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Knockdown of CCT?2 inhibits the malignant progression of
hepatocellular carcinoma cells by impairing STAT3 activation
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Abstract. Hepatocellular carcinoma (HCC) is an aggressive
liver malignancy, the molecular mechanisms underlying the
progression of which are not fully understood. As a component
of the chaperonin-containing tailless complex polypeptide 1
(TCP1) ring complex, chaperonin-containing TCP1 subunit 2
(CCT?2) participates in the development of numerous types of
liver disease. However, the potential role of CCT2 in regulating
HCC malignant behaviors remains unclear. In the present
study, bioinformatics analysis of patients with HCC from public
datasets (The Cancer Genome Atlas-Liver HCC, International
Cancer Genome Consortium-Liver Cancer-Riken-Japan and
OEP00000321) demonstrated that CCT2 expression was
upregulated in HCC tissue. High expression of CCT2 was
also associated with an unfavorable overall survival prognosis.
CCT?2 knockdown was shown to inhibit the proliferation,
migration, invasion and stemness and promote the apoptosis
of HCC cells in vitro, as evidenced by EdU, colony formation,
flow cytometry, caspase-3/7 activity, gap closure, Transwell
and tumor-sphere formation assays. Consistently, knocking
down CCT?2 also suppressed the subcutaneous tumor prolif-
eration and hematogenous lung metastasis of the human HCC
HCCLM3 cells in vivo. Furthermore, downregulation of
CCT?2 decreased the phosphorylation of STAT3, as well as the
expression of myeloid cell leukemia sequence 1, matrix metal-
loproteinase 2 and SRY-box transcription factor 2 in vitro and
in vivo. However, IL-6 treatment rescued the levels of phos-
phorylated STAT3 and counteracted the inhibitory effects of
CCT2 knockdown on proliferation and invasion. The findings
suggest that CCT2 promotes HCC by activating the STAT3
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signaling pathway. Therefore, CCT2 may serve as a survival
biomarker and precision treatment target in HCC.

Introduction

Based on epidemiological data in 2020, primary liver cancer
is the third leading cause of cancer-associated death globally,
accounting for ~830,2000 deaths. Hepatocellular carcinoma
(HCC) accounts for 90% of the primary liver cancer inci-
dence (1,2). Over the past two decades, molecular targeted
agents have emerged as promising therapeutic options for
HCC (3). However, the prognosis of patients with HCC
remains unfavorable due to the aggressive growth and metas-
tasis of this cancer. Therefore, a deeper understanding of HCC
pathogenesis remains essential.

Chaperonins are a cluster of molecular chaperones with
sizes ranging from 55 to 64 kDa (4) that are divided into
groups I and II according to their distinct encapsulation
mechanism. The tailless complex polypeptide 1 (TCPI) ring
complex belongs to group II and comprises eight distinct
subunits (5). The classical functions of the TCP1 ring complex
include a chaperone that is key for the correct folding of
polypeptide substrates and an autophagy receptor involved in
regulating the degradation of solid protein aggregates (6,7).
Numerous chaperonin-containing TCP1 (CCT) subunits have
been shown to regulate HCC progression; specifically, knock-
down of CCT3 sensitizes HCC cells to sorafenib and enhances
sorafenib-mediated ferroptosis (8). Inhibiting CCT4 induces
securin and Bim accumulation, which causes HCC cell apop-
tosis (9). Depletion of CCT8 arrests the cell cycle in the GO/G1
phase by inhibiting CDK?2 and cyclin E expression in Huh-7
cells (10). In silico analysis has indicated that CCT2 expression
is markedly upregulated in breast and pancreatic cancer and
thyroid carcinoma (11). The clinical value and biological func-
tions of CCT2 in HCC progression remain poorly understood,
however, CCT2 has been observed to promote tumor viability,
stemness and metastasis in breast and lung cancer (12,13).

STAT3 is the most well-known member of the STAT
family (14). Phosphorylation of STAT3 at the Tyr705 and
Ser727 residues are prerequisites of STAT3 signaling acti-
vation (15). Although over-activation of STAT3 is noted in
numerous types of liver disease, including viral hepatitis (16),
hepatic ischemia-reperfusion injury (17) and liver fibrosis (18),
its role in HCC is notable as the STAT3 signaling pathway
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regulates the proliferation, stemness and metastasis of HCC
cells (19). However, the regulatory effects of CCT2 in STAT3
activation remain ambiguous. Chen et al (20) reported
that over-activation of STAT3 signaling is crucial for the
CCT2-mediated proliferation and invasion of triple-negative
breast cancer cells. By contrast, Vallin et al (21) found that the
levels of STAT3 phosphorylation at Tyr705 increase following
CCT?2 knockout in the estrogen receptor positive and proges-
terone receptor positive MCF-7 breast cancer cell line. Genetic
heterogeneity between cell lines may be how CCT?2 achieves
different roles in the STAT3 signaling pathway. The associa-
tion between CCT2 expression and STAT3 signaling activation
in HCC remains unclear.

The present study systematically investigated the effects
of CCT2 knockdown on the malignant properties and STAT3
signaling activation in HCC cells. The findings of the present
study may facilitate the translational application of CCT2 in
HCC molecular targeted therapy in the future.

Materials and methods

Public dataset acquisition. The Cancer Genome Atlas-Liver
HCC (TCGA-LIHC) (22), International Cancer Genome
Consortium-Liver Cancer-Riken, Japan (ICGC-LIRI-JP) (23)
and OEP00000321 (24) preprocessed datasets were
downloaded from the HCC database (lifeome.net:809/#/down-
load) (25). Based on the median expression of CCT?2 calculated
in HCC tissue (11.17 in TCGA-LIHC, 5.40 in ICGC-LIRI-JP
and 11.41 in NODE-OEP00000321), patients were stratified
into high and low CCT2 expression groups. The association
between CCT2 expression and overall survival was assessed
by Kaplan-Meier analysis using GraphPad Prism 10 software
(Dotmatics).

Cell culture. The HCC cell lines Huh-7 (cat. no. STCC10102G),
Hep3B (cat. no. STCC10103G), Li-7 (cat. no. STCC10107G)
and HCCLM3 (cat. no. STCC10111G) were provided by
Wuhan Servicebio Technology Co., Ltd. STR profiling was
performed to ensure the authenticity of cells. Complete culture
medium was prepared with DMEM (cat. no. C11995500BT)
supplemented with 10% FBS (cat. no. A5256701; both Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin
solution (cat. no. P4333; Sigma-Aldrich; Merck KGaA). The
cells were incubated in complete culture medium at 37°C
under a humidified environment with 5% CO,. Recombinant
human IL-6 (cat. no. HY-P7044; MedChemExpress) as used
for STAT?3 activation. In brief, Huh-7 and HCCLM3 cells were
treated with IL-6 (50 ng/ml) or PBS at 37°C for 24 h and cells
were collected for further experiments.

Lentivirus transduction. Huh-7 and HCCLM3 cells were seeded
into 6-well plates at a density of 1x10° cells/well and incubated
at 37°C overnight. As previously described (26), shRNA plas-
mids and packaging plasmids were co-transfected into 293T
cells at 37°C for 8 h. Mature lentiviral particles (1x10® TU/ml)
carrying CCT2-specific short hairpin (sh)RNA (sh-CCT?2) or
negative control shRNA (sh-NC) were provided by Shanghai
GeneChem Co., Ltd. The sequence for human CCT2 shRNA
was 5S"“TTCATCCACAGACCATCATAG-3'. The sequence for
human sh-NC was 5" TTCTCCGAACGTGTCACGT-3" The

lentiviral transduction of HCC cells was performed at a multi-
plicity of infection of 10. Following 12 h transduction at 37°C,
the viral medium was replaced with fresh complete medium.
To select stably transduced cells, puromycin was applied at a
concentration of 5 yg/ml for 48 h. The viable cells were main-
tained in culture medium containing 1.25 pg/ml puromycin for
continuous passaging. Expression of CCT2 was detected by
reverse transcription-quantitative PCR (RT-q)PCR and western
blot analysis. Subsequent experiments were performed =72 h
after lentiviral transduction.

EdU incorporation assay. Huh-7 and HCCLM3 cells were
cultured in 6-well plates at an initial seeding density of
1x10° cells/well. Following a 3 h light-protected incubation
at 37°C with 0.1% EdU reagent (cat. no. C10310-1; Guangzhou
RiboBio Co.,Ltd.), the cells were fixed using 4% paraformalde-
hyde (PFA) for 30 min at room temperature. The incorporated
EdU was detected by treating the cells with Apollo staining
reagent (cat. no. C10371-1; Guangzhou RiboBio Co., Ltd.)
for 30 min at room temperature. The cell nuclei were stained
with Hoechst 33342 reagent for 30 min at room temperature.
Fluorescence images were captured using the Operetta CLS
high-content analysis system (PerkinElmer, Inc.). In total, five
visual fields were chosen at random and the number of EAU
positive cells was evaluated using ImageJ software (version
1.53 K; National Institutes of Health). The proportion of
EdU-positive cells was calculated as follows: (EdU-positive
cells/total cells) x100%.

Colony formation assay. Huh-7 and HCCLM3 cells were
cultured in 6-well plates at an initial seeding density of
1x10° cells/well. The complete DMEM in the wells was
refreshed at 3 day intervals. Following 14 day culture, 4% PFA
and 0.1% crystal violet were added to the plates for fixation
(30 min at room temperature) and staining (20 min at room
temperature), respectively. The cell colonies consisting of =40
cells were observed using the ECLIPSE Ts2 inverted light
microscope (Nikon Corporation) and counted using ImageJ
software.

Flow cytometry. Early and late apoptotic cells were labeled
using Annexin V-PE/7-AAD (cat. no. KGA1104; Nanjing
KeyGen Biotech Co., Ltd.). Huh-7 and HCCLM3 cells were
digested with EDTA-free trypsin. Then, 1x10° cells were
resuspended in 500 pl binding buffer working solution to
prepare a single-cell suspension. For each 500 pl cell suspen-
sion, 1 ul Annexin V-PE and 5 ul 7-AAD were sequentially
added. After mixing by vortexing, the tubes were kept in the
dark for 10 min to ensure complete reactions. The FACSAria
II flow cytometer (BD Biosciences) was used to measure the
percentage of apoptotic cells. Cell apoptosis was analyzed by
FACSDiva Software (v6.1.3, BD Biosciences).

Apo-ONE homogeneous caspase-3/7 assay. Huh-7 or
HCCLM3 cells were resuspended in DMEM at a density of
1x10° cells/ml. Then, 100 ul Apo-ONE caspase-3/7 substrate
working solution (cat. no. G7792; Promega Corporation) and
100 ul cell suspension were sequentially added to a black
96-well cell culture plate. The contents were mixed using a
plate shaker. The cells were incubated at room temperature,



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

protected from the light, for 8 h. The fluorescence of each
well was measured using the FL 6500 spectrofluorometer
(PerkinElmer, Inc.), as previously described (27).

Gap closure assay. Ibidi Culture-Insert 25 Well plates
(cat. no. 80209; ibidi GmbH) were used for the gap closure
assay. 3x10° Huh-7 or HCCLM3 cells were cultured in the
wells until they formed 100% confluent monolayers, at which
point the inserts were removed. The cells were cultured in
serum-free DMEM (Thermo Fisher Scientific, Inc.) at 37°C
for an additional 48 h. In total, five independent repeats
were performed for each group. Images were captured by
the ECLIPSE Ts2 inverted light microscope at 0 and 48 h.
The gap area was measured by ImageJ software and calcu-
lated as follows: Gap closure ratio (%)=[1-(area at 48 h/area
at 0 h)] x100%.

Transwell assay. DMEM-Matrigel (10%; cat. no. 354234;
Corning, Inc.) was used to precoat the upper surface of perme-
able Transwell insert membranes (cat. no. 3464; Corning, Inc.)
for 2 h at 37°C. The inserts were placed in a 24-well plate.
Next, 2x10* Huh-7 or HCCLM3 cells were resuspended in
200 pl serum-free DMEM and added to the upper chamber of
the Transwell insert, while the lower chamber was filled with
600 ul complete DMEM. Following a 24 h culture at 37°C, the
inserts were incubated with 4% PFA and 0.1% crystal violet
for fixation (30 min at room temperature) and staining (20 min
at room temperature), respectively. The successfully invaded
cells were counted under the ECLIPSE Ts2 inverted light
microscope.

Tumor sphere formation assay. Suspended single Huh-7
or HCCLM3 cells (1x10%) were cultured with Tumor Stem
Cell Pellet Culture Medium (serum-free; cat. no. P2401;
Shanghai QiDa Biotechnology Co., Ltd) in ultra-low
attachment plates (24-well; cat. no. 3473; Corning, Inc.).
Following 14 days incubation at 37°C, cell spheres were
counted under the ECLIPSE Ts2 inverted light microscope.
The spheroid formation efficiency (SFE) was calculated
as follows: SFE (%)=number of spheres/1,000x100%.
Furthermore, tumor spheres were harvested and digested
into a single-cell suspension for EdAU incorporation assay
and Transwell assay.

RT-gPCR. Total RNA from Huh-7 and HCCLM3 cells was
extracted using TRIzol™ reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instruc-
tions. RT-qPCR was performed using the SuperScript™
IIT Platinum™ One-Step qRT-PCR kit (cat. no. 11732020;
Invitrogen; Thermo Fisher Scientific, Inc.). The one-step
thermocycling conditions were as follows: 50°C for 15 min to
synthesize cDNA; 95°C for 2 min to denaturalize the cDNA and
activate the Tag DNA Polymerase; 40 cycles of 95°C for 15 sec
(denaturation) and 60°C for 30 sec (annealing and extension).
The 244 method was used to calculate the relative expression
of the target genes (28,29). The primers were as follows: CCT2
forward, 5'-GCACTACCTCTGTTACCGTTTT-3' and reverse,
5-CTTCTCTCCAACCCGCTATGA-3' and B-actin (reference
gene) forward, 5'-CATGTACGTTGCTATCCAGGC-3' and
reverse, 5'-CTCCTTAATGTCACGCACGAT-3.
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Western blotting. RIPA buffer (cat. no. PO013B) and the BCA
Protein Assay kit (cat. no. PO012; both Beyotime Institute of
Biotechnology) were used to extract the total protein from
Huh-7 and HCCLM3 cells and measure the protein concentra-
tion, respectively. The same mass of protein (40 pg/lane) was
separated by 4-20% SDS-PAGE (cat. no. P0468S; Beyotime
Institute of Biotechnology) and then transferred onto PVDF
membranes (cat. no. [IPVH00010; MilliporeSigma). The
membranes were washed with TBS for 10 min at room
temperature. The membranes were blocked with 5% fat-free
milk for 1 h at room temperature followed by incubation with
primary antibodies (1:1,000 using 5% fat-free milk) at 4°C
overnight. The primary antibodies were as follows: CCT2
(cat. no. 24896-1-AP), B-actin (cat. no. 66009-1-Ig), MMP2
(cat. no. 10373-2-AP), myeloid cell leukemia sequence 1
(MCLI; cat. no. 16225-1-AP) and SRY-box transcription factor
2 (SOX2; cat. no. 11064-1-AP; all Proteintech Group, Inc.) and
STAT3 (cat. no. 4904) and phosphorylated (p-)STAT3 (Tyr705;
cat. no. 4113; both Cell Signaling Technology, Inc.) The
membranes were washed three times in TBST (0.1% Tween-20)
for 5 min each at room temperature. The proteins were labeled
with HRP-conjugated secondary antibodies (1:5,000 in 5%
fat-free milk; cat. nos. SAO0001-1 and SA00001-2; Proteintech
Group, Inc.) for 1 h at room temperature. The membranes
were washed three times in TBST for 5 min each at room
temperature. Chemiluminescent signals were detected by
an enhanced chemiluminescence kit (cat. no. WBKLS0500;
MilliporeSigma). The band densitometry was quantified by
Imagel] software.

Subcutaneous xenograft and hematogenous lung metastasis
model. A total of 20 BALB/c (age, 4-6 weeks; weight, 16-18 g)
male nude mice were acquired from SPF Biotechnology Co. Ltd.
and raised in a specialized pathogen-free environment (25°C,
45% humidity, 12/12-h light/dark period and ad libitum access to
diet and water). The institutional animal care and use committee
of SPF Biotechnology Co., Ltd (Beijing, China). approved the
animal experiment protocol (approval no. AWE2023102504).
Nude mice were randomly assigned into four groups (sh-NC
and sh-CCT2 for the xenograft and hematogenous lung metas-
tasis model; n=5/group) using random number table method. For
the xenograft model, a 150 pl single-cell suspension containing
2x10° transduced HCCLM3 cells (with sh-NC or sh-CCT2) was
administered via subcutaneous injection into the left forelimb.
Once the subcutaneous tumors were palpable, they were moni-
tored three times per week. Tumor diameters were measured
using a vernier caliper. Tumor volumes were determined as
follows: Volume (mm®)=a x b?x0.5, where a indicates the length
and b indicates the width. The tumor volume did not exceed
2,000 mm?, in compliance with animal ethics requirements.
For the lung metastasis model, a single cell suspension of 1x10°
transduced HCCLM3 cells (with sh-NC or sh-CCT?2) in 100 pl
sterile saline was administered into mice via tail vein injection.
After 28 days, all animals were placed in a chamber ventilated
with CO, at 30-70% of its volume/min. The mice were left in
the chamber for =5 min after respiratory arrest and observed
to ensure the cessation of breathing and heartbeat. Cervical
dislocation (with the confirmation of a gap between the skull
and spinal column) was used to ensure the death. For the xeno-
graft model, subcutaneous tumors were dissected and weighed.
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Figure 1. In silico analysis of CCT2 expression and the clinical significance in HCC. Transcription levels of CCT2 in (A) TCGA-LIHC, (B) ICGC-LIRI-JP
and (C) NODE-OEP00000321 datasets. ““P<0.001 vs. tumor-adjacent. Association between CCT2 expression and the overall survival prognosis of patients
in (D) TCGA-LIHC, (E) ICGC-LIRI-JP and (F) NODE-OEP00000321 datasets. CCT2, chaperonin containing TCP1 subunit 2; TCGA-LIHC, The Cancer
Genome Atlas-liver hepatocellular carcinoma; ICGC-LIRI-JP, International Cancer Genome Consortium-liver Cancer-Riken, Japan; NODE, National Omics
Data Encyclopedia; HCC, hepatocellular carcinoma.
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Figure 2. Knockdown of CCT2 in HCC cells. (A) Protein expression levels of CCT2 in HCC cell lines (Huh-7, Hep3B, Li-7 and HCCLM3). CCT?2 was success-
fully knocked down in both Huh-7 and HCCLM3 cells following sh-CCT?2 transduction. Knockdown efficiency in Huh-7 cells was evaluated by (B) reverse
transcription-quantitative PCR and (C) western blotting. Knockdown efficiency in HCCLM3 cells was evaluated by (D) reverse transcription-quantitative
PCR and (E) western blotting. “P<0.05, ““P<0.001 vs. sh-NC. CCT2, chaperonin containing TCP1 subunit 2; sh, short hairpin; NC, negative control; HCC,
hepatocellular carcinoma.
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Figure 3. Knockdown of CCT?2 inhibits the proliferation and promotes the apoptosis of hepatocellular carcinoma cells. EdU incorporation assay was used to
determine the DNA replication activity of (A) Huh-7 and (B) HCCLM3 cells. Colony formation assay was used to assess the cell clonogenicity of (C) Huh-7
and (D) HCCLM3 cells. Flow cytometry assay was used to analyze the percentage of apoptotic (E) Huh-7 and (F) HCCLM3 cells. Caspase-3/7 activity assay
was used to evaluate the degree of apoptosis in (G) Huh-7 and (H) HCCLM3 cells. "P<0.05, “P<0.01, “*P<0.001 vs. sh-NC. CCT2, chaperonin containing TCP1
subunit 2; sh, short hairpin; NC, negative control; RFU, relative fluorescence units.

For the lung metastasis model, both lungs were dissected. The
tumor and lung were fixed with 4% PFA for 30 min at room
temperature for further experiments.

Immunohistochemistry and hematoxylin and eosin (H&E)
staining. PFA-fixed subcutaneous tumor and lung tissue were
first embedded in paraffin and then sliced into 4-ym-thick
sections. The sections were dewaxed in xylene (three times for
10 min each) and rehydrated through graded ethanol (100, 95, 90,
80 and 70%, 5 min each). For immunohistochemistry, antigen
retrieval was performed by microwaving at 95°C for 10 min

with Tris-EDTA buffer (pH 9.0; cat. no. PR30002; Proteintech
Group, Inc.). Endogenous peroxidase activity quenching and
non-specific antigen blocking were performed using IHC Detect
kit for Rabbit/Mouse Primary Antibody (cat. no. PK10006;
Proteintech Group, Inc.). The primary antibodies, including
p-STATS3 (cat. no. 4113, Cell Signaling Technology), MCLI1
(cat. no. 16225-1-AP), MMP2 (cat. no. 10373-2-AP) and SOX2
(cat. no. 11064-1-AP; all Proteintech Group, Inc.), were diluted
1:100 in antibody diluent (cat. no. PR30016; Proteintech Group,
Inc.) and applied at 4°C overnight. Afterward, the sections were
washed with PBS to eliminate any unbound primary antibodies and
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Figure 4. Knockdown of CCT?2 inhibits the migration and invasion of hepatocellular carcinoma cells. The effect of CCT2 knockdown on the migration of
(A) Huh-7 and (B) HCCLM3 cells was measured using gap closure assay. The effects of CCT2 knockdown on the invasion of (C) Huh-7 and (D) HCCLM3
cells was evaluated by Transwell assay. "P<0.05, “P<0.01 vs. sh-NC. CCT2, chaperonin containing TCP1 subunit 2; sh, short hairpin; NC, negative control.

subsequently incubated with 100 ul ready-to-use HRP-conjugated
polymer secondary antibodies (cat. no. RGAUOL11, Proteintech
Group, Inc.) for 30 min at room temperature. DAB was used to
visualize proteins. Hematoxylin reagent was utilized to stain the
nuclei for 1 min at room temperature.

For H&E staining, the sections were dipped in hematoxylin
reagent for 5 min at room temperature followed by washing in
flowing tap water. Then, the sections were immersed in acid
alcohol (1% hydrochloric acid in 70% alcohol) for 5 sec and
washed in flowing tap water until they turned blue. Eosin solu-
tion (1%) was used to stain the sections for 20 sec at room
temperature.

All sections were imaged using the ECLIPSE Ts2 inverted
light microscope. The mean optical density was calculated by
Image] software to assess the expression of the target protein
in the subcutaneous tumor tissues. The number of lung nodules
was counted to evaluate the tumor metastatic capacity.

Statistical analysis. Quantitative data are reported as the
mean =+ standard deviation of =3 independent experimental
repeats. The unpaired Student's t-test was performed to
evaluate differences between two groups when data passed
Shapiro-Wilk normality and equal variance test; otherwise,
the Mann-Whitney test was used. The differences between >2
groups were compared by one-way ANOVA, with Tukey's post
hoc test. GraphPad Prism 10 software (Dotmatics) was used
for data analysis. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Upregulated CCT?2 expression is associated with poor prog-
nosis in HCC. To evaluate the clinical significance of CCT2 in
HCC, the association between CCT2 expression and OS was
analyzed using multiple public HCC datasets. The results across
all datasets demonstrated CCT2 expression was upregulated in
HCC tissues compared with tumor-adjacent tissue (Fig. 1A-C).
Kaplan-Meier curve analyses demonstrated that patients with
HCC with high levels of CCT2 had a poorer OS prognosis.
The hazard ratios (HRs) for OS were as follows: HR=1.51
[95% confidence interval (CI), 1.06-2.16; P=0.024; Fig. 1D] in
TCGA-LIHC cohort, HR=3.12 (95% CI, 1.59-6.11; P<0.001;
Fig. 1E) in the ICGC-LIRI-JP cohort and HR=2.59 (95% ClI,
1.51-4.43; P<0.001; Fig. 1F) in the NODE-OEP00000321
cohort. Taken together, high expression of CCT2 may be
considered a risk factor for patients with HCC.

CCT2 expression is inhibited in Huh-7 and HCCLM3 cells by
lentivirus transduction. To elucidate the biological functions
of CCT2 in HCC malignancy, the expression of CCT2 in HCC
cell lines was detected by western blotting (Fig. 2A). Huh-7
and HCCLM3 cell lines were selected for subsequent experi-
ments due to their relatively high levels of CCT2 expression.
CCT?2 expression was knocked down in Huh-7 and HCCLM3
cells by lentivirus-mediated sh-CCT?2 transduction. RT-qPCR
and western blotting confirmed that, compared with the sh-NC
group, the mRNA (Fig. 2B and D) and protein (Fig. 2C and E)
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levels of CCT2 were significantly downregulated in the  HCC cell viability. CCT2 knockdown significantly decreased
sh-CCT2 group. the percentage of EdU-positive cells (Fig. 3A and B) and the

number of colonies formed (Fig. 3C and D). Additionally,
Knockdown of CCT2 inhibits proliferation and promotes  compared with the sh-NC group, the proportion of apop-
the apoptosis of HCC cells. Functional experiments were  totic cells (Fig. 3E and F) and the activity of caspase-3/7
performed to determine whether CCT2 knockdown affected  (Fig. 3G and H) increased in the CCT2 knockdown group.


https://www.spandidos-publications.com/10.3892/or.2026.9086

8 LI et al: KNOCKDOWN OF CCT2 INHIBITS HEPATOCELLULAR CARCINOMA PROGRESSION

12007 —— sh-NC &8
1000 sh-CCT2
800 1 .
600 1
400
2001

sh-NC

Tumor volume (mm3)

sh-CCT2

7 14 21 28

Time after injection (days)

1500

1000

500

Tumor weight (mg)

-

QAT |”!
wmuu |mT

sh-NC  sh-CCT2

sh- CCT2

'&QW«" Kt!"‘g.
&5 L

fl‘\

ki;',q 50

Number of
metastatic nodules
- N W
o O O O
—_—
' *

sh-NC  sh-CCT2

Figure 6. Knockdown of CCT?2 inhibits the tumor proliferation and metastasis of HCCLM3 cells in vivo. Tumor (A) proliferation and (B) weights were
measured to assess the effects of CCT2 knockdown on HCCLM3 tumor proliferation in nude mice. (C) Number of metastatic nodules stained with hematoxylin
and eosin was calculated to evaluate the effects of CCT2 knockdown on the hematogenous lung metastasis of HCCLM3 cells (n=5/group). "P<0.05, “P<0.01
vs. sh-NC. CCT2, chaperonin containing TCP1 subunit 2; sh, short hairpin; NC, negative control.

Collectively, the findings indicated that CCT2 may be involved
in the regulation of cell proliferation and apoptosis in HCC.

Knockdown of CCT2 inhibits the migration and invasion
of HCC cells. The effects of CCT2 knockdown on cancer
cell motility were investigated. CCT2 knockdown signifi-
cantly suppressed the migration and invasion of Huh-7 and
HCCLM3 cells, as shown by the gap closure (Fig. 4A and B)
and Transwell invasion (Fig. 4C and D) assays. These data
demonstrated that CCT2 may be involved in the migration and
invasive characteristics of HCC.

Knockdown of CCT2 inhibits the stemness traits of HCC cells.
The effect of CCT2 on cancer cell self-renewal was detected
by the tumor-sphere formation assay. The number of spheres
was lower in the sh-CCT2 compared with the sh-NC group
(Fig. 5A and B). Compared with the parental cells in sh-NC
group, the spheroid cells in sh-NC group exhibited enhanced
proliferative and invasive capacities (Fig. 5C-F). Furthermore,
knockdown of CCT?2 inhibited these malignant behaviors in
both parental and spheroid cells (Fig. 5C-F). Taken together,
these findings demonstrated that CCT2 may regulate the
stemness traits of HCC cells.

Knockdown of CCT?2 inhibits the proliferation and metas-
tasis of HCCLM3 cells in vivo. Subcutaneous xenograft and
hematogenous lung metastasis models were used to verify the
anticancer effects of CCT2 knockdown in vivo. Knockdown
of CCT2 in HCCLM3 cells significantly decreased the tumor
proliferation rate and final tumor weight in xenograft mice
(Fig. 6A and B). Moreover, compared with the sh-NC group, the
number of lung metastatic nodules decreased in the sh-CCT2
group (Fig. 6C). In brief, the in vivo results confirmed the roles
of CCT2 in HCC progression.

Knockdown of CCT2 impairs the activation of STAT3 in HCC
cells. Phosphorylation of STAT3, particularly at residue Tyr705,
serves as a hallmark of its canonical activation (15). Western
blotting showed that knockdown of CCT2 attenuated the
phosphorylation levels of STAT3 rather than changing its total
protein levels (Fig. 7A and B). In addition, the protein levels
of MCLI1, MMP2 and SOX2 were downregulated following
CCT2 knockdown (Fig. 7A and B). Immunohistochemical
staining of subcutaneous tumor tissue also demonstrated that
the p-STAT3, MCLI1, MMP2 and SOX2 levels were decreased
in the sh-CCT2 group (Fig. 7C-F). These results suggested
that the STAT3 signaling pathway may be a key downstream
pathway regulated by CCT2 in HCC cells.

IL-6 abolishes the effects of CCT2 knockdown in HCC
cells. To assess whether the oncogenic effects of CCT2 were
dependent on the activation of STAT3, recombinant human
IL-6 (50 ng/ml) was used to activate STAT3 signaling in HCC
cells. The western blotting results confirmed that IL-6 treat-
ment increased the levels of p-STAT3 in Huh-7 and HCCLM3
cells (Fig. 8A and B). Furthermore, compared with the PBS
treatment group, the inhibitory effects of CCT2 knockdown on
the proliferation (Fig. 8C and D) and invasion (Fig. 8E and F)
of Huh-7 and HCCLM3 cells were significantly abrogated by
IL-6 treatment. These results indicated that CCT2 exerts its
tumor-promoting effects via STAT3 activation.

Discussion

Despite targeted therapy improving the prognosis of patients
with HCC, a notable number of patients experience suboptimal
outcomes owing to drug resistance or treatment-associated
toxicities (30). Identification of novel molecular targets to
improve the outcome of these patients is clinically meaningful.
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Several studies have investigated the participation of the CCT
subunits in oncogenesis mechanisms and found an asso-
ciation between these subunits and hallmarks of malignant
cells (31,32). The present study showed that CCT2 promoted
cell functions typical of malignancy in HCC.

In the present study, in silico analysis revealed that CCT2
expression was typically elevated in HCC tissues and associ-
ated with a poorer OS across multiple independent clinical
cohorts. In agreement with these findings, CCT2 upregulation
is a hallmark of poor prognosis in gallbladder (33), breast (34)
and gastric (35) cancer. These results suggest CCT2 may exert

key oncogenic roles in HCC progression. In colorectal cancer,
CCT2 knockdown inhibits cell proliferation, migration and inva-
sion by interrupting the folding of GLI family zinc finger 1 (36).
In the present study, lentiviral-mediated shRNA transduction
was used to knockdown the expression of CCT2 in HCC cells.
CCT2 knockdown not only attenuated the malignant behaviors,
including proliferation, migration and invasion, but also induced
the apoptosis of HCC cells. Cancer stem cells promote tumor
proliferation and invasion (37,38). The present study found CCT2
knockdown impaired self-renewal as well as the proliferative
and invasive properties of spheroid HCC cells. Moreover, in both


https://www.spandidos-publications.com/10.3892/or.2026.9086

10 LI et al: KNOCKDOWN OF CCT2 INHIBITS HEPATOCELLULAR CARCINOMA PROGRESSION

A £12)mmpes =W IL-6
PBS IL-6 £
S 0.9 *
5o
-actin g
Practn [amm ] §
pSTAT3  STAT3
C
Huh_7sh—CCT2 .
- < 80
PBS IL-6 e .
T 60
[&]
£ 40
2
g 20
3
2t =< 5 % pEs Il

E

Huh _7sh-CCT2

-
o N
o O

w
o O

PBS IL-6

Number of invaded cells
D
o

D

£ 12)mmpes EmIL6
PBS IL-6 g 0.9 *k
[0} .
©
-actin E
] T R I
pSTAT3  STAT3
HCCLMssh—CCTZ R
_— X 80
PBS IL-6 -
< 60 o
o
240
2
g 20
3
L 2o.m [ = T
HCCLMssh—CCTZ »
S —— 2
PBS IL-6 o *x
TS B TN oD -8 90
©
g
£ 60
2 30
[}
o)
E 0
2 PBS IL-6

Figure 8. IL-6 abolishes the effects of CCT2 knockdown on the proliferation and invasion of hepatocellular carcinoma cells. The protein levels of STAT3 and
p-STAT3 in (A) Huh-7 and (B) HCCLM3 cells were measured by western blotting. The proliferation of (C) Huh-7 and (D) HCCLM3 cells following CCT2
knockdown and IL-6 treatment was detected using EdU incorporation assay. The invasion of (E) Huh-7 and (F) HCCLM3 cells was assessed using Transwell
assay. 'P<0.05, "P<0.01 vs. PBS. CCT2, chaperonin containing TCP1 subunit 2; sh, short hairpin; p-, phosphorylated.

the subcutaneous xenograft and hematogenous lung metastasis
models, CCT2 knockdown inhibited the proliferation and lung
metastasis of HCC cells in vivo. To the best of our knowledge, the
present study is the first to report that CCT2 serves as a driver of
HCC proliferation, stemness and invasion.

STAT3 is an oncogene in cancer development.
Kasembeli er al (39) found that CCT2 knockdown decreases
the expression of total STAT3 protein in HS-578T breast cancer
cells. However, knockdown of CCT3 sensitizes A549 lung
adenocarcinoma cells to cisplatin treatment by inhibiting the
phosphorylation of STAT3 (40). Additionally, overexpression
of CCT4 partly rescues the inactivation of p-STAT3 induced
by anticarin-f in MG-63 osteosarcoma cells (41). The afore-
mentioned reports suggested that the regulation of STAT3 by
CCT subunits is mediated by its phosphorylated activation. The
present study demonstrated that CCT2 knockdown inactivated
the STAT3 signaling pathway in HCC. CCT2 knockdown
decreased the levels of p-STAT3, MCL1, MMP2 and SOX2 in
HCC cells. As downstream targets of STAT3, MCL1, MMP2
and SOX2 promote HCC progression by driving cell viability,
extracellular matrix degradation and self-renewal (14).
Exogenous IL-6 treatment rescued the phosphorylation of
STAT3 and abrogated the tumor-suppressive effects induced by
CCT?2 knockdown. Collectively, the present study indicated that
CCT?2 promotes the malignant behaviors of HCC cells by acti-
vating the STAT?3 signaling pathway. Notably, CCT2 promotes
cancer progression through multiple molecular mechanisms.

For example, CCT2 directly binds to KRAS, leading to the
increased stability, viability and proliferation of glioblastoma
multiforme cells (42). Additionally, epithelial-mesenchymal
transition (EMT) causes cancer cells to acquire aggressive
phenotypes. CCT2 promotes the EMT process by upregulating
the expression of EMT-associated transcription factors, such as
zinc finger E-box binding homeobox 1 (43) and Snail/Slug (44).
These findings provide a basis to investigate the mechanisms
by which CCT2 promotes HCC progression.

The present study had several limitations that should be
acknowledged. First, the comprehensive mechanisms by which
CCT2 enhances STAT3 phosphorylation remain unclear.
Subsequent studies should assess protein-protein interactions
to explore how CCT?2 activates STAT3 signaling, such as by
stabilizing its structure or facilitating its folding. Second,
the clinical significance of CCT2 was not evaluated using a
prospective patient cohort. A high-quality case-control study
should be performed to assess the clinical value of CCT2 in
distinguishing healthy controls and HCC.

In conclusion, the present study suggested that CCT2
promoted the malignant behaviors of HCC cells by activating
the STAT?3 signaling pathway. CCT2 may serve as a promising
therapeutic target for patients with HCC.
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