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Purpose: Colorectal cancer (CRC) is a common malignancy associated with high morbidity 
and mortality. Heat shock 70 kDa protein 4 (HSPA4) has been shown to exert regulatory 
roles during tumor progression in different cancer types. Here, we investigated the expres-
sion and cellular functions of HSPA4 in CRC.
Materials and Methods: Expression of HSPA4 in CRC tissues and paracancerous tissues 
was analyzed by RT-qPCR and immunohistochemistry IHC staining. The functional roles of 
HSPA4 were explored using shRNA-mediated knockdown in HCT116 and RKO CRC cell 
lines, both in vitro and in tumor xenograft studies.
Results: HSPA4 expression was significantly increased at the RNA and protein levels in CRC 
tissues compared with noncancerous tissues. Moreover, HSPA4 expression was positively asso-
ciated with tumor stage and its high expression of HSPA4 indicated poor patient prognosis. In vitro 
studies established that HSPA4 knockdown inhibited proliferation and migration, causing arrest in 
the G2-phase of the cell cycle along with increased levels of apoptosis. This phenotype was 
recapitulated in vivo where HSPA4 knockdown suppressed xenograft growth. Mechanistic inves-
tigations showed silencing of HSPA4 reduced activation of the PI3K, Akt signaling axis while also 
downregulating the cell cycle progression markers, CCND1 and CDK6. Similarly, there was altered 
expression of apoptosis-related proteins consistent with the increase in apoptosis.
Conclusion: Our findings demonstrate clinical significance for HSPA4 in CRC, further 
showing that HSPA4 contributes to CRC tumorigenesis through effects on proliferation, 
migration and survival. Thus, HSPA4 represents a novel prognostic indicator as well as a 
promising therapeutic target in CRC.
Keywords: CRC, HSPA4, proliferation, apoptosis, migration

Introduction
Colorectal cancer (CRC) occurs at high incidence and represents the fourth leading cause 
of cancer deaths worldwide.1 Projections to the year 2035 indicate CRC prevalence will 
increase by 60%, accounting for 2.2 million new annual cases and over 1.1 million annual 
deaths.2 Current CRC treatments typically involve surgery and radiotherapy, as well as the 
use of chemotherapeutic drugs such as FOLFOX and FOLFIRI regimens.3 Additionally 
to improve outcomes, chemotherapy is now often combined with monoclonal antibodies 
or other targeted therapies, eg against vascular endothelial growth factor (VEGF) or 
epidermal growth receptor (EGFR).4 Despite such advancements, recurrence rates for 
CRC are high, resulting in poor survival outcomes.5 Consequently, there is an urgent need 
to thoroughly understand the molecular mechanisms of CRC and identify key molecular 
targets, thus laying the foundation for the development of new and more effective 
treatments.
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Heat shock proteins (HSPs) are ubiquitous cellular mole-
cules that act as a molecular chaperones under different stress 
conditions, including carcinogenesis.6 Previous studies have 
found a highly abundant set of HSPs on the surface of tumor 
cells, including HSPA4, HSP60, HSP70, HSP90, and HSP27.6 

HSPA4 (heat shock protein 4) is a 70kDa member of the 
HSP110 family7 and there is emerging evidence to suggest 
that HSPA4 participates in the progression and development of 
different cancers. For example, Jo et al reported frameshift 
mutations in HSPA4 in both gastric cancer and CRC8 and 
moreover, Wang et al showed that HSPA4 may be important 
for nasopharyngeal carcinoma (NPC) metastasis.9 

Additionally, Ma et al found significant correlations between 
HSPA4 expression and overall survival in hepatocellular car-
cinoma (HCC) patients.10 Moreover, Gu et al proposed that 
tumor-educated B cells selectively promote breast cancer 
lymph node metastasis by HSPA4-targeting IgG.11 

Interestingly, Han et al inferred that inhibition of LPS-induced 
cardiomyocyte apoptosis and mitochondrial damage by sup-
pressing post-transcriptional regulation of HSPA4 by miR-1- 
5p.12 Although HSPA4 has been implicated in various biolo-
gical processes related to tumorigenesis, its cellular functions 
and molecular mechanisms in CRC are still largely unknown.

The aim of this study was to elucidate the relationship 
between the expression of HSPA4 and CRC tumorigeni-
city. To this end, we identified that HSPA4 was commonly 
upregulated in CRC and its expression was associated with 
poor prognosis. Functional interrogation using in vitro 
assays indicated that HSPA4 knockdown inhibited cell 
proliferation and suppressed migration also causing cell 
cycle arrest and promoting cell apoptosis. Consistently, 
assessment of the effects of HSPA4 knockdown in vivo 
also showed inhibition of tumor growth. Our findings 
suggest that HSPA4 functionally contributes to the devel-
opment and progression of CRC and moreover propose 
that HSPA4 may be a therapeutic target.

Materials and Methods
CRC Tissue Samples and Cell Lines
A total of 87 tumor tissues and 69 noncancerous tissues 
were collected from CRC patients at the First Affiliated 
Hospital of Sun Yat-sen University. None of the patients 
received radiotherapy or chemotherapy prior to biopsy. 
This study was approved by the Research Ethics 
Committee of the First Affiliated Hospital of Sun Yat-sen 
University with written informed consent was obtained 
from each participant.

The human HCT116 and RKO CRC cell lines were 
purchased from Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China) in August 2019 and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) at 37°C 
in a 5% CO2 atmosphere. All cells were authenticated by 
STR and confirmed negative for mycoplasma contamina-
tion prior to the experiments (Figure S1A-B).

Immunohistochemical (IHC) Staining
Tissue sections were deparaffinized and subjected to antigen 
retrieval with citric acid before incubation with primary anti-
bodies (anti-HSPA4, 1:200, # ab185962, Abcam USA) and 
then IgG HRP-conjugated secondary antibody (1:400, # 
ab6721, Abcam). Incubation steps were performed at room 
temperature for 3 h and afterwards antibody complexes were 
detected with DAB and the tissue sections counterstained with 
hematoxylin. Specimens were independently evaluated by two 
pathologists with IHC scores expressed as staining percentage 
defined as: 1 (1–24%), 2 (25–49%), 3 (50–74%), 4 (75–100%) 
and staining intensity defined as 0: no color, 1: brown, 2: light 
yellow, 3: dark brown. Accordingly, high or low expression 
groups for HSPA4 were defined by median IHC scores.

RNA Interference
Short hairpin RNAs (shRNA) against human HSPA4 or a 
related control sequence was designed and inserted into 
the BR-V-108 lentiviral plasmid vector by Shanghai bios-
ciences Co., Ltd. (Shanghai, China). The target sequences 
used were shHSPA4-1: 5ʹ-AAAGTCAAAGTT 
CGAGTAAAT-3ʹ; shHSPA4-2: 5ʹ-GGTGACATATA 
TGGAGGAAGA-3ʹ; shHSPA4-3: 5ʹ- AAGCAATGGAGT 
GGATGAATA-3ʹ. Plasmids were packaged using 293T 
cells using plasmids prepared using the EndoFree Maxi 
Plasmid Kit (Tiangen). HCT116 or RKO cells were seeded 
at a density of 2×105 cells/mL in a 6-well plate and 
infected after 24 h with 100 μL lentiviral supernatant 
(1×107 TU/mL) along with ENI.S and polybrene (10 µg/ 
mL, Sigma-Aldrich). After 72 h, cell infection was verified 
by fluorescence microscopy and knockdown efficiency 
determined via qRT-PCR and Western blotting.

RNA Isolation and Quantitative Real 
Time-Polymerase Chain Reaction (qRT- 
PCR)
Total RNA was extracted from the tumor and noncancer-
ous tissues using the Trizol reagent (Invitrogen, CA, USA) 
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according to the procedure manufacturers protocol. Total 
RNA was similarly extracted from CRC cell lines. RNA 
(2.0 μg) was transcribed into cDNA using the M-MLV RT 
kit (Promega) and triplicate qRT-PCR reactions performed 
on the Roche Light Cycler® 96 real-time PCR platform. 
The expression of HSPA4 was quantified using the 2−ΔΔCT 

method using GAPDH as the internal control. The primer 
sequences used were: HSPA4: 5ʹ- GCAGACACCAGC 
AGAAAATAAGG-3ʹ, 5ʹ- TCGATTGGCAGG 
TCCACAGT-3ʹ; GAPDH: 5ʹ- TGACTTCAACAGCGA 
CACCCA-3ʹ, 5ʹ-CACCCTGTTGCTGTAGCCAAA-3ʹ.

Western Blotting
Cell lysates were prepared from shCtrl or shHSPA4 
infected HCT116 and RKO cell lines were lysed in ice- 
cold RIPA buffer (Millipore) and. The protein concentra-
tions determined using the BCA Protein Assay Kit 
(#23225, HyClone-Pierce). Equal protein amounts (20 
μg) were separated by 10% SDS-PAGE, transferred onto 
PVDF membranes, and blotted with primary antibodies 
against HSPA4 (1:2000, Abcam, #ab185962), Akt 
(1:1000, CST, #4685), p-Akt (1:1000, Bioss, #BS- 
5193R), CCND1 (1:2000, CST, #2978), CDK6 (1:1000, 
Abcam, #ab151247), PIK3CA (1:1000, Abcam, 
#ab40776) and GAPDH (1:3000, Bioworld, #AP0063). 
The blots were visualized with the Amersham ECL plusTM 

Western blotting system and the density of protein bands 
was analyzed using ImageJ software (National Institute of 
Health).

Celigo Cell Counting Assay
The shCtrl or shHSPA4 infected HCT116 and RKO cell 
lines were seeded into 96-well plates (500 cells/well). 
After culturing to allow cell clones to form, the wells 
were fixed with 4% formaldehyde and then with Giemsa. 
Visible colonies were then photographed and counted for 5 
consecutive days.

Flow Cytometry
HCT116 and RKO cells infected with shCtrl or shHSPA4 
lentivirus were cultured until cell density reached 85% 
before harvesting and analysis. Thereafter, apoptosis ana-
lyses and cell cycle distribution assays were performed 
using a Guava easyCyte HT FACS Calibur flow cytometer 
(Millipore). Briefly, 10 μL Annexin V-APC (eBioscience) 
was added to cells suspended in 800 μL 1× binding buffer 
and incubated at room temperature without light for 10 
min. The cell apoptotic ratio was calculated based on the 

following formula: (number of positive cells/numbers of 
all counted cells) × 100%. For cell cycle analyses, the cells 
were stained using PI staining solution (BD Biosciences) 
and ratio of cells in the G1, S and G2 cell cycle phases 
determined by flow cytometry.

Wound Healing Assay
Cell migration was measured by scratch wound healing 
assays. HCT116 and RKO cells infected with shCtrl or 
shHSPA4 lentivirus were plated into 96-well plates (5×104 

cells/well) and cultured until cell confluence reached 90%. 
Subsequently, cell scratches were made across the cell 
layer by a 96-wounding replicator (VP scientific) and the 
cell layers gently washed. Photographs were taken using 
epifluorescence microscopy at 24 h and 48 h post scratch-
ing and the migration rates calculated.

Transwell Assay
HCT116 and RKO cells infected with shCtrl or shHSPA4 
lentivirus were seeded at 8×104 cells in the upper chamber 
of 24-well transwell cell culture plates. The lower chamber 
was filled with 600 μL medium supplemented with 30% 
FBS. The non-migratory cells on the upper chamber were 
removed with a cotton swab, while the cells adhering to 
the membrane were fixed in 4% paraformaldehyde (pre-
cooled with ice) for 30 min and stained with 0.1% crystal 
violet for 20 min at room temperature. Following washing 
with PBS, 5 fields of view per well were selected ran-
domly under a 200 ×magnification microscope, and 
images were captured for enumeration of the cells.

Xenograft Model
BALB/c nude mice (4 weeks old) obtained from Shanghai 
Lingchang Laboratory Animal Technology Co., Ltd. Ten 
mice were randomly selected and divided into the shCtrl 
(n=5) and shHSPA4 (n=5) groups. A total of 4×106 RKO 
cells infected with shCtrl or shHSPA4 lentivirus were 
subcutaneously injected into the right forearm armpit of 
each mouse. After 6 days of injection, the tumor size and 
mice weight were monitored 2 times per week, and tumor 
volume =π/6× L × W2, where L represents the long dia-
meter and W represents the short diameter. In vivo biolu-
minescence images were also collected using the Berthold 
Technologies living imaging system on mice anesthetized 
by intraperitoneal injection of 0.7% Pentobarbital Sodium 
(10 uL/g). Subsequently, mice were sacrificed and the 
tumor tissues were harvested. All animal experiments 
were approved by the Ethics committee of the First 
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Affiliated Hospital of Sun Yat-sen University and con-
ducted in accordance with Guide for Care and Use of 
Laboratory animals (NIH publication number 85–23, 
revised at 1996).

Ki67 Staining
Xenografted tumor tissues were fixed in 10% formalin and 
embedded in paraffin. After preparing 5 μm sections, the 
tissues were dewaxed in xylene and ethanol before rehydra-
tion. Tissue sections were blocked with 3% PBS-H2O2 and 
were incubated with anti-Ki67 and HRP goat anti-rabbit IgG. 
Alternatively, slides were stained by Hematoxylin (Baso, # 
BA4041) and Eosin (Baso, # BA4022). Stained slides were 
examined at 200× and 400× by light microscopy.

Human Apoptosis Antibody Array
The Human Apoptosis Antibody Array (Abcam, # 
ab134001) was used to quantitate signal pathway protein 
detection following the manufacturer’s instructions. 
Briefly, cell lysates were prepared as for Western blotting 
and equal protein amounts incubated with pre-blocked 
array antibody membranes overnight at 4°C. After wash-
ing, 1:100 Detection Antibody Cocktail was incubated for 
1 h, followed by incubation with HRP linked streptavidin 
conjugate for 1 h. All spots were visualized by enhanced 
ECL and the signal densities were analyzed with ImageJ 
software (National Institute of Health).

Statistical Analysis
All experiments were performed in triplicate and data 
shown as mean ± SDs. Statistical analyses and graphs 
were performed by GraphPad Prism 8.01 (GraphPad 
Software) with P value < 0.05 considered to be statistically 
significant. Significance differences between groups were 
determined using the two-tailed Student’s t test or One- 
way ANOVA. The relationships between HSPA4 expres-
sion and tumor characteristics in patients with CRC was 
analyzed by multivariate cox regression analysis.

Results
Upregulation of HSPA4 is Associated with 
Poor Prognosis in CRC Patients
To evaluate the role of HSPA4 in CRC, we first examined 
whether the expression level of HSPA4 was altered in CRC 
compared to normal tissues. Examination of mRNA levels 
using qRT-PCR indicated that HSPA4 was higher expressed 
in CRC tissues compared to noncancerous tissues (P < 0.01) 

(Figure 1A). Moreover, these changes were confirmed at the 
protein level using IHC (Figure 1B) (Table 1). Furthermore, 
the relationship between HSPA4 expression and tumor char-
acteristics indicated a significant positive correlation between 
HSPA4 expression and tumor stage (P = 0.019) (Table 2). 
Subsequent multivariate cox regression analysis indicated 
that the expression levels of HSPA4 were positively correlated 
with tumor differentiation (P = 0.014) and stage (P = 0.041) 
(Table 3). Most instructively, Kaplan–Meier survival analysis 
revealed that HSPA4 expression levels were significantly asso-
ciated with overall survival in CRC patients (Figure 1C). 
Collectively these results highlight that high expression of 
HSPA4 has the clinical significance in CRC, being associated 
with tumor malignancy and of indicating poor prognosis in 
patients.

ShRNA-Mediated Knockdown of HSPA4 
in CRC Cell Lines
Analysis of mRNA expression in CRC cell lines using qRT- 
PCR indicated that HSPA4 levels in HCT116 and RKO cells 
were more abundant than other cell lines tested (Figure S2A). 
To assess the function of HSPA4 in CRC, we then constructed 
loss-of-function cell models in HCT116 and RKO cells using 
shRNA-mediated gene silencing. Evaluation of three indepen-
dent targeting sequences using qRT-PCR showed that 
shHSPA4-3 produced the highest knockdown efficiency 
(Figure S2B), and this vector was chosen for subsequent 
experiments. HCT116 and RKO cells were then infected 
with shHSPA4 or a control sequence (shCtrl) with epifluores-
cence imaging showing that the infection efficiency reached 
over 80% in 72 h (Figure S2C). Moreover, qRT-PCR analysis 
revealed that HSPA4 knockdown efficiencies were 96.1% (P < 
0.01) and 94.94% (P < 0.01) respectively, in HCT116 and 
RKO cells were compared with the shCtrl control 
(Figure S2D). These findings were then verified at the protein 
level with Western blotting results showing that the HSPA4 
protein expression after HSPA4 knockdown was significantly 
reduced compared to the shCtrl group in both HCT116 and 
RKO cells (Figure S2E). Together these findings indicate 
robust knockdown of HSPA4 in the HCT116 and RKO cell 
models.

Knockdown of HSPA4 Inhibits 
Proliferation of HCT116 and RKO Cells 
in vitro
We next used Celigo cell counting assays using the 
HCT116 and RKO cell models to determine if HSPA4 
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expression affected cell proliferation. Indeed, cell 
count observations indicated that the cell proliferation 
ratio of the shHSPA4 groups was reduced compared to 
the shCtrl groups for both HCT116 and RKO cells, 
with growth rates only about one-third after 5 days of 
culture (P < 0.001) (Figure 2A). These experimental 
results indicate that decreasing HSPA4 expression in 
CRC cells lines can significantly inhibit their 
proliferation.

Knockdown of HSPA4 Promotes 
Apoptosis and Cell Cycle Arrest in 
HCT116 and RKO Cells in vitro
To further investigate the growth inhibitory phenotype 
observed after HSPA4 knockdown, we employed flow cyto-
metry to measure apoptotic rates as well as cell cycle para-
meters in the CRC cell models. Notably, compared with shCtrl 
group, the apoptotic rates increased after HSPA4 knockdown, 

Figure 1 HSPA4 is highly expressed in CRC. (A and B) Expression levels of HSPA4 in CRC tumor tissues and adjacent normal tissues were detected by qRT-PCR (A) and 
IHC staining (B). (C) Kaplan-Meier survival analysis of HSPA4 expression and overall survival in CRC patients. Data are presented as mean ± SD (n = 3) of three triplicates 
or independent experiments.

Table 1 Expression Patterns in Colorectal Cancer Tissues and Para-Carcinoma Tissues Revealed in Immunohistochemistry Analysis

HSPA4 Expression Tumor Tissue Para-Carcinoma Tissue P value

Cases Percentage Cases Percentage

Low 42 48.3% 62 89.9% 0.000

High 45 51.7% 7 10.1%
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by factors of ~2 and ~3.3 fold in HCT116 and RKO cells, 
respectively (P < 0.001) (Figure 2B). Furthermore, the num-
bers of HCT116 and RKO cells in the G2 phase were increased 
in the shHSPA4 compared to the shCtrl groups (P < 0.01) 
(Figure 2C). In contrast, the proportion of S phase cells were 
decreased for HCT116 cells while this increased in RKO cells. 
The cause of this difference is unclear but nonetheless, HSPA4 
knockdown is associated with cell cycle arrest in the G2 phase. 
Therefore, HSPA4 knockdown increased apoptosis and pro-
motes cell cycle arrest in CRC cells in vitro.

Knockdown of HSPA4 Inhibits Migration 
of HCT116 and RKO Cells in vitro
Next, wound healing and Transwell assays were used to deter-
mine the effects of HSPA4 knockdown on CRC cell motility. 
Wound healing assays showed the migration rate of HCT116 
shHSPA4 cells was reduced by 39% compared to shCtrl con-
trols over 48 h (P < 0.001) (Figure 3A). Interestingly, no 
significant alterations in RKO cell migration were caused by 
HSPA4 knockdown after 30 h. However, the effects of HSPA4 

downregulation on CRC cell migration were more consistent 
in Transwell assays. Here, the migration rates of HCT116 and 
RKO cells in the shHSPA4 group were reduced by about 60% 
and 90%, respectively, compared with the shCtrl group (P < 
0.01) (Figure 3B). Collectively these findings indicate that 
HSPA4 knockdown inhibits the migration of CRC cells.

Knockdown of HSPA4 in CRC Cells 
Impairs Tumorigenesis in vivo
Based on our in vitro findings that HSPA4 knockdown inhib-
ited cell proliferation and migration while promoting apopto-
sis, we anticipated that HSPA4 knockdown would also inhibit 
CRC tumorigenesis in vivo. To test this notion, RKO cells with 
or without HSPA4 knockdown were subcutaneously injected 
into nude mice to establish a mouse xenotransplantation 
model. As anticipated, bioluminescence imaging showed that 
tumor growth in shHSPA4 bearing tumors was significantly 
slower than shCtrl controls (P < 0.001) (Figure 4A). 
Comparisons of tumor volume measurements showed the 
shHSPA4 group was smaller than shCtrl group 18 days after 

Table 2 Relationship Between HSPA4 Expression and Tumor Characteristics in Patients with Colorectal Cancer

Features No. of Patients HSPA4 Expression P value

Low High

All patients 87 42 45

Age (years) 0.336

< 70 43 23 20

≥ 70 44 19 25

Gender 0.068

Male 43 25 18

Female 44 17 27

Naked eye typing 0.131

Mass type 23 8 15

Ulcerative type 13 5 8

Infiltrative type 50 29 21

Differentiation 0.657

Undifferentiated/ low differentiated 14 6 8

Medium differentiation/high differentiation 73 36 37

Tumor size 0.260

< 5cm 39 16 23

≥ 5cm 47 25 22

Tumor site 0.410

Left colon 24 13 11

Right colon 61 27 34

Stage 0.019

Stage 1/2 51 30 21

Stage 3/4 36 12 24
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injection (302.45 ± 266.26 mm3 versus, P < 0.05) (Figure 4B). 
The mean tumor weight at the conclusion of the experiment in 
the shHSPA4 group was 0.29g ± 0.269 g lighter than the shCtrl 
group (P < 0.05) (Figure 4C and D). Additionally, examination 
of the proliferation index of tumor tissues using Ki67 staining 
showed that proliferation in shHSPA4 tumors was significantly 
lower than that in the shCtrl tumors (Figure 4D). These find-
ings were therefore consistent with the in vitro experiments, 
suggesting that HSPA4 knockdown attenuates CRC 
tumorigenicity.

Exploration of Signaling Mechanisms 
Downstream of HSPA4 in CRC Cell
We next used the Human Apoptosis Antibody Array to 
investigate the signaling changes associated with HSPA4 
knockdown in CRC. Using the array, we investigated the 
differential expression of 43 proteins key apoptotic 
between the shHSPA4 and shCtrl RKO cells Notably, 
after HSPA4 silencing the expression of Caspase 3, 
HSP60, IGFBP-6 and SMAC were significantly upregu-
lated in RKO cells (Figure 5A). Conversely, the expression 

Figure 2 Knockdown of HSPA4 inhibits cell proliferation and promotes apoptosis in CRC cells. (A) Cell proliferation of HCT116 and RKO cells with or without knockdown 
of HSPA4 was evaluated in Celigo cell counting assays. Flow cytometry analysis based on Annexin V-APC staining was utilized to detect cell apoptotic ratio (B) and cell cycle 
distribution (C) for HCT116 and RKO cells. Data are presented as the mean ± SD (n = 3) of three triplicates or independent experiments. **P<0.01, ***P<0.001.

Figure 3 Knockdown of HSPA4 inhibits cell migration in CRC cells. (A and B) Cell migration of HCT116 and RKO cells with or without knockdown of HSPA4 was 
evaluated in wound healing assay (A) and Transwell assay (B). Data are presented as the mean ± SD (n = 3) of three triplicates or independent experiments. **P<0.01, 
***P<0.001.
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levels of Bcl-2, Bcl-w, IGF-I, IGF-II and IGF-1sR were 
downregulated by HSPA4 knockdown (P < 0.05). 
Additional analysis by Western blotting to investigate 
other key signaling proteins showed that the expression 
of p-Akt, CCND1, CDK6, PIK3CA was downregulated in 
shHSPA4 cells compared to the shCtrl cells, although Akt 
expression was not significantly changed (Figure 5B). 
These data suggested that knockdown of HSPA4 reduced 
the activation of PI3K, Akt signaling, while the down-
regulation of CCND1 and CDK6 suggests inhibition of 
cell cycle progression. These changes are consistent with 

the HSPA4 knockdown phenotype showing decreased cell 
proliferation.

Discussion
HSPA4 has been reported to participate in diverse biolo-
gical processes, many which involve tumor progression. 
Here, we investigated the role of HSPA4 in CRC, finding 
that HSPA4 is overexpressed in CRC where its high 
expression levels indicate poor prognosis. In addition, 
our investigation in two in CRC cell lines (HCT116 and 
RKO) showed that knockdown of HSPA4 inhibits different 

Figure 4 Knockdown of HSPA4 inhibits tumor growth in mice xenograft models. (A) The total bioluminescent intensity of tumors in shCtrl and shHSPA4 RKO cell groups. 
(B) Tumor volume measurements comparing shCtrl and shHSPA4 RKO cell groups. (C) Average tumor weights in shCtrl and shHSPA4 RKO cell groups. Images of mice and 
tumors in shCtrl and shHSPA4 groups. (D) Ki67 staining of tumor tissues in shCtrl and shHSPA4 groups. (A–C) data represent the mean ± SD of ten mice with 3 
representative images shown. *P<0.05, ***P<0.001.
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malignant characteristics, including proliferation and 
migration while enhancing apoptosis. Furthermore, the 
decreased expression of HSPA4 in RKO cells leads to 
the alterations in apoptosis-related proteins.

Apoptosis is recognized as the most important form of 
cell death,13 which involves a series of cellular signals.14 Our 
study found that HSPA4 knockdown upregulated proapopto-
tic molecules such Caspase 3, HSP60, IGFBP-6 and SMAC, 
and moreover, decreased the levels of apoptosis inhibitors 
such as Bcl-2, Bcl-w, IGF-I, IGF-II and IGF-1sR. Caspase 3 
is one of most closely related molecules in the process of 
apoptosis, and is responsible for changes in cell morphology 
and the fragmentation of DNA.15,16 Moreover, upon death 
stimuli, HSP60 is released from mitochondria to the cytosol 
to exert a pro-death function, either through stabilizing Bax, 
enhancing Caspase 3 activation, or increasing protein 
ubiquitination.17,18 Qiu et al revealed that IGFBP-6 inhibits 
the invasion and migration of CRC cells possibly via cell 
cycle arrest and promoting apoptosis.19 Interesting, multiple 
preclinical studies have documented the ability of SMAC to 
either directly induce cell death of cancer cells or trigger cell 
death.20 Conversely, Bcl-2 inhibits cell apoptosis and is 
closely associated with the onset and drug resistance of a 
variety of malignant tumors.21 Bcl-W belongs to the Bcl-2 
family and is considered as an anti-apoptotic protein in 
different types of normal and diseased cells.22 IGFs include 
IGF-I, IGF-II, relevant receptors IGF-IR and IGF-IIR, and 
IGF-binding proteins (IGFBPs), all of which exert crucial 
roles in anti-apoptosis and facilitating cell proliferation.23,24 

Han et al, illustrated that the progression of CRC may be 

associated with elevated expression levels of IGFs-related 
proteins.25 On this basis, the changes in key apoptotic pro-
teins after HSPA4 knockdown are consistent with the apop-
totic phenotype observed. Nonetheless, more work is 
required to better resolve how the molecular signaling path-
ways of apoptosis are controlled by HSPA4 in CRC cells.

Additionally, HSPA4 knockdown in RKO cells trig-
gered decreases in phosphorylated Akt and downregula-
tion of PIK3CA, CCND1 and CDK6. Many cancers often 
exhibit activation of the PI3K/Akt/mTOR signaling path-
way through alterations in PI3K or Akt,26 and both such 
molecules are known to play key roles in regulating CRC 
cell growth.27 Additionally, Bali et al reported that 
CCND1 was essential for the pathogenesis and metastasis 
of CRC and can be used as a prognostic index.28 Besides, 
Zhang et al highlighted that targeted therapies combined 
with CDK4/6 inhibitors offer promising treatment options 
for CRC.29 Therefore, targeting HSPA4 could inhibit the 
progression of CRC cells through downstream effects on 
PI3K/Akt, CCND1 and CDK6.

Conclusion
Our study determined that HSPA4 is highly expressed in 
CRC, and its expression has potential clinical value in 
predicting poor prognosis of CRC patients. In addition, 
knockdown of HSPA4 inhibits the malignant biological 
properties of CRC by reducing proliferation, enhancing 
apoptosis and weakening migration. In summary, HSPA4 
may act as a potential prognostic marker and promising 
therapeutic target for this lethal disease.

Figure 5 Exploration of molecular mechanisms downstream of HSPA4. (A) Human apoptosis antibody array analysis was performed in RKO cells with or without HSPA4 
knockdown. (B) Western blotting analysis of the indicated signaling proteins in RKO cells with or without HSPA4 knockdown. Data are presented as the mean ± SD (n = 3) 
of three triplicates or independent experiments. *P<0.05, **P<0.01, ***P<0.001.
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