 Positive	 χ2‑value	 P‑value

Tissue type					   
  ESCC	 147	 56	 91	 29.864	 0.000a

  Adjacent normal	 85	 64	 21		
Age					   
  <60	 50	 16	 34	 1.194	 0.275
  ≥60	 97	 40	 57		
Sex					   
  Male	 116	 43	 73	 0.246	 0.620
  Female	 31	 13	 18		
T stage					   
  T1‑T2	 33	 10	 23	 1.096	 0.295
  T3‑T4	 114	 46	 68		
N stage					   
  N0‑N1	 75	 37	 38	 8.200	 0.004a

  N2‑N3	 72	 19	 53		
TNM stage					   
  I	 8	 3	 5	 7.718	 0.022a

  II	 71	 35	 36		
  III	 68	 18	 50		
Differentiation degree					   
  Well	 10	 4	 6	 1.992	 0.681
  Moderate	 99	 34	 65		
  Poor	 38	 18	 20		
Gross classification					   
  Ulcerative type	 85	 34	 51	 1.127	 0.749
  Medullary type	 46	 15	 31		
  Protrude type	 7	 4	 3		
  Fungating type	 9	 4	 5		

ESCC, oesophageal squamous cell carcinoma. aP<0.05.
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It was further confirmed that the invasion rate of ESCC 
cells inoculated with ESCC patient exosomes was higher than 
that from ESCC cells without exosomes. In the present study, 
although the expression level of PKM2 in plasma was not 
correlated with tumour grade or lymph node metastasis, it was 
closely associated with clinical stage. Compared with tumour 
grade and lymph node metastasis, clinical stage combined 
with these parameters may be more value in predicting the 
prognosis and outcome of patients. Therefore, exosomal PKM2 
derived from patients with ESCC may promote proliferation 
and motility. This finding may provide novel insights and 
strategies for the averting the distant metastasis of tumours in 
clinical practice.

The results of the proliferation experiment in the present 
study were consistent with published results  (39), where a 
blank control was used. Thus in the present study, PBS served 
as the mock control. Exosomes promoted cellular prolif‑
eration at 24 and 48 h, though this effect was not observed 

at 72 and 96 h. This was attributed to the following possible 
reasons. On one hand, the cell activity detected by CCK‑8 
assays is the joint result of proliferation and apoptosis, and 
is the overall result from a large number of cells. Therefore, 
the ability to assesses cellular proliferation alone is limited. 
In addition, exosomes were added to the cell culture medium 
when the cells adhered to the well. Therefore, the result may 
be due to the weakened proliferation‑promoting ability of 
exosomes after they were metabolized by cells. Although the 
CCK‑8 assay results suggested that exosomes had limited 
ability to promote proliferation, the clone formation assay 
revealed that exosomes significantly colony formation, which 
focuses on the proliferation ability of single cells, crucial for 
subsequent colony formation. The combined results of these 
two experiments indicated that exosomes promoted cellular 
proliferation.

When examining the basal expression of PKM2, the levels 
were comparatively lowest in Eca109 cells. Western blotting 

Table II. Association between pSTAT3Tyr705 expression and clinical characteristics of patients with ESCC.

	 pSTAT3Tyr705

	--------------------------------------------------------
Characteristic	 Patients, N	 Negative	 Positive	 χ2‑value	 P‑value

Tissue type					   
  ESCC	 147	 57	 90	 21.804	 0.000a

  Adjacent normal	 85	 60	 25		
Age					   
  ≤60	 97	 36	 61	 0.332	 0.565
  >60	 50	 21	 29		
Sex					   
  Male	 116	 45	 71	 0.001	 0.993
  Female	 31	 12	 19		
T stage					   
  T1‑T2	 33	 12	 21	 0.104	 0.747
  T3‑T4	 114	 45	 69		
N stage					   
  N0‑N1	 75	 34	 41	 2.774	 0.096
  N2‑N3	 71	 23	 49		
TNM stage					   
  I	 8	 6	 2	 7.408	 0.006a

  II	 71	 28	 43		
  III	 68	 23	 45		
Differentiation degree					   
  Well	 10	 5	 5	 0.597	 0.540
  Moderate	 99	 38	 61		
  Poor	 38	 14	 24		
Gross classification					   
  Ulcerative type	 85	 33	 52	 0.163	 0.983
  Medullary type	 46	 18	 28		
  Protrude type	 7	 3	 4		
  Fungating type	 9	 3	 6		

ESCC, oesophageal squamous cell carcinoma. aP<0.05.
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and immunofluorescence analysis indicated that PKM2 could 
be packaged into and transferred by plasma‑derived exosomes. 
Originally reported in 1934, pyruvate kinase was shown 
to exist as two different isoforms, PKM1 and PKM2 (40). 
Increaesd expression of PKM2 promotes multiple cancer cell 
characteristics, including extracellular signal transduction 
and metabolism, and is closely associated with tumorigenesis. 
Ma et al (27) demonstrated that exosomal PKM2 triggers a 
tumour‑like phenotype in mesenchymal stem cells by acti‑
vating glycolysis in glioma. In the current study, PKM2 was 
primarily expressed in the cytoplasm, and occasionally in the 
nucleus in the high‑expression group, while in patients in the 
low‑expression group, PKM2 was almost exclusively expressed 
in the cytoplasm. According to the follow‑up results, the prog‑
nosis of the low‑expression group was more favourable than 
that of the high‑expression group, which indirectly confirms 
the prognostic value of PKM2. Furthermore, 91 patients had 
high PKM2 expression, and 56 patients had low PKM2 expres‑
sion. According to previous studies, the positive expression 
rate of PKM2 in solid tumours is ~20‑70% (29,41,42), which 
is consistent with the present study. However, it was slightly 
higher than in our previous study (31). The possible reasons 
are as follows: i) the results of immunohistochemical staining 

were quantitatively analysed; and ii) scores ≤3 were included 
in the low‑expression group.

Western blotting and immunofluorescence analysis 
suggested that pSTAT3Tyr705 was increased in co‑cultured cells. 
STAT3 is widely expressed in various tissues and cell types, 
where it participates in the regulation of physiological func‑
tions including cellular differentiation, proliferation, malignant 
transformation and apoptosis inhibition. Overexpression 
of STAT3 can result in abnormal cellular proliferation and 
inhibition of apoptosis (43), and several studies have revealed 
that PKM2 regulation of STAT3 expression is associated 
with cancer cell migration and invasiveness  (9,10). PKM2 
plays a vital role in the phosphorylation of STAT3 at Tyr705, 
resulting in cancer cell proliferation (31). Another study using 
colon cancer cells demonstrated that PKM2 enhanced cellular 
migration via increased transcription of the STAT3 gene and 
the phosphorylation of STAT3 at Ser727. However, the asso‑
ciation between PKM2 and pSTAT3Tyr705 and their prognostic 
value in ESCC remains unclear.

By searching the GEPIA database, it was established that 
the PKM mRNA expression in EC was associated with the 
expression level of STAT3. Tumour PKM2 and pSTAT3Tyr705 
immunohistochemical profiles were also analysed. Similarly, 

Figure 6. PKM2 and pSTAT3Tyr705 are associated with prognosis in patients with ESCC. (A) OS of ESCC patients with high and low PKM2 expression. 0, 
low expression; 1, high expression. (B) OS of ESCC patients with high and low expression of pSTAT3. 0, low expression; 1, high expression. (C) Median 
OS of correlations of the expression of PKM2 combined with pSTAT3 in ESCC. (D) Correlation between PKM2 and pSTAT3 in ESCC; Spearman's 
correlation; r=0.0.3503 and P<0.001. pSTAT3: pSTAT3Tyr705. ESCC, oesophageal squamous cell carcinoma; PKM2, pyruvate kinase isoenzyme type M2; 
OS, overall survival.
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the expression level of PKM2 was positively correlated with 
the level of pSTAT3Tyr705. High expression of PKM2 and 
pSTAT3Tyr705, or co‑expression of PKM2 and pSTAT3Tyr705, 
were all associated with OS. These results suggested that 
STAT3 may be a critical downstream regulator of the exosomal 
PKM2 signalling pathway. In future studies, the exact mecha‑
nism by which exosomal PKM2 promotes tumour invasion 
and metastasis by activating STAT3 will be investigated.

In the current study, cells treated with PBS served as the 
control group. It seems somewhat far‑fetched, but the selec‑
tion of the control group was based on currently published 
literature (39). The findings of the present study suggest that 
patient‑derived exosomes promote the malignant phenotype 
of ESCC cells. In future studies exploring the mechanism by 
which exosomal PKM2 promotes the migration and invasive‑
ness of oesophageal squamous cells, we aim to use healthy 
donors as the control group. In addition, plasma levels of 
PKM2 in stage I patients was not included in the results, as 
no blood samples were collected from such patients in the 
sampling process. Instead, blood samples from patients with 
precancerous lesions were collected and analysed, namely, 
high‑grade intraepithelial neoplasia. EIN is a necessary stage 
of transformation from normal oesophagus or esophagitis to 
ESCC. Therefore, it is reasonable to presume that the 6 cases 
of EIN included in the current analysis were of representa‑
tive significance for the determination of PKM2 in plasma 
exosomes of patients with early‑stage ESCC. The results 
suggested that exosomal PKM2 functions through STAT3. 
Nevertheless, the exact mechanisms remain largely unknown. 
The aim of further studies will be to explore the mechanism 
by which exosomal PKM2 promotes the migration and 
invasiveness of oesophageal squamous cells.

Collectively, exosomes were successfully isolated from 
the plasma of patients with ESCC, and were characterized 
for quality confirmation. ELISA indicated that exosomal 
PKM2 was associated with tumour stage in ESCC. In vitro 
cellular functional experiments also confirmed that exosomes 
from ESCC patient plasma promoted and accelerated cellular 
proliferation, invasiveness and migration. Subsequently, immu‑
nohistochemical analysis suggested that PKM2 expression was 

associated with the level of pSTAT3Tyr705. In addition, PKM2 
can be transferred by exosomes. However, the identification of 
its function in ESCC should be further investigated in future.
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