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Abstract. A previous proteomic screening of differentially 
expressed biomarkers between Kazakh patients with esopha-
geal squamous cell carcinoma (ESCC) and normal adjacent 
tissues demonstrated that heat shock protein 27 (HSP27) 
and pyruvate kinase isoenzyme M2 (PKM2) were both 
highly expressed in ESCC samples compared with normal 
controls. However, the regulatory association between HSP27 
and PKM2 in ESCC remains elusive. In the present study, 
immunohistochemistry and immunoblotting were adopted to 
examine the expression of HSP27, PKM2 and other relevant 
biomarkers involved in epithelial‑to‑mesenchymal transition 
in clinical tissue samples. The interactions between proteins 
were detected by co‑immunoprecipitation (Co‑IP) assay and 
further confirmed by immunofluorescence assay. The growth 
and motility of ESCC cells were examined by MTT, Transwell 
and wound healing assays. Overexpression of HSP27 was 
found to be significantly associated with T‑cell classifica-
tion, lymph node metastasis and poor prognosis in ESCC. In 
addition, HSP27 expression was significantly correlated with 
PKM2 expression in ESCC specimens. Functionally, knock-
down of HSP27 inhibited the growth and motility of ESCC 
cells. Moreover, HSP27 was found to directly interact with 
small ubiquitin‑related modified protein 2/3 (SUMO2/3) in 
ESCC cell lines, as evidenced by Co‑IP and laser confocal 
imaging. In addition, downregulation of HSP27 was shown 

to decrease PKM2 and E‑cadherin expression. Knockdown 
of SUMO2/3 was observed to reduce the expression of 
HSP27, PKM2 and EMT‑related biomarkers. The results of 
the present study indicated that the SUMOylation of HSP27 
enhances the proliferation, invasion and migration of ESCC 
cells via PKM2.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the 
most common malignant tumors in China, and its mortality 
rate ranks fourth (1,2) among the top 10 cancers in China. In 
particular, the Yili region of Xinjiang is a high‑incidence area 
of ESCC, with the highest incidence observed in the Kazakh 
population, reaching 150/100,000, with a 5‑year survival rate 
of only 10‑13% (3,4). Therefore, identifying malignant pheno-
type‑related targets and elucidating the molecular regulatory 
mechanisms involved in the progression of ESCC is crucial 
for accurate diagnosis, timely individualized treatment and 
improvement of the survival rate of ESCC.

Pyruvate kinase isoenzyme M2 (PKM2), a rate‑limiting 
enzyme in cellular glycolysis, plays a key role in anaerobic 
glycolysis  (5). Generally, PKM2 exerts tumor‑promoting 
effects via regulation of a number of signaling pathways in 
tumor cells, operating as a potential protein kinase (6). Our 
previous study (7) demonstrated that PKM2 was markedly 
overexpressed in ESCC tissues from Kazakh patients compared 
with paired adjacent normal tissues through proteomics, 
suggesting its oncological trait. Our subsequent research on 
PKM2 (8) and a relevant study by other researchers (9) indi-
cated that upregulated PKM2 may promote the growth and 
motility of ESCC cells, and that the upregulation of PKM2 
in Kazakh patients with ESCC is closely associated with 
shorter overall survival. However, the molecular mechanism 
underlying the role of PKM2 in Kazakh patients with ESCC 
remains elusive.

Heat shock proteins (HSPs) are a group of highly conserved 
molecular chaperones, mainly comprising HSP27, HSP60, 
HSP70 and HSP90 (10). Although the relative molecular mass 
of each of the main HSP groups is distinct, they share similar 
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or identical conserved domains (11), and play multiple roles 
in cell functions, including protein folding, assembly and 
degradation (12). HSP27 has been reported to be commonly 
upregulated in several different types of tumors, including 
ESCC, and is important in the regulation of cancer cell 
proliferation, apoptosis and metastasis (13‑15). Additionally, 
it also has important biological functions in the regulation 
of various carcinogenic proteins (16). However, few studies 
have described the regulatory association between HSP27 and 
PKM2 in ESCC. By contrast, one recent study reported that 
HSP90 could stabilize and regulate PKM2 abundance, thereby 
accelerating anaerobic glycolysis in hepatocellular carcinoma 
(HCC)  (7), which suggests that HSP27 may also interact 
with PKM2.

Small ubiquitin‑related modified proteins (SUMOs) are a 
class of small protein molecules (17). There are four SUMO 
homologues in the human genome, namely SUMO1, SUMO2, 
SUMO3 and SUMO4. SUMO2 and SUMO3 currently cannot 
be distinguished by antibodies, as they have ~97% sequence 
homology except for a difference of two amino acids, and 
they are collectively referred to as SUMO2/3  (18). An 
important post‑translational modification involving SUMO 
proteins, which has been termed SUMOylation, is involved 
in the modulation of various cellular processes, including 
transcriptional regulation, subcellular localization and target 
protein stability (19). Extensive research has confirmed that 
SUMOylation plays a crucial role in human diseases (20). It 
was recently reported that HSP27 and SUMO2/3 combine 
directly, which induces SUMOylation of HSP27 to accelerate 
the invasion and metastasis of HCC cells (21). However, it 
remains unclear whether there is an interaction between 
HSP27 and SUMO2/3 in ESCC.

In the present study, based on the findings of previous 
research, it was hypothesized that HSP27 could physically 
bind with SUMO2/3, thereby upregulating PKM2 in ESCC 
cells. To test this hypothesis, experiments were conducted 
on ESCC specimens and cell lines. Immunohistochemistry 
(IHC) was performed to examine whether the expression of 
HSP27 was associated with local infiltration, lymph node 
metastasis and prognosis. Moreover, the association between 
HSP27 and PKM2 in ESCC tissues was investigated. The 
aim of the present study was to elucidate the effects of HSP27 
on the growth and motility of ESCC cells, to determine 
whether SUMOylation of HSP27 can promote the malignant 
behavior of ESCC cells, and whether this effect is mediated by 
regulating PKM2 expression.

Materials and methods

Pathological tissue specimens. The present study was 
approved by the Medical Ethics Committee of the First 
Affiliated Hospital of Xinjiang Medical University, and 
informed consent was obtained from each participant 
involved. There were 180 ESCC samples on the tissue micro-
array chip (HEso‑Squ180Sur‑04, Outdo Biotech), including 
100 cancer tissue specimens and 80 normal adjacent tissues 
(NATs). A chip with 165 samples of Kazakh ESCC tissues 
from the First Affiliated Hospital of Xinjiang Medical 
University included 99 ESCC tissues and 57 NATs. None 
of the patients had received anticancer treatment prior to 

surgical resection. All cases were diagnosed and confirmed 
histopathologically. The stages and classifications were 
graded in accordance with the 2017 WHO classification and 
grading system (22).

IHC staining. The tissue microarray was dewaxed, hydrated, 
treated with EDTA antigen repair solution (Sigma‑Aldrich; 
Merck KGaA) and blocked in serum (Zhongshanjinqiao) for 
1 h at room temperature. Endogenous peroxidase activity was 
blocked with 3% H2O2. Subsequently, the tissues were probed 
at 4˚C overnight with primary antibodies targeting HSP27 
(1:200, ab12351, Abcam) and PKM2 (1:100, 15822‑1‑AP, 
ProteinTech Group, Inc.), followed by addition of the secondary 
antibody (KIT‑5030, MXB Biotech) with incubation at 37˚C 
for 1 h, and staining using a DAB kit (ZLI‑9018, OriGene 
Technologies, Inc.) for 2  min at room temperature. The 
immunostaining was scored by a pathological image analysis 
software processing system (ImageJ software, version 1.50; 
National Institutes of Health). According to the comprehensive 
analysis of staining intensity (0, none; 1, weak; 2, moderate; 
and 3, strong) and percentage of stained cells (0,  <5%; 
1, 5‑25%; 2, 25‑50%; and 3, >50%), each specimen was graded 
using a total score derived from adding the staining intensity 
and percentage scores. Scores <2 were defined as negative and 
>2 as positive.

Cell culture. The KYSE30, KYSE150, KYSE450 and KYSE510 
cells were kind gifts from Professor Zhihua Liu (Chinese 
Academy of Sciences, Beijing, China); and TE‑1, Eca109 and 
EC9706 cells were purchased from Wuhan University, China. 
All the cells were maintained in RPMI‑1640 medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) and placed at 5% CO2 
and 37˚C.

Lentivirus transfection. ESCC cells were plated in 6‑well plates 
(2x105/well) with 20 µl lentivirus (Lv; 1x108 TU/ml; Genechem 
Co., Ltd.), 40 µl HiTrans transfection reagent (Genechem 
Co., Ltd.) and 940 µl RPMI‑1640 medium (10% FBS) at 5% 
CO2 and 37˚C for 18 h. The infected cells were sorted by 
flow cytometry and evaluated by western blotting. HSP27 
shRNA (Lv‑shRNA‑HSP27‑1, Lv‑shRNA‑HSP27‑2 and 
Lv‑shRNA‑HSP27‑3) and SUMO2/3 shRNA were obtained 
from Shanghai GeneChem Co., Ltd. The shRNA target 
sequences were as follows: shHSP27‑1: 5'‑GAT​GAG​ACT​
GCC​GCC​AAG​T‑3'; shHSP27‑2: 5'‑CGG​ACG​AGC​TGA​CGG​
T‑CAA‑3'; shHSP27‑3: 5'‑CAG​TGG​TTA​GGC​GGC​AGC​A‑3'; 
and scramble: 5'‑TTC​TCC​GAA​CGT‑GTC​ACG​T‑3'.

Western blotting. The total proteins (on ice) were extracted 
with RIPA lysis buffer (Beijing Solarbio Science & 
Technology Co., Ltd.), and the concentration of protein 
extracted was calculated by a BCA kit. The proteins 
were separated via 12% SDS‑PAGE and then trans-
blotted to PVDF membranes. Then, they were incubated 
with 0.5% skimmed milk for 2  h at room temperature 
and the following primary antibodies overnight at  4˚C: 
HSP27 (1:800, cat. no. ab12351, Abcam), PKM2 (1:1,000, 
cat. no. 15822‑1‑AP, ProteinTech Group, Inc.), E‑cadherin 
(1:1,000, cat.  no.  20874‑1‑AP, ProteinTech Group, Inc.), 
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vimentin (1:1,000, cat. no. 10366‑1‑AP, ProteinTech Group, 
Inc.), SUMO2/3 (1:800, cat.  no.  ab190757, Abcam), and 
GAPDH (1:500, cat. no. 20874‑1‑AP, ProteinTech Group, 
Inc.). A western blot assay kit (WB7105, Thermo Fisher 
Scientific, Inc.) provided the secondary antibody, which was 
applied at room temperature for 1 h, and then chromogen 
(supplied in the kit) was applied for 5 min in the dark.

MTT assay. A total of 5,000 cells per well were seeded in 
a 96‑well plate. Cells were cultured in RPMI‑1640 medium 
containing 10% FBS. Detection was conducted at 0, 24, 48, 
72 and 96 h. Each group was detected in quintuplicate at each 
time point. MTT (5 mg/ml, Sigma‑Aldrich; Merck KGaA) 
was added to each well at 20 µl/well for 4 h in the dark, after 
which time the liquid was discarded and DMSO (135 µl/well, 
Sigma‑Aldrich; Merck KGaA) was added for 10 min in the 
dark to dissolve the crystals. The absorbance was measured 
at 490 nm by an enzyme labelling instrument (Benchmark™ 
Microplate Reader; Bio‑Rad Laboratories, Inc.).

Transwell assay. Transwell chambers (24‑well; Corning, Inc.) 
with a 5‑µm pore filter were coated with a mixture of 60 ml 
1:9 Matrix (BD Biosciences) and serum‑free RPMI‑1640 
medium to form a matrix barrier. Precoating was performed 
at 37˚C for 1 h and the Transwell inserts were refrigerated 
at 4˚C overnight. Before inoculation, RPMI‑1640 medium 
was used to hydrate the basement membrane for 30 min 
at 37˚C. The upper chamber cells were filled with 200 µl 
serum‑free RPMI‑1640 medium, and the lower chamber 
was filled with 500 µl RPMI‑1640 medium supplemented 
with 10% FBS. Following incubation at 37˚C for 48 h, the 
cells were washed twice with PBS (5 min per wash) and 
fixed with 600 µl polyformaldehyde for 15 min at 4˚C. The 
non‑invading cells were wiped with a cotton swab, washed 
with ddH2O three times and stained with 5% crystal violet 
solution for 5 min at room temperature (23). The number of 
invading cells was counted in four random fields using an 
inverted phase contrast microscope (Olympus Corporation) 
at a x50 magnification.

Wound healing assay. Cells were seeded in a 6‑well cell culture 
plate (Corning, Inc.) and cultured in serum‑free medium for 
24 h at room temperature. After the cells had reached a conflu-
ence of >80%, three parallel scratches were created with a 10‑µl 
pipette tip in each hole. Images were captured using an inverted 
phase contrast microscope (Olympus Corporation) at 0 and 24 h 
after scratching. Cell migration was quantitated by measuring 
the blank area between the moving cell boundaries using Image 
J software, version 1.50 (National Institutes of Health).

Co‑immunoprecipitation (Co‑IP). Co‑IP was carried 
according to the instructions included in the assay kit (Pierce 
26149, Thermo Fisher Scientific, Inc.). First, the total protein 
lysate was extracted, and 500 µg total protein was mixed with 
2 µg monoclonal antibody or IgG and oscillated for 4 h at 4˚C. 
The protein beads in the kit were added to the mixture and 
oscillated overnight at  4˚C. Subsequently, the beads were 
washed using IP buffer three times. Sample buffer (5X) was 
mixed with the beads and boiled for 5 min. The supernatant 
was prepared for western blot analysis.

Immunofluorescence. Cells for immunofluorescence were 
fixed with 4% paraformaldehyde at 4˚C for 20 min and then 
subjected to treatment with 0.5% Triton X‑100 diluted with 
PBS at room temperature for 30 min. Cells were blocked 
in PBS with 2% BSA (Sigma‑Aldrich; Merck KGaA) for 
30 min at 37˚C and incubated with antibodies specific for 
HSP27 (1:200, cat. no. 66767‑1‑Ig, ProteinTech Group Inc.) 
and SUMO2/3 (1:200, cat. no. ab190757, Abcam) overnight 
at 4˚C. Alexa Fluor‑conjugated secondary antibodies (Alexa 
Fluor 488, cat. no. ab150077, Abcam and Alexa Fluor 594, 
cat. no. ab150120, Abcam) were incubated for 2 h at room 
temperature in the dark. Hoechst 33342 was then used for coun-
terstaining the nucleus for 15 min at room temperature, and 
images were captured by a laser scanning confocal microscope 
at a magnification of x200 (LSM710, Carl Zeiss AG).

Statistical analysis. SPSS 19.0 (IBM Corp.) was used to 
analyze and process the data. The data are expressed as the 
mean ± standard deviation. Student's t‑test or one‑way ANOVA 
with Bonferroni analysis were used to evaluate the differences 
among groups. Cross‑table test and Pearson's correlation 
analysis were adopted to analyze the correlation between 
HSP27 and PKM2. The Kaplan‑Meier method was employed 
to analyze overall survival data. P<0.05 was considered to 
indicate statistically significant differences.

Results

Overexpression of HSP27 is associated with ESCC progres‑
sion and adverse outcomes. To investigate whether HSP27 
is involved in the pathological process of ESCC, 224 ESCC 
tissues and 121 NATs were collected. HSP27 expression was 
detected by IHC, which revealed that HSP27 was markedly 
overexpressed in cancer tissues compared with control tissues 
(Fig. 1A, Table I). The association between HSP27 level and 
pathological information was analyzed; Table I shows that 
HSP27 was significantly correlated with T classification 
and lymph node metastasis. However, there was no marked 
correlation with other pathological information, including 
demographic characteristics, tumor size, pathological grade 
and pathological classification. Kaplan‑Meier survival analysis 
revealed that the survival of ESCC patients with high HSP27 
expression was markedly inferior to that of those with low 
HSP27 expression (Fig. 1B, P<0.05). In addition, to further 
confirm the correlation between HSP27 and PKM2 in ESCC 
tissues, the expression of PKM2 and HSP27 expression 
was next investigated in 165 Kazakh ESCC tissues by IHC 
staining. The results demonstrated that both HSP27 and 
PKM2 were upregulated in Kazakh ESCC tissues compared 
with NATs (Fig. 1A and C). The subcellular localization of 
HSP27 and PKM2 was mainly cytoplasmic, with that of 
PKM2 being nucleoplasmic in a few cases, in accordance with 
the positive staining indicated by the primary antibodies used. 
Furthermore, the χ2 test (χ2=4.797, P=0.029, Table  II) and 
Spearman's correlation analysis (r=0.253, P=0.0011, Fig. 1D) 
revealed that HSP27 expression was significantly correlated 
with PKM2.

HSP27 promotes the growth and motility of ESCC cells. Next, 
to explore the biological roles of HSP27 in the growth and 
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invasion of ESCC, HSP27 expression in seven ESCC cell 
lines (Eca109, EC9706, KYSE30, KYSE450, TE‑1, KYSE150 
and KYSE510) was evaluated using immunoblotting; among 
these cell lines, KYSE450 exhibited the highest level of HSP27 
expression, while KYSE150 had the second‑highest HSP70 level 
(Fig. 2A). To determine the biological function of HSP27 in 
ESCC, Lv‑based shRNA targeting HSP27 was transfected into 
KYSE450 and KYSE150 cells. Stable HSP27 knockdown cell 
lines were established successfully and confirmed by western 
blotting (Fig. 2B). Next, the absorbance of the HSP27 knock-
down group was reduced significantly compared with that of 
the control group in KYSE450 cells with the extension of time 
in the MTT assay (Fig. 2C). KYSE150 cells exhibited a similar 
trend in the MTT assay: The absorbance of the HSP27 knock-
down group was significantly reduced at 72 and 96 h (Fig. 2D). 
MTT data supported that HSP27 expression was correlated with 
the proliferation of ESCC cells. Subsequently, the Transwell 
assay was used to evaluate the invasion ability of KYSE450 
and KYSE150 cells with HSP27 knockdown. Compared with 
the control groups, the number of cells invading through the 
cell membrane in the HSP27 knockdown group significantly 
decreased after 48 h (P<0.05, Fig. 2E and F), indicating that 
HSP27 promoted the invasiveness of ESCC cells. As shown 
by the wound healing assay, the migration of KYSE450 and 
KYSE150 cells was reduced by HSP27 knockdown (P<0.05, 

Fig. 2G and H). Therefore, HSP27 can accelerate the growth 
and increase the motility of ESCC cells.

HSP27 promotes ESCC cell function by regulating PKM2. To 
understand whether HSP27 enhanced the growth and motility 
of ESCC cells via PKM2, the expression of PKM2 and other 
biomarkers was detected by immunoblotting. The expression 
of PKM2 and vimentin was reduced after silencing HSP27; 
conversely, E‑cadherin expression was markedly increased 
(Fig. 3A). To determine whether there is a direct interaction 
between PKM2 and HSP27, Co‑IP was conducted. The results 
of Co‑IP revealed no direct interaction between HSP27 and 
PKM2 (Fig. 3B).

HSP27 regulates the expression of PKM2 by interacting 
with SUMO2/3. The molecular mechanism through which 
HSP27 regulates PKM2 expression was further investigated. 
Lv‑packaged SUMO2/3 shRNAs were transfected into 
KYSE450 and KYSE150 cells. The results of western blotting 
demonstrated that SUMO2/3 was successfully knocked down, 
so the cells were used for subsequent studies (Fig. 4A and B). 
Subsequently, immunoblotting was used to detect altera-
tions in HSP27, PKM2 and EMT‑related molecules. The 
expression of HSP27, PKM2 and the EMT‑related biomarker 
vimentin was significantly decreased, whereas the expression 

Figure 1. HSP27 is markedly upregulated in ESCC and is correlated with PKM2 expression and poor prognosis. (A) IHC results of HSP27 expression in 
ESCC tissues and NAT (magnification, x100 and x200). (B) Survival curve of HSP27 expression in ESCC. (C) IHC results of PKM2 in ESCC tissues and 
NAT (magnification, x100 and x200). (D) Spearman's correlation analysis between HSP27 and PKM2 expression in ESCC. Representative selected images 
are shown. The log‑rank test was used in survival analysis (χ2=4.797, P=0.0285), and Spearman's method was employed to analyze the correlation (N=165, 
r=0.2526, P=0.0011). ESCC, esophageal squamous cell carcinoma; HSP, heat shock protein; PKM2, pyruvate kinase isoenzyme 2; IHC, immunohistochemistry; 
NAT, normal adjacent tissue.
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of the EMT‑related biomarker E‑cadherin was increased in 
both KYSE450 and KYSE150 knockdown cells compared 
to control cells (Fig. 4C‑F). Next, the Co‑IP results revealed 
that HSP27 was capable of directly binding with SUMO 2/3 
(Fig. 4D and E). To further verify the association between 
SUMO2/3 and HSP27, immunofluorescence was used to detect 

the subcellular localization of HSP27 and SUMO2/3. The laser 
confocal microscopy images demonstrated that SUMO2/3 and 
HSP27 were co‑localized in the cytoplasm (Fig. 4F). Taken 
together, these data demonstrated that HSP27 directly interacts 
with SUMO2/3, thereby regulating PKM2 and promoting the 
motility of ESCC cells through the EMT pathway.

Table I. Clinicopathological significance of HSP27 expression in ESCC.

 	 HSP27 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 N	 High	 Low	 χ2	 P‑value

Tissue type					   
  ESCC	 224	 152	 72	 18.854	 0.000
  NAT	 121	 53	 68		
Sex				    1.817	 0.178
  Male 	 239	 147	 92		
  Female 	 106	 57	 49		
Age (years)				    0.008	 0.928
  ≤60	 139	 83	 56		
  >60	 206	 122	 84		
Tumor diameter (cm)				    1.34	 0.247
  <5	 200	 115	 85		
  ≥5	 117	 75	 42		
Pathological grade				    2.636	 0.268
  Ⅰ	 41	 28	 13		
  Ⅱ	 211	 121	 90		
  Ⅲ	 91	 59	 32		
Pathological type				    5.216	 0.157
  Ulcerative 	 190	 111	 79		
  Medullary 	 88	 50	 38		
  Protruding 	 37	 23	 14		
  Stenosing 	 7	 7	 0		
T classification				    16.4	 0.000
  T1‑2	 86	 34	 52		
  T3‑4	 243	 157	 86		
Lymph node metastasis				    3.889	 0.049
  N0	 204	 111	 93		
  N1‑N3	 135	 88	 47		

Bold print indicates statistical significance. HSP, heat shock protein; ESCC, esophageal squamous cell carcinoma; NAT, normal adjacent tissue.

Table II. Correlation between HSP27 and PKM2 expression in ESCC.

	 HSP27 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
PKM2 expression	 N	 High	 Low	 χ2	 P‑value

High	 91	 64	 27	 5.406	 0.024
Low	 74	 39	 35		
Total	 165	 103	 62		

HSP, heat shock protein; PKM2, pyruvate kinase isoenzyme 2; ESCC, esophageal squamous cell carcinoma.
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SUMO2/3 promotes the proliferation and motility of ESCC 
cells. To elucidate the effects of SUMO2/3 on the malignant 
behavior of ESCC cells, MTT, wound healing and Transwell 
assays were performed to assess the proliferation and motility 
of KYSE450 and KYSE150 cells following SUMO2/3 knock-
down. The data suggested that the growth and motility of 
ESCC cells were significantly suppressed by knocking down 
SUMO2/3 (Fig. 5), which supported our hypothesis that 

SUMOylation of HSP27 regulates the expression of PKM2, 
promoting the infiltration and metastasis of ESCC cells 
through the EMT pathway.

Discussion

Accumulating evidence has revealed that HSPs, as molecular 
chaperones, play a pivotal role in the modulation of protein 

Figure 2. HSP27 promotes the proliferation, invasion and migration of ESCC cells. (A) Basal level of HSP27 expression in a panel of ESCC cell lines, including 
KYSE30, KYSE150, KYSE450, KYSE510, TE‑1, Eca109 and EC9706, as detected by western blotting. (B) Detection of knockdown efficiency of HSP27 
shRNA vectors in KYSE450 cells by western blotting. GAPDH was used as an internal loading control. (C and D) MTT assay of proliferation after knockdown 
of HSP27 in KYSE450 and KYSE150 cells. (E and F) Changes in invasion, detected by the Transwell assay, in KYSE450 and KYSE150 cells after knockdown 
of HSP27 (magnification, x100). (G and H) Variations in the migratory activity of KYSE450 and KYSE150 cells analyzed using the wound healing assay after 
knocking down HSP27 (magnification, x100). *P<0.05 compared with the normal control group and ▲P<0.05 compared with the shRNA‑scramble control 
group. ESCC, esophageal squamous cell carcinoma; HSP, heat shock protein; KD, knockdown.
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conformation and stability, and in carcinogenesis. As an impor-
tant member of the HSP family, HSP27 has been reported to be 
highly expressed in different human cancers, including liver, 

lung and breast cancer, and is involved in drug resistance, cell 
growth, cell apoptosis, tumorigenesis and metastasis, as well 
as other functions (22).

Figure 4. HSP27 regulates PKM2 expression through SUMO2/3 in KYSE450 and KYSE150 cells. (A) Detection of the knockdown efficiency of SUMO2/3 
shRNA vectors in KYSE450 cells by western blotting. GAPDH, internal loading control. (B and C) Detection of HSP27, PKM2, vimentin and E‑cadherin in 
KYSE450 and KYSE150 cells after SUMO2/3 silencing by western blotting. (D and E) Interaction between HSP27 and SUMO2/3, as shown by co‑immuno-
precipitation assay. (F) Immunofluorescence of nuclei (DAPI, blue), SUMO2/3 (green) and HSP27 (red) in KYSE450 and KYSE150 cells. HSP, heat shock 
protein; PKM2, pyruvate kinase isoenzyme 2; SUMO2/3, small ubiquitin‑related modified protein 2/3; KD, knockdown.

Figure 3. HSP27 modulates but does not interact directly with PKM2 in KYSE450 cells. (A) Western blotting results of downstream proteins (PKM2, 
vimentin and E‑cadherin) following HSP27 knockdown in KYSE450 cells. GAPDH, internal loading control. (B) No interaction between HSP27 and PKM2 
was observed in the co‑immunoprecipitation assay. HSP, heat shock protein; PKM2, pyruvate kinase isoenzyme 2; KD, knockdown; NC, negative control; 
OE, overexpression.
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We previously demonstrated using two‑dimensional 
gel electrophoresis that 15 proteins, including HSP27 and 
PKM2, were highly expressed in Kazakh patients with 
ESCC (7). In addition, our previous study revealed that the 
PKM2/STAT3 pathway promoted ESCC cell proliferation 

and motility through regulating EMT (24). However, the 
regulatory association between HSP27 and PKM2 remains 
largely unknown. HSPs are important stress response 
proteins that protect the stability of the intracellular environ-
ment. Whether HSP27 participates in anaerobic glycolysis 

Figure 5. SUMO2/3 promotes ESCC cell proliferation, invasion and migration. (A and B) MTT assay of proliferation changes in KYSE450 and KYSE150 
cells after knockdown of SUMO2/3. (C and D) Detection of invasion by Transwell assay in KYSE450 and KYSE150 cells after silencing of SUMO2/3 
(magnification, x100). (E and F) Variations in the migratory activity of KYSE450 and KYSE150 cells analyzed using the wound healing assay after SUMO2/3 
knockdown (magnification, x100). *P<0.05 compared with the normal control group and ▲P<0.05 compared with the shRNA‑scramble control group. 
ESCC, esophageal squamous cell carcinoma; HSP, heat shock protein; SUMO2/3, small ubiquitin‑related modified protein 2/3; KD, knockdown.
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has not been extensively investigated. High expression of 
HSP90 in myocytes may increase cell uptake and utilization 
of glucose, and the function of HSP90 depends on the supply 
of ATP (25), strongly suggesting that HSP90 may directly 
affect cell glucose metabolism. In healthy cells, upregula-
tion of HSP62 may induce the synthesis of pyruvate kinase, 
increase the activity of pyruvate kinase, and increase the cell 
content of ATP, indicating that high expression of HSP62 
can accelerate glycolysis in healthy cells (26). It was recently 
reported that HSP proteins are also involved in the Warburg 
effect of cancer cells. HSP90 is significantly overexpressed 
in HCC tissues and can directly bind and phosphorylate 
threonine 328 of PKM2, stabilizing PKM2 dimers in the 
cytoplasm and promoting the Warburg effect (27).

In addition to HSP90, HSP40 has also been shown to 
interact with PKM2. The binding of HSP40 and PKM2 can 
stabilize the dimer of PKM2, and silencing HSP40 was able 
to suppress the growth of tumor cells (29). These findings 
strongly suggest a direct interaction between PKM2 and 
HSP proteins. HSP27 and HSP90 share highly conserved 
domains. Therefore, it was hypothesized that HSP27 may 
also interact with PKM2 directly in Kazakh patients with 
ESCC. To test this hypothesis, the levels of HSP27 and 
PKM2 were assessed by IHC in ESCC tissue samples. The 
staining results demonstrated that the expression of HSP27 
was markedly associated with T stage, lymph node metas-
tasis and overall survival. Moreover, the expression levels 
of HSP27 and PKM2 were positively correlated in Kazakh 
ESCC tissues. However, the correlation between HSP27 and 
SUMO2/3 was not determined in the present study, mainly 
due to the fact that the expression of SUMO2/3 was not 
detected at the clinical tissue level. Further verification at 
the ESCC cell level demonstrated that knockdown of HSP27 
inhibited the function of ESCC cells, decreased the expres-
sion of PKM2 and vimentin, and increased the expression of 
E‑cadherin. These results indicate that HSP27 regulates the 
PKM2 pathway to promote ESCC progression. However, the 
results of Co‑IP revealed that HSP27 does not bind directly 
with PKM2, indicating that HSP27 and PKM2 do not 
directly interact. Moreover, a previous study by Xu et al (28) 
on breast cancer reported that knockdown of HSP27 can 
suppress EMT, with decreased Snail and vimentin and 
increased E‑cadherin expression. These data suggested that 
HSP27 can promote EMT in breast cancer. Despite the fact 
that ESCC and breast cancer pathologically originate from 
different tissues, it may be inferred that HSP27 acts in a 
similar manner in the two cancers by regulating EMT. EMT 
variations following knockdown of HSP27 in ESCC cells 
will be further investigated in future studies.

SUMOylation, an important post‑translational modifica-
tion, is mediated by SUMO2/3 (18). Liu et al (17) found that 
SUMO2/3 promotes the transformation of chronic hepatitis 
B to liver cancer by stabilizing p65 in the cytoplasm and 
deactivating NF‑κB. Ge et al (21) reported that SUMO2/3 in 
HCC cells protects HSP27 from degradation by binding to the 
GKHE sequence on the HSP27 protein, thus promoting the 
motility of tumor cells. However, the SUMOylation of HSP27 
has rarely been reported in ESCC. The data obtained herein 
demonstrated that SUMOylation of HSP27 was able to modu-
late the expression PKM2 to promote the progression of ESCC.

In the present study, HSP27 knockdown was shown to 
downregulate PKM2 in ESCC cells; in addition, the prolife
ration and invasion of ESCC cells were also markedly 
suppressed after HSP27 silencing. These data strongly suggest 
that HSP27 promotes ESCC cell function by regulating PKM2. 
Mechanistically, the promoting effect of HSP27 on PKM2 
level may be mediated by SUMO2/3, which can interact with 
HSP27. As shown in the present study, silencing of SUMO2/3 
may lead to the downregulation of HSP27, along with a 
decrease in PKM2. From these data, it may be inferred that 
SUMO2/3 can prevent the HSP27 protein from degradation. 
These observations were in agreement with a previous study 
reporting that SUMO2/3 was required for the promotion of 
proliferation and invasion of liver cancer cells by HSP27 (21). 
Of note, the data of the present study strongly support that 
SUMOylation stabilizes HSP27 and protects it from degra-
dation, which was also reported previously by Ge et al (21). 
However, as the expression of SUMO2/3 was not detected in 
the present study, no conclusions can be drawn on the correla-
tion between SUMO2/3 and HSP27, which should be further 
investigated in future studies.

In conclusion, HSP27 was found to be significantly associ-
ated with T stage, lymph node metastasis and poor prognosis 
in ESCC, revealing a novel regulatory mechanism of PKM2, 
mediated by SUMOylation of HSP27, which is implicated in 
the oncogenesis of ESCC.
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