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T-complex protein-1 ring complex (TRiC), also known as Chaperonin Containing T-complex protein-1 (CCT), is a multisubunit chaperonin required for the folding of nascent proteins. Mounting evidence suggests that TRiC also contributes to the development and progression of tumors, but there are limited studies on pathogenic functions in hepatocellular carcinoma (HCC). We comprehensively evaluated the expression pattern and biological functions of TRiC subunits using The Cancer Genome Atlas and The Human Protein Atlas. Expression levels of TRiC subunits TCP1, CCT2/3/4/5/6A/7/8 were significantly upregulated in HCC tissues at both transcript and protein levels, which predicted shorter overall survival (OS). Moreover, high mutation rates were found in several CCT subunits, and patients with altered CCT genes exhibited poorer clinical outcomes. Functional enrichment analysis showed that co-regulated genes were preferentially involved in ‘protein folding’ and ‘microtubule-based process’, while genes co-expressed with CCT subunits were primarily involved in ‘ribosome’ and ‘spliceosome’. Knockout of CCT5 in a HCC cell line reduced while overexpression enhanced proliferation rate, cycle transition, migration, and invasion. In conclusion, these findings suggest that subunits of the TRiC may be potential biomarkers for the diagnosis of HCC and play an important role in the occurrence and development of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most frequent malignant tumors throughout the world. According to 2020 global cancer statistics, HCC mortality accounts for 8.3% of total cancer deaths, and there were an estimated 410,000 new HCC cases in China alone (1). Although HCC prognosis has improved greatly over the past 20 years, the five-year survival rate continues to be extremely low. Surgical resection and liver transplantation are the most effective therapeutic approaches for early-stage HCC, but most patients are diagnosed with intermediate- or advanced-stage disease. Several targeted drugs are now available that can prolong life, but again these have not markedly improved 5-year survival. The development of HCC is a complex process, and its occurrence, development, and metastasis are closely related to various gene mutations, the constantly activation of cell signal transduction pathways and abnormal neovascularization. A large number of studies have found the pathogenesis and therapeutic targets of HCC (2, 3), but there are currently no common therapeutic targets for broad-spectrum treatment. It may be possible to identify prognostic biomarkers and more efficacious treatment targets by screening tumor-related gene networks.

Molecular chaperonins aid in the proper folding of newly synthesized proteins. Group I chaperonins are found in bacterial cytosol and eukaryotic organelles, and include GroEL and the eukaryotic homology HSP60, while group II chaperonins are found in archaea and eukaryotic cytosol, and include the multisubunit T-complex protein-1 ring complex (TRiC), an ATP-dependent chaperone that may directly assist in the folding of about 10% of all cytosolic proteins (4). The TRiC is composed of eight paralogous subunits (TCP1, CCT2, CCT3, CCT4, CCT5, CCT6A, CCT6B, CCT7, CCT8) assembled into a double ring hexadecamer. Each subunit consists of three unique domains: an apical domain containing the substrate recognition site, an intermediate domain, and an equatorial domain containing the ATP-binding site. According to previous studies, the TRiC contributes to a variety of essential cellular functions and pathogenic processes such as tumorigenesis by stabilizing proteins involved in growth, proliferation, and apoptosis, including cyclin B and cyclin E (5–7). The TRiC also mediates the folding of cytoskeletal proteins such as actins and tubulins (8). Moreover, the TRiC contributes to carcinogenesis by directly regulating the folding and activity of oncogenic or tumor suppress proteins such as Von Hippel-Lindau (VHL), p53 and STAT3 (9–11).

Accumulating evidence also suggests that the expression levels of TRiC subunits are association with cancer development and progression. For instance, several studies have reported that elevated expression of subunit CCT3, a novel regulator of spindle integrity required for proper kinetochore–microtubule attachment during mitosis, is associated with poor HCC survival (12). Similarly, CCT8 overexpression has been linked to poor HCC prognosis (13) and glucose-regulated protein (GRP94)-mediated metastasis through CCT8 and JNK pathways (14). It was also found that CCT6A can accelerate the cell cycle G–S transition by upregulating cyclin D, thereby promoting HCC cell proliferation (15). Collectively, these findings suggest that TRiC subunits have potential utility as prognostic markers and treatment targets.

Therefore, we analyzed the expression levels and mutation rates of eight TRiC subunits in HCC by data mining. In the present study, the expression levels of TRiC subunits in HCC were significantly up-regulated compared to normal tissues except CCT6B. Moreover, high expression level of CCTs in HCC was associated with poor prognosis, also related to pathological grade and clinical stage. We also analyzed predicted functions and pathways of the mutations in CCTs and their frequently altered neighbor genes in HCC patients. Furthermore, significant correlations between expression levels of TRiC subunits in HCC were observed. Finally, gain/loss-of-function assays demonstrated that CCT5 plays an important role in proliferation, migration, invasion and cell cycle regulation of HCC cells. These findings may contribute to new targets and insights for diagnosis and treatment of HCC.



Material and Methods


ONCOMINE Analysis

The online cancer microarray database and data-mining platform ONCOMINE (www.oncomine.org), a compendium of dysregulated genes, pathways, and networks from 18,000 cancer gene expression profiles (16), was searched for genes differentially expressed between normal tissues and HCC tissues as evaluated by Student’s t test. Datasets were extracted from TCGA pan cancer database using a cut-off p value of 0.01 and threshold fold-change of 2.



UALCAN Analysis

The online UALCAN database (http://ualcan.path.uab.edu) was used for analyzing and data mining based on The Cancer Genome Atlas (TCGA). UALCAN can be used to compare relative gene expression levels between normal and tumor samples, as well as between tumor subgroups stratified by pathological grade, clinical stage, age, sex, and other clinical features. We used the UALCAN to analyze the relationship between CCT subunit expression levels in the TCGA database and various clinicopathological features. Kaplan-Meier survival curves were also constructed to evaluate the associations of CCT subunit expression levels with clinical prognosis. Expression levels were compared by Student’s t test, and p < 0.05 was considered statically significant. Kaplan-Meier curves were compared by log-rank test.



The Human Protein Atlas

The public Human Protein Atlas (https://www.proteinatlas.org) contains more than 10 million images of protein expression patterns at a single-cell level generated by immunocytochemistry and immunohistochemistry (17). It can be used to identify the protein expression profiles in normal and pathological human tissues, and to retrieve the related literature. In our study, the protein expression levels of TRiC subunits in normal human and HCC tissues were compared using immunohistochemical images and mass spectrometry-based quantitative proteomics analysis (18).



cBioPortal

The cBioPortal (www.cbioportal.org) is an online resource based on cancer genomics for exploring, visualizing, and analyzing multidimensional cancer genomics data. The types of genomic data integrated include somatic mutations, DNA copy number changes (CNAS), mRNA and miRNA expression, DNA methylation, and protein abundance. We used cBioPortal to analyze the genomic profiles and their correlations of TRiC subunits in the TCGA database. The search parameters included mutation, CNAS and mRNA expression z-Scores (RNASeq V2 RSEM), and somatic putative copy number alterations, which were generated from RNA-seq data by the GISTIC. Kaplan-Meier analysis was used to examine the associations of CCT mutation with overall survival (OS) and disease-free survival (DFS) in HCC, and p<0.05 by log-rank test was accepted as significant.



DAVID

The DAVID database (https://david.ncifcrf.gov/summary.jsp) provides information about systematic and comprehensive functional annotations for large-scale gene or protein lists. It is mainly used for function and pathway enrichment analysis of differentially expressed genes. In our study, GO and KEGG pathway enrichment were used to reveal the predominant functions and pathways of genes significantly associated with CCT mutations and co-expressed genes positively associated with CCT in the DAVID database. GO enrichment analysis included biological processes (BP), cellular components (CC), and molecular function (MF).



Cell Culture

The SK-HEP1 cell line was purchased from the Cell Bank of Shanghai Academy of Chinese Sciences and cultured in Dulbecco’s Modified Eagle Medium (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) at 37°C under a 5% CO2 atmosphere.



Quantitative PCR

Total RNA was extracted using Trizol reagent (Invitrogen, Canada) and reverse transcribed using the Evo M-MLV RT Premix (Accurate Biology, China). Quantitative PCR was conducting using a CFX96 fluorescence quantitative PCR instrument and SYBR Green dye (Accurate Biology, China). Relative expression of CCT5 was calculated by 2−ΔΔCt values. The primer sequences were as follows: 5'- AGTTAGCCAAGAGGCGGATAAG-3' (forward) and 5'-GACTTCGGTCATAGTCTGGATGG-3' (reverse) for CCT5, and 5'- GGTATGACAACGAATTTGGC-3' (forward) and 5'- GAGCACAGGGTACTTTATTG-3' (reverse) for GAPDH (the internal control).



Western Blotting

Total cellular proteins were extracted using RIPA lysis buffer, separated by 10% SDS-PAGE electrophoresis, and transferred to PVDF membranes. The membranes were incubated overnight at 4°C in blocking solution containing the following antibodies: CCT5 (Santa Cruz Biotechnology, USA, #SC374554), CDK2 (Cell Signaling Technology, USA, #2546), Cyclin D1 (Cell Signaling Technology, USA, #2978), CDK6 (Cell Signaling Technology, USA, #3136), Cyclin D3 (Cell Signaling Technology, USA, #2936), CDK4 (Cell Signaling Technology, USA, #12790), Cyclin A2 (Cell Signaling Technology, USA, #4656), Cyclin B1 (Cell Signaling Technology, USA, #12231), Cyclin E2 (Cell Signaling Technology, USA, #4132), Cyclin E1 (Cell Signaling Technology, USA, #4129), cdc2 (Cell Signaling Technology, USA, #9116), and GAPDH (Cell Signaling Technology, USA, #5174). After incubation with HRP-linked anti-rabbit/mouse IgG (Cell Signaling Technology, USA, #7074/#7076) for 2 h, immunoreactive bands were visualized using ECL (Millipore, USA) and detected using the OI900 fully automatic chemiluminescence image analysis system. GAPDH was used as an internal reference.



Plasmid Construction, RNA Interference, and Transfection

The PCR products were resolved by 1% agarose gel electrophoresis and inserted into the pLVX-mCMV-ZsGreen-puro vector by NotI/EcoRI co-digestion and ligation using T4 DNA ligase to form overexpression plasmids. These plasmids were then electroporated into Escherichia coli DH5α competent cells and positive transformants selected on plates containing chloramphenicol. Correct insertion was confirmed by sequencing and comparison to the NCBI BLAST program.

Cultured SK-HEP1 cells were transfected with the indicated overexpression plasmid using Lipofectamine 3000 transfection reagent kit (Invitrogen, USA) strictly according to the manufacturer’s instructions. After 48 h, cells were harvested for subsequent experiments. Other SK-HEP1 cell cultures were transfected with 50 nmol CCT5 siRNA (5’-CACCGACAGATGGCTGAGA-3’) (RiboBio, Guangzhou, China), and CCT5 gene silencing was confirmed by western blotting and PCR.



CCK8 Assay

After transfection for 48 h, SK-HEP1 cells were seeded onto 96-well plates at 5×103 cells/well in 100 μl DMEM with 10% FBS. The number of viable cells was estimated using a CCK-8 kit according to the manufacturer’s instructions (Dojindo, Japan). At 1, 2, 3, and 4 days after seeding, 10 μl of CCK-8 solution was added to each well for 2 h at 37°C. The optical density of each well at 450 nm was determined using a microplate reader (Thermo Fisher Scientific, USA).



Colony Formation Assay

Cells were seeded in 6-well plates at a density of 1×103 and cultured at 37°C under 5% CO2. After 10 days, colonies were washed twice with PBS, fixed with 4% paraformaldehyde for 60 min, and stained with 1% crystal violet (LEAGENE, China) for 30 min. Colonies were photographed and counted.



Wound Healing Assay

After transfection for 48 h, SK-HEP1 cells were seeded in 6-well plates at 8×104/well and cultured for 12 h. When cells reached 80%–90% confluence, a scratch was made through the center of each well using a 200-μl sterile pipette tip. The cells were then washed twice with PBS, incubated in serum-free DMEM, and photographed at 0 h and 24 h to assess cell migration into the bare region (wound healing). Images were analyzed by ImageJ software to calculate the % wound closure.



Transwell Assay

Cell migration was also evaluated by transwell migration assays (Corning, USA), and cell invasion was assessed using matrigel invasion chambers (Cat. Corning, USA). Briefly, the upper chambers were seeded with 8×104 cells in serum-free DMEM, and 800 μl DMEM containing 10% FBS was added to the lower chambers. After 24 h of culture at 37°C under 5% CO2, cells on the reverse side of the insert (migrating/invading cells) were stained with 0.5% crystal violet and three fields were randomly selected and photographed at ×100 magnification.



Cell Cycle Assay

At 48 h after transfection, cells were collected and fixed overnight with 75% alcohol at −20°C. After washing with PBS, cells were incubated with propidium iodide (PI)/RNase A solution (Cat. #abs50005, Absin, China) for 20 min at 37°C. Samples were analyzed within 1 h of staining using a CytoFLEX flow cytometer (Beckman-Coulter, USA) and ModFit LT software.



Statistical Analysis

All statistical analyses were conducted using SPSS version 26 and GraphPad Prism 8. Data are presented as mean ± standard deviation (SD) of three independent experiments. Two group means were compared by Student’s t test and more than two group means by one-way ANOVA. Overall and disease-free survival were compared by the Kaplan-Meier method and log-rank test. A P-value < 0.05 (two-tailed) was considered statistically significant for all tests.



Immunofluorescence Analysis

The cells were fixed in 4% paraformaldehyde for 10 min at −20°C and then permeabilized 10 min with 0.1% Triton X-100 at room temperature. Following blocking in 10% goat serum for 30 min at room temperature, cells were incubated with the primary antibodies anti−CCT5 (Santa Cruz Biotechnology, USA, #SC374554), and anti−β−tubulin (Sungene Biotech, China, #KM9003T) at 4°C overnight. After that, the cells were washed with TBST and incubated 1 h with 1μLAlexa Fluor®488 donkey anti-mouse lgG at room temperature (life technologies, USA, #A21202). After washing with TBST, nuclei were stained with DAPI (Solarbio, China) for 5 minutes. Images were acquired by confocal microscopy (Leica Microsystem SP8, Wetzlar, Germany). The fluorescence intensity was quantified using ImageJ software.




Results


Differential Expression of TRiC Subunits in HCC

We first compared expression levels of TRiC subunits TCP1,CCT2/3/4/5/6A/6B/7/8 at both mRNA and protein levels between HCC patients and controls and among HCC subgroups using the ONCOMINE database, UALCAN database, and The Human Protein Atlas. We used the ONCOMINE database to compare the mRNA expression levels of the eight TRiC subunits in 20 different tumor types to corresponding normal tissues (Figure 1A) and found that all except CCT6B were significantly upregulated in multiple HCC datasets. For instance, in the Roessler Liver 2 dataset (Supplementary Figure 1), CCT2 was overexpressed by 2.084-fold in HCC tissues compared to adjacent non-tumor tissues (p=1.33E-53) (19). In the Wurmbach Liver dataset (20), CCT3 was also upregulated by 2.944-fold (p=4.60E-108). In the Roessler Liver dataset, CCT5 was overexpressed by 2.17-fold 3 (p=2.57E-72), while CCT6A was overexpressed by 2.897-fold in the Roessler dataset (p= 2.32E-85) and by 2.122-fold in the Wurmbach Liver dataset (p= 3.08E-5). Findings from the UALCAN database were generally consistent with those from ONCOMINE. As shown in Figure 1B and Supplementary Figure 2, the expression levels of TCP1, CCT/2/3/4/5/6A/7/8 were significantly upregulated, while CCT6B showed relatively stable low-level expression in HCC tissues (all p<0.01).




Figure 1 | Differential expression of TRiC subunits in 20 different cancer types (from ONCOMINE and UALCAN). (A) Differential expression of CCT mRNAs in various cancer types compared to corresponding normal tissues (from the ONCOMINE database). Red: overexpression; Blue: downregulated expression (threshold fold-change of 1.5, p < 0.01 for significance, gene rank: 10%, data type: mRNA). (B) Differential CCT mRNA expression levels in various cancer types compared to normal tissues (from the UALCAN database).



We then used The Human Protein Atlas to examine if these TRiC subunits were also differentially expressed in HCC tissues at the protein level. In accord with mRNA results, TCP1, CCT2/3/4/5/6A/7/8 (e.g., all except CCT6B) were highly expressed in HCC tissues but moderately expressed in normal liver tissues (Figure 2A). Since immunohistochemistry cannot accurately quantify protein abundance, we searched for additional mass spectrometry-based proteomics data (18) and obtained similar results (Figure 2B). Thus, most TRiC subunits appear overexpressed in HCC at both protein and mRNA levels, and thus could be prognostic predictors or even treatment targets.




Figure 2 | Elevated expression levels of TRiC subunit proteins in HCC tissues versus normal tissues as evidenced by immunohistochemistry (from The Human Protein Atlas). (A) Representative images of tissues immunostained with the indicated HPA antibodies. (B) Mass spectrometry-based quantitative proteomics analysis. ***p < 0.001.





The mRNA Expression of TRiC Subunits in HCC: Association With Clinical Pathological Parameters

The UALCAN database was used to further analyze the relationships between CCT expression and clinicopathological features. Overall, our results showed that the expression of CCT was significantly correlated with tumor grade and stage (both P<0.05) As shown in Figure 3, the mRNA expression level of CCT significantly increased with tumor grade except CCT6B. The mRNA expression levels of TCP1, CCT2/3/4/5/6A/7/8 in HCC patients were lower in grade 1/2 than grade 3/4, while CCT6B expression decreased as the tumor grade increased. Expression levels of CCT3 and CCT5 also differed significantly among grade 1, grade 2, and grade 3 by pair-wise comparisons (all P<0.05) and increased progressively with grade. However, expression in grade 4 did not differ significantly due to the low number of cases. Nonetheless, late-stage HCC patients tended to show higher TCP1, CCT2/3/4/5/6A/7/8 expression levels, while CCT6B expression was lower in the late stage (Supplementary Figure 3).




Figure 3 | Greater TRiC subunit mRNA expression levels are associated with higher HCC tumor grade (from UALCAN). (A) Heatmap shows the different expressed TRiC subunits in HCC patients with different grades. (B) The expression levels of TRiC subunits in HCC patients with different grades. *p < 0.05, **p < 0.01, ***p < 0.001.





Elevated TRiC Subunit Expression Levels Were Associated Poorer HCC Prognosis

Consistent with the aforementioned associations between elevated TRiC subunit expression and higher HCC grade, Kaplan-Meier analysis revealed shorter OS among patients with higher TRiC complex expression (HR=2.53, 95% CI: 1.78–3.61, p<0.001) (Figure 4). Moreover, high expression of TCP1 (HR=1.51, 95%CI: 1.04–2.19, p=0.028), CCT2 (HR=2.31, 95%CI: 1.62–3.28, p<0.001), CCT3 (HR=2.01, 95%CI:1.42–2.48, p<0.001), CCT4 (HR=2.1, 95%CI: 1.48–2.97, p<0.001), CC5 (HR=2.35, 95%CI: 1.64–3.37, p<0.001), CCT6A (HR=2.42, 95%CI: 1.69–3.46, p<0.001), CCT7 (HR=1.86, 95%CI: 1.28–2.68, p<0.001), and CCT8 (HR=1.7, 95%CI: 1.21–2.57, p<0.001) predicted shorter OS, while overexpression of CCT6B (HR=0.57, 95%CI: 0.4–0.81, p<0.001) predicted longer survival. Collectively, these data suggest that transcriptional expression levels of TRiC subunits could be independent prognostic biomarkers for OS in HCC.




Figure 4 | Prognostic values of TRiC subunits for HCC (from UALCAN). (A) Survival analysis of the TRiC. (B) Survival analysis of individual TRiC subunits.





Genetic Mutations of TRiC Subunits in HCC

We then used cBioPortal to detect mutations and copy number alterations of TRiC subunits in HCC. Nearly half of the HCC patients in the database carried TRiC subunit gene alterations, with highest mutation rates in CCT3 (27%), CCT5 (18%), and TCP1 (12%) (Figure 5). The mRNA up-regulation and gene amplification were the most common CCT alterations in HCC patients. Moreover, we found significant correlations between subunit mRNA expression from TCGA and copy number alterations in HCC from cBioPortal for TCP1, CCT3, and CCT5, suggesting that alternations in CCT expression levels are caused by alternations at the genomic level. Furthermore, Kaplan-Meier survival analysis showed that patients with TRiC gene alterations demonstrated shorter OS (p<0.01) and DFS (p=0.018) than patients without these alterations.




Figure 5 | TRiC gene mutations and altered mRNA copy numbers are association with overall survival (OS) and disease-free survival (DFS) (from cBioPortal). (A) Summary of CCT gene mutation rates. (B) CCT gene mutation types. (C) Associations of CCT mutations with OS and DFS.





Gene Network Construction and Functional Enrichment Analysis of CCT and Neighboring Genes in HCC

We also used cBioPortal to construct a biological interaction network of TRiC subunits with their associated altered neighbor genes. The results showed that, the neighbor genes of TRiC subunits with the most frequent alterations were TP53, PFDN2, GBA, and CCNE2 (Figure 6A). According to GO enrichment analysis (Figure 6B), CCT and their neighbor genes involved predominantly in ‘protein folding’, ‘microtubule-based process’, ‘positive regulation of protein localization to Cajal body’, ‘cytoskeleton organization’, and ‘positive regulation of telomerase RNA localization to Cajal body’. The proteins encoded by these genes are mainly located in ‘microtubule’, ‘chaperonin-containing T-complex’, ‘zona pellucida receptor complex’, ‘myelin sheath’, and ‘prefoldin complex’, and enriched in the MF annotations ‘structural constituent of cytoskeleton’, ‘GTPase activity’ and ‘unfolded protein binding’.




Figure 6 | Functional enrichment analyses of TRiC subunit genes, their neighbor genes and their co-expressed genes in HCC patients (from cBioPortal and DAVID). (A) Biological interaction network of CCT genes and their neighbor genes which were associated with CCT mutations. (B) GO enrichment analysis showing biological processes, cellular components, and molecular functions of CCT subunit and neighboring network genes. (C) GO functional annotation and KEGG pathway enrichment analysis of CCT subunit proteins and co-expressed genes were conducted proteins using DAVID.



In addition to the CCT neighbor genes, we also investigated proteins with expression patterns similar to CCT subunits since such proteins may have similar functions. A total of 1,420 co-expressed proteins were identified with a threshold r > 0.4 and P < 0.05. According to the DAVID database, these proteins are involved mainly in ‘rRNA processing’, ‘translational initiation’, and ‘translation’, mainly located in ‘nucleoplasm’, ‘ribosome’, ‘membrane’, and ‘intracellular ribonucleoprotein complex’, and function in ‘poly (A) RNA binding’, ‘structural constituent of ribosome’, ‘protein binding’, and ‘RNA binding’ (Figure 6C). According to KEGG enrichment analysis, these co-expressed proteins are involved in ‘ribosome’, ‘spliceosome’, ‘RNA transport’, ‘cell cycle’, ‘pyrimidine metabolism’, and ‘proteasome’.



Significant Correlation Between Expression Levels of TRiC Subunits in HCC

After that, we explored the correlation between the eight subunits in the cBioportal database. It showed a positive correlation between TCP1, CCT2/3/4/5/6A/7/8 and a negative correlation between CCT6B and other eight subunits of TRiC (Figure 7A). We next investigated the impact of altered one single subunit expression on the expression of other subunits. Overexpression efficiency following CCT5 vector transfection and knockdown efficiency following siRNA transfection were first confirmed by WB and qPCR (Figure 7B). CCT5 overexpression significantly increased the expression levels of TCP1, CCT2/3/4/5/6A/7/8 while CCT6B decreased. Reverse validation experiment revealed that CCT5 knockdown reduced the expressions of TCP1, CCT2/3/4/5/6A/7/8 and elevated CCT6B instead (Figure 7C). The aberrant expression of a single TRiC subunit altered the expression level of other subunits which suggested the evident correlation between TRiC subunits.




Figure 7 | Significant correlation between expression levels of TRiC subunits in HCC. (A) Pearson correlation analysis of the TRiC subunits in HCC (from cBioPortal). (B) Efficiencies of CCT overexpression and knockdown in SK-HEP1 cells following plasmid and siRNA transfection, respectively, as confirmed by western blotting (left) and qPCR (right). (C) CCT5 overexpression and knockdown-induced changes in the expression of other subunits were confirmed by qPCR. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.





CCT5 Overexpression Promoted Proliferation, Migration, Invasion, and G1–S Transition of HCC Cells

We then examined the specific cancer-related functions of the TRiC subunit CCT5 in the SK-HEP1 HCC cell line by targeted overexpression and knockdown. Knockdown of CCT5 significantly suppressed colony formation while CCT5 overexpression significantly increased (Figure 8A). Consistent with CCK8 assay results, knockdown of CCT5 reduced viable HCC cell number after several days in culture while CCT5 overexpression significantly increased viable cell number as measured by CCK8 assay, suggesting that CCT5 acts to accelerate HCC cell proliferation (Figure 8B). Overexpression of CCT5 also promoted SK-HEP1 cell migration and invasion while CCT5 siRNA transfection repressed migration and invasion in transwell assays (Figure 8C). Similarly, overexpression promoted while knockdown suppressed cell migration in the wound healing assay (Figure 8D). Consistently, CCT5 could enhance the expression of Vimentin, Snail and Slug and downregulate the expression of E-cadherin, suggesting its roles in promoting epithelial-mesenchymal transition (EMT) of HCC cells (Figure 8E). These results demonstrate that CCT5 contributes to the migration and invasion ability of HCC cells.




Figure 8 | Role of CCT5 in the proliferation, migration, invasion, and cell cycle regulation of HCC cells. (A) Colony formation assays showing the role of CCT5 on SK-HEP1 cell proliferation. (B) Cell viability of SK-HEP1cell line was determined by CCK-8 assays. (C) The effects of CCT5 on cell migration and invasion were determined by transwell assays in SK-HEP1 cell line. (D) The effects of CCT5 on cell migration were determined by wound healing assay in SK-HEP1 cell line. (E) The expression of EMT markers were examined by western blotting with CCT5 overexpression or downregulation. (F) The cell cycle distribution of SK-HEP1 cells were performed by flow cytometry analyses. (G) The relative expression levels of cyclin D1, cyclin D3, CKD4, CDK6, cyclin E2, cyclin A2, CDK2, cyclin B1, and CDC2 were examined by Western blotting in SK-HEP1 cells. (H) Fluorescence images show staining of CCT5 (green), DAPI (blue) and β-tubulin(red) in SK-HEP1 cells. Scale bar, 10 µm. (I) Representative images of β-tubulin(red) immunofluorescence staining in CCT5-overexpressing and CCT5-knockdown SK-HEP1 cells. Scale bar, 100 µm. Semi−quantitative analysis of β-tubulin fluorescence intensity using ImageJ software. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.



Next, flow cytometry revealed that CCT5 knockdown reduced the proportion of cells in S phase compared to control cells and increased the proportion in G1 phase (Figure 8F). Furthermore, western blotting indicated that the expression levels of cell cycle regulators CDK2, 4, and 6 as well as CyclinA2, B1, D1, D3, and E2 were reduced by CCT5 knockdown compared to control cells (Figure 8G). Collectively, these results indicate that CCT5 is a positive regulator of cell cycle progression, while inhibiting CCT5 expression induces cell cycle arrest at the G1–S transition, thereby slowing proliferation rate. As a substrate for TRiC, tublin plays a major role in the mitotic process. We performed immunofluorescence experiments and found CCT5 co-localized with β-tublin (Figure 8H). The expression of β-tubulin was upregulated following CCT5 overexpression, while β-tubulin expression was suppressed through the knockdown of CCT5 (Figure 8I). It demonstrated that CCT5 aids in the proper folding of tublin in the cytoplasm, and full CCT activity is required for normal cell growth and division.




Discussion

Most HCC patients are not diagnosed until intermediate or advanced stages of the disease, which may preclude transplantation and surgical resection as treatment options. Thus, biomarkers predictive of early-stage disease are urgently needed. Elevated serum alpha-fetoprotein (AFP) is the most widely used biomarker for HCC. However, not all tumors secrete AFP and AFP lacks adequate diagnostic sensitivity and specificity for HCC screening. Thus, its utility as a screening tool for HCC detection is not practical due to its poor performance (21). Further, many anticancer drugs show poor efficacy against HCC. For instance, median OS is only about one year for patients treated with the new first-line drug lenvatinib or the second-line drug regorafenib (3). Thus, novel drug targets as well as more sensitive and specific early biomarkers are required to prolong survival. The Cancer Genome Atlas is one of the largest publicly available cancer database of alterations in the oncogenic genome. Abundance of potential cancer biomarkers and cancer-associated gene in HCC have been discovered by using TCGA database and other public platforms (22, 23), however, the molecular mechanisms of HCC development are still incompletely understood. The ATP-dependent chaperone TRiC directly assists in the folding of up to 10% of all cytosolic proteins (4), and acts as an important regulator of cancer development by promoting the folding and activity of cancer-related proteins such as VHL, p53, and STAT3 (9–11). The clinical significance of TRiC subunit expression has been reported in a variety of cancers (24–27), but limited studies have been performed on HCC. To identify additional mechanisms underlying HCC regulation by CCTs, we conducted bioinformatics analysis of TCGA and other public datasets. Our research revealed that the mRNA and protein expression levels of TCP1, CCT2/3/4/5/6A/7/8 were significantly upregulated in HCC tissues while CCT6B showed lower mRNA expression in HCC tissues compared to normal control liver tissue. However, CCT6B cannot be distinguished from CCT6A at the protein level due to a lack of specific antibodies, so the protein expression level of CCT6B in HCC is uncertain.

The mRNA expression levels of CCTs were also associated with clinicopathologic parameters, and higher expression levels of TCP1, CCT2/3/4/5/6A/7/8 predicted shorter OS, while overexpression of CCT6B predicted better prognosis. Mutations in TRiC subunit genes were found in nearly half of HCC patients, including CCT3 mutations in 27%, CCT5 mutations in 18%, and TCP1 mutations in 12%, and patients harboring such CCT gene mutations demonstrated poorer clinical outcome compared to patients without mutations. We analyzed functions and pathways of CCTs and their frequently altered neighbor genes in HCC patients and found that the neighbor genes of CCTs with the most frequent alterations were TP53, PFDN2, GBA, and CCNE2. In addition, the biological processes of co-altered genes were predominantly ‘protein folding’ and ‘microtubule-based process’, while functions were mainly related to the ‘ribosome’ and ‘spliceosome’. Correlation analysis showed a positive correlation between TCP1, CCT2/3/4/5/6A/7/8 and a negative correlation between CCT6B and other eight subunits of TRiC. Finally, gain/loss-of-function assays demonstrated that CCT5 drives the proliferation, migration, invasion, and cell cycle progression of HCC cells. Thus, CCTs are potentially valuable biomarkers and therapeutic targets for HCC.

Significant upregulation of TCP1, CCT2/3/5/6A/8 levels have been found in a variety of cancers, with CCT3/6A/8 the best studied in HCC, while there are few studies on CCT4/5/7. Expression of TCP1 was upregulated in 93% of HCC patients and 76% of colon cancer patients, while CCT2 was overexpressed in 100% of HCC patients and 82% of colon cancer patients (24). Further, CCT2 expression level was strongly correlated with expression of proliferating cell nuclear antigen (PCNA), a biomarker of cellular proliferation (24). Similarly, CCT2 overexpression was found in small cell lung cancer (SCLC) and associated with poor prognosis (25). The mRNA and protein expression levels of CCT3 were upregulated in HCC tissues and strongly related to worse prognosis (12, 28, 29). In addition, the protein expression level of CCT3 was closely related to HCC tumor size, TNM stage, and Child-Pugh classification (30). Moreover, serum CCT3 protein demonstrated greater sensitivity than AFP as a diagnostic marker for HCC (28, 30). The prognostic values of other CCTs in HCC remain to be examined. Overexpression of CCT5 was found in breast cancer tissues with p53 mutations (26). Similar to CCT3, overexpression of CCT6A has been found in many malignancies, including liver cancers (15) as well as breast cancer (31) and lung cancer (32), and is associated with clinical prognosis and TNM stage. Recent studies have also found abnormal CCT8 expression associated with the occurrence and development of multiple cancers. In HCC patients, CCT8 expression was directly related to histologic grade and tumor size, and high expression was associated with poor clinical prognosis (13). Yang et al. also reported that CCT8 expression was higher in human esophageal squamous cell carcinoma (ESCC) patients with lymph node metastasis (LNM) than ESCC patients without LNM, and high CCT8 expression predicted shorter OS. Yi et al. found that CCT6B expression was significantly lower in active fibroblasts and that CCT6B overexpression significantly inhibited fibroblast function, suggesting that CCT6B upregulation can be used to inhibit cancer cell migration (33). Further, a CCT6B gene mutation that may lead to TRiC loss-of-function was found in Burkitt lymphoma, and it was suggested that CCT6B may be a potential tumor suppressor gene (34). In light of these results and the current findings, we suggest that TRiC subunits TCP1, CCT2/3/4/5/6A/7/8 may serve as HCC oncogenes while CCT6B may be a potential tumor suppressor gene. Further, all of these transcripts may serve as useful prognostic markers for HCC.

Previous studies have revealed that the complete TRiC is highly expressed in numerous malignant tumor types. In most cases, the TRiC exerts biological functions as a whole, so that overexpression or knockdown of any one of its subunits may alter function. Showalter and colleagues found that CCT2 overexpression enhanced the proliferation and invasion capacities of breast cancer cells (35). Mechanistically, Zhang et al. found that CCT3 was a novel regulator of spindle integrity and a requirement for proper kinetochore–microtubule attachment during mitosis. Further, CCT3 knockdown with a targeted siRNA induced cell apoptosis and suppressed cell proliferation by inducing mitotic arrest at prometaphase (12). Likewise, CCT3 depletion suppressed breast cancer cell proliferative and metastatic capacities, and ultimately induced apoptosis (36). Shi et al. also reported that CCT3 knockdown also significantly inhibited human papillary thyroid carcinoma cell proliferation and cell cycle progression and eventually induced cell apoptosis (27). Similarly, CCT5 siRNA knockdown increased docetaxel-induced apoptosis of MCF-7 breast cancer cells (26), suggesting that this knockdown strategy may potentiate the efficacy of anticancer drugs. Knockdown of CCT8 also markedly inhibited proliferation by arresting cells in G1-S phase (13). Knockdown of GRP94 depressed cell invasion and migration by inhibiting CCT8/c-Jun/EMT signaling (14). Silencing CCT8 also inhibited the proliferation and invasion capacities of glioma cells and dysregulated cytoskeletal dynamics (37). In addition, CCT8 has been shown to influence the migration and invasion of ESCC cells by regulating α-actin and β-tubulin (38). As shown in our Figure 5, there were few samples with high expression of all TRiC subunits in HCC. Therefore, the TRiC should be investigated as a whole since changes in the expression of a single subunit may alter multiple biological processes.

The Cancer Genome Atlas includes the results from a large number of gene level–mutation and gene level–copy number variation studies, so that we further investigated the alternation of CCT genes. Gene expression can be altered by mutations, copy number alterations (CNAs), and by epigenetic control mechanisms. As shown in Figure 5, the highest mutation rate was found in CCT3 (27%), and mRNA upregulation and gene amplification were the most common CCT gene alterations in HCC patients. In addition, both CCT expression levels and HCC prognosis were affected by genetic alternation, and patients with gene amplifications showed the highest CCT expression levels. Altered CCT gene expression may in turn alter the expression levels of numerous downstream genes and signaling pathways. We also found that neighboring genes in the CCT network showed varying degrees of alteration, with TP53, CCNE2, PFDN2, TUBB2B, and TUBB2A showing particularly large changes in expression. TP53 is a classical tumor suppressor gene that can be classified as wild type or mutant type. TP53 mutation can induce the aberrant expression of many genes that lead to loss of tumor suppressor function (39). Correct folding of proteins is essential for the maintenance of normal cell functions, and the folding of wild-type p53 is thought to be promoted via interactions with CCTs. Cellular depletion of CCTs leads to accumulation of misfolded and unstable p53, resulting in enhanced motility and invasive capacity (10). In addition, CCT5 overexpression was found in breast cancer tissues with p53 mutations (26). Therefore, aberrant expression of CCT may modulate the expression of wild-type TP53, impacting tumorigenesis and cancer progression.

Cell cycle regulation is a complex biological process regulated by numerous cyclin proteins. The occurrence of cancer is strongly associated with abnormal cell cycle regulation. It was previously reported that aberrant CCT expression could lead to dysregulated cell cycle progression. Zeng et al. reported that CCT6A accelerated the G1–S transition and promoted HCC cell proliferation by maintaining cyclin D expression (15). In addition, there was a significant positive correlation between CCT6A and cyclin B2 or CCNA2 expression levels, implying an association between CCT6A expression and cell cycle progression (31). Overexpression of cyclin E may accelerate the G–S transition in hepatocytes and lead to the loss of p53 tumor-suppressor function, favoring hepatocarcinogenesis (40). However, TRiC is implicated in the proper folding and functional maturation of cyclin E (6). Therefore, TRiC may contribute to the initiation and progression of HCC by regulating cyclin E2 expression. The prefoldins (PFDNs) are important CCT-binding proteins that also bind to newly synthesized proteins and deliver them to the TRiC, thereby preventing misfolding (41). The PFDNs have been implicated in the EMT (42) and expression levels are correlated with cancer prognosis (43–45). In addition, the TRiC is required for proper folding of tubulin and actin. TUBB2A and TUBB2B are also critical TRiC substrates and were found to be associated with CCT mutations.

Assisting the folding of protein is the main biological function of TRiC complex and the primary substrates of the TRiC are tubulins and actins. The TRiC has also been found in association with a variety of proteins related to cell growth, proliferation, and apoptosis, such as cyclins B and E, in both normal cells and tumor cells. Our functional enrichment analysis on CCTs and co-altered genes revealed prominent functions in ‘protein folding’, ‘microtubule-based process’, and ‘positive regulation of establishment of protein localization to telomere’, consistent with the known physiological functions of CCT substrate proteins. Enhanced expression of CCTs and neighbor altered genes promotes proper protein folding, allowing more rapid proliferation and high metabolic activity. The synthesis of skeletal proteins such as tubulins requires high CCT gene expression as these are direct TRiC substrates. Telomeres are involved in DNA replication and play significant roles in cell mitosis. Telomerase is responsible for the extension of telomeres in cells, and enzyme activity is inhibited in most normal cells (post-mitotic cells) and reactivated in cancer cells, suggesting that telomerase activity may be involved in malignant transformation. The TRiC is required for folding of the telomerase cofactor TCAB1, which controls the transport of telomerase and small Cajal body RNAs (scaRNAs) (46). Therefore, the massive activation of telomerase in tumor cells requires TRiC and its co-altered genes. According to our functional enrichment analyses, CCTs and co-expressed genes are involved mainly in ‘ribosome’, ‘spliceosome’, and ‘cell cycle’. Ribosomes are the specialized molecular machines mediating mRNA translation and synthesis of cellular proteins. Most CCT neighboring genes in the interaction network are involved in protein folding, while co-expressed genes are involved mainly in protein synthesis, so this network mediates the complete process from protein synthesis to folding and maturation. The division of tumor cells requires a large number of new proteins, including skeletal proteins such as tubulins, so TRiC, neighbor genes, and other co-expressed genes together promote the division and viability of tumor cells.

We believe that as a multisubunit complex, TRiC requires eight subunits to perform its molecular chaperone function. We found a positive correlation between TCP1, CCT2/3/4/5/6A/7/8 and a negative correlation between CCT6B and other eight subunits of TRiC. As expected, other subunit expressions were altered following CCT5 overexpression or knockdown. Thus, we hypothesize that TCP1, CCT2/3/4/5/6A/7/8 play a synergistic role in the regulation of HCC, while CCT6B has an antagonistic relationship with other subunits. However, it is not clear whether the alterations affect the development of HCC. We demonstrated that the aberrant expression of a single subunit (CCT5) affected the proliferation, migration, and invasion of HCC cells by gain/loss-of-function assay. Previous studies and the results of our GO enrichment analysis suggested that CCT subunits were closely related to cell cycle regulation, and we also confirmed it. There have been many studies on the CCT subunits for HCC but until now nothing was known about the role of CCT5 in HCC. Our results showed that CCT5 was significantly upregulated in HCC and it seemed to be a good indicator of prognosis in HCC. Although CCT5 has the highest ATP-binding affinity in the TCP1 ring complex (47), the exact molecular functions of CCT5 are still unclear. We found that CCT5 not only accelerated HCC cell proliferation and cell cycle progression, but also promoted metastasis and EMT progression. We suppose that CCT5 promotes the entire cell cycle and is mainly responsible for G1-S phase transition by mediating the proper folding of cyclins and related cyclin-dependent kinases. TRiC function is related to the cell cycle. Tublin, which plays a major role in mitosis, is a known substrate of TRiC. We observed a co-localization of CCT5 and β-tubulin by immunofluorescence experiments, and β-tubulin expressions were altered following CCT5 overexpression or knockdown. This is probably because the reduction of TRiC activity decreases the rates of substrate processing by TRiC, causes a rapid degradation of misfolded tubulin due to insufficient TRiC levels and cell cycle arrest (48). We suppose that full CCTs activity is required for normal cell growth and division, which further explains why CCT5 promotes HCC proliferation. Therefore, CCT5 is required for proper mitotic progression, although further studies are needed to explore the underlying molecular mechanisms.

This study has several limitations. First, we did not verify the diagnostic and prognostic values of CCTs in HCC by sensitivity and specificity analyses. Further large-sample studies are needed to confirm our findings. Second, the pathogenic mechanism of CCTs in liver cancer were not investigated. Therefore, further studies should focus on CCTs such as CCT5 as potential targets for HCC therapy. Finally, although we utilized multiple datasets such as TCGA for analysis, all the data are from genomic and transcriptomic datasets sequencing. With the development of genomics, proteomics, single-cell sequencing cell sequencing and spatial transcriptomics have emerged, which have been conducted on a large scale, producing enormous amount of data and also obtaining breakthrough results (49, 50). We believe that applying bioinformatics methods and mining these data including data including the research of TCP complex will provide new perspectives on the pathogenesis of HCC in the future.

In conclusion, our study suggests that CCTs may be potential biomarkers for HCC diagnosis and prognosis as well as effect treatment targets due to critical functions in tumor cell transformation, proliferation, and metastasis.



Conclusions

In summary, we used several online bioinformatic platforms and web tools to analyze the expression, clinicopathological characteristics, prognosis, mutations, CNAs, correlated genes, and functions of the TCP1 ring complex in HCC. Expression levels of TRiC subunits were significantly upregulated in HCC compared to normal tissues except for subunit CCT6B. Gain/loss-of-function assays demonstrated that CCT5 can accelerate the proliferation, migration, and invasion of HCC cells. We speculate that the TCP1 ring complex plays an oncogenic role in HCC progression by facilitating the proper folding and function of cell cycle-related proteins. We are fully aware that the verification analysis using clinical specimens is necessary and further studies should be attached to the mechanism of TCP1 ring complex in HCC. Our results provide evidence that TRiC may be a novel therapeutic target and prognostic biomarker for HCC.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author Contributions

ZS and QZ designed the research. JL and QZ carried out the research. LH, YZ, YH, TL and JX analyzed the data. JL and QZ wrote the paper, QZ, LL, BX, and WZ assisted in manuscript revision. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Science and Technology Program of Guangzhou, China (no. 202102021265), the National Natural Science Foundation of China (grant nos. 31901035), the Natural Science Foundation of Guangdong Province, China (no. 2020A1515010951), the Science and Technology Program of Guangzhou, China (no. 202002030078), and The Military Logistics Research Project (no. CLB19J033).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.739660/full#supplementary-material

Supplementary Figure 1 | TRiC subunit mRNA expression levels in normal liver tissues and HCC tissues from the Roessler Liver 2 dataset.

Supplementary Figure 2 | Comparison of TRiC subunit mRNA expression levels between HCC and normal liver tissues (from UALCAN). (A) Heatmap shows the different expression levels of TRiC subunits between HCC and normal liver tissues (B) TRiC subunit expression in HCC tissues compared with normal liver tissues. **p<0.01, ***p<0.001.

Supplementary Figure 3 | Expression levels of TRiC subunit genes in HCC patients stratified by clinical stage (from UALCAN). The expression levels of TRiC subunits in HCC patients with different stages. *p<0.05, **p<0.01, ***p<0.001.



Abbreviations

TRiC/CCT, T-complex protein-1 ring complex; HCC, hepatocellular carcinoma; VHL, Von Hippel-Lindau; TCGA, The Cancer Genome Atlas; OS, overall survival; HR, hazard ratio (HR); DFS, disease-free survival; GO, gene ontology; KEGG, Kyoto encyclopedia of genes and genomes; BP, biological processes; CC, cellular components; MF, molecular function; PCNA, proliferating cell nuclear antigen; SCLC, small cell lung cancer; ESCC, esophageal squamous cell carcinoma; LNM, lymph node metastasis; PFDN, prefoldin; EMT, epithelial-mesenchymal transition; scaRNAs, small Cajal body RNAs; CNAS, copy number changes.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA (2021) 71(3):1–14. doi: 10.3322/caac.21660

2. Zhang, J, Gu, C, Song, Q, Zhu, M, Xu, Y, Xiao, M, et al. Identifying Cancer-Associated Fibroblasts as Emerging Targets for Hepatocellular Carcinoma. Cell Biosci (2020) 10(1):127. doi: 10.1186/s13578-020-00488-y

3. Llovet, JM, Montal, R, Sia, D, and Finn, RS. Molecular Therapies and Precision Medicine for Hepatocellular Carcinoma. Nat Rev Clin Oncol (2018) 15(10):599–616. doi: 10.1038/s41571-018-0073-4

4. Yam, AY, Xia, Y, Lin, HT, Burlingame, A, Gerstein, M, and Frydman, J. Defining the TRiC/CCT Interactome Links Chaperonin Function to Stabilization of Newly Made Proteins With Complex Topologies. Nat Struct Mol Biol (2008) 15(12):1255–62. doi: 10.1038/nsmb.1515

5. Boudiaf-Benmammar, C, Cresteil, T, and Melki, R. The Cytosolic Chaperonin CCT/TRiC and Cancer Cell Proliferation. PloS One (2013) 8(4):e60895. doi: 10.1371/journal.pone.0060895

6. Won, KA, Schumacher, RJ, Farr, GW, Horwich, AL, and Reed, SI. Maturation of Human Cyclin E Requires the Function of Eukaryotic Chaperonin CCT. Mol Cell Biol (1998) 18(12):7584–9. doi: 10.1128/mcb.18.12.7584

7. Balchin, D, Milicic, G, Strauss, M, Hayer-Hartl, M, and Hartl, FU. Pathway of Actin Folding Directed by the Eukaryotic Chaperonin TRiC. Cell (2018) 174(6):1507–21. doi: 10.1016/j.cell.2018.07.006

8. Sternlicht, H, Farr, GW, Sternlicht, ML, Driscoll, JK, Willison, K, and Yaffe, MB. The T-Complex Polypeptide 1 Complex is a Chaperonin for Tubulin and Actin In Vivo. Proc Natl Acad Sci USA (1993) 90(20):9422–6. doi: 10.1073/pnas.90.20.9422

9. McClellan, AJ, Scott, MD, and Frydman, J. Folding and Quality Control of the VHL Tumor Suppressor Proceed Through Distinct Chaperone Pathways. Cell (2005) 121(5):739–48. doi: 10.1016/j.cell.2005.03.024

10. Trinidad, AG, Muller, PA, Cuellar, J, Klejnot, M, Nobis, M, Valpuesta, JM, et al. Interaction of P53 With the CCT Complex Promotes Protein Folding and Wild-Type P53 Activity. Mol Cell (2013) 50(6):805–17. doi: 10.1016/j.molcel.2013.05.002

11. Kasembeli, M, Lau, WC, Roh, SH, Eckols, TK, Frydman, J, Chiu, W, et al. Modulation of STAT3 Folding and Function by TRiC/CCT Chaperonin. PloS Biol (2014) 12(4):e1001844. doi: 10.1371/journal.pbio.1001844

12. Zhang, Y, Wang, Y, Wei, Y, Wu, J, Zhang, P, Shen, S, et al. Molecular Chaperone CCT3 Supports Proper Mitotic Progression and Cell Proliferation in Hepatocellular Carcinoma Cells. Cancer Lett (2016) 372(1):101–9. doi: 10.1016/j.canlet.2015.12.029

13. Huang, X, Wang, X, Cheng, C, Cai, J, He, S, Wang, H, et al. Chaperonin Containing TCP1, Subunit 8 (CCT8) Is Upregulated in Hepatocellular Carcinoma and Promotes HCC Proliferation. Apmis (2014) 122(11):1070–9. doi: 10.1111/apm.12258

14. Wei, PL, Huang, CY, Tai, CJ, Batzorig, U, Cheng, WL, Hunag, MT, et al. Glucose-Regulated Protein 94 Mediates Metastasis by CCT8 and the JNK Pathway in Hepatocellular Carcinoma. Tumour Biol (2016) 37(6):8219–27. doi: 10.1007/s13277-015-4669-3

15. Zeng, G, Wang, J, Huang, Y, Lian, Y, Chen, D, Wei, H, et al. Overexpressing CCT6A Contributes to Cancer Cell Growth by Affecting the G1-To-S Phase Transition and Predicts a Negative Prognosis in Hepatocellular Carcinoma. Onco Targets Ther (2019) 12:10427–39. doi: 10.2147/OTT.S229231

16. Rhodes, DR, Kalyana-Sundaram, S, Mahavisno, V, Varambally, R, Yu, J, Briggs, BB, et al. Oncomine 3.0: Genes, Pathways, and Networks in a Collection of 18,000 Cancer Gene Expression Profiles. Neoplasia (2007) 9(2):166–80. doi: 10.1593/neo.07112

17. Thul, PJ, and Lindskog, C. The Human Protein Atlas: A Spatial Map of the Human Proteome. Protein Sci (2018) 27(1):233–44. doi: 10.1002/pro.3307

18. Jiang, Y, Sun, A, Zhao, Y, Ying, W, Sun, H, Yang, X, et al. Proteomics Identifies New Therapeutic Targets of Early-Stage Hepatocellular Carcinoma. Nature (2019) 567(7747):257–61. doi: 10.1038/s41586-019-0987-8

19. Roessler, S, Jia, HL, Budhu, A, Forgues, M, Ye, QH, Lee, JS, et al. A Unique Metastasis Gene Signature Enables Prediction of Tumor Relapse in Early-Stage Hepatocellular Carcinoma Patients. Cancer Res (2010) 70(24):10202–12. doi: 10.1158/0008-5472.CAN-10-2607

20. Wurmbach, E, Chen, Y, Khitrov, G, Zhang, W, Roayaie, S, Schwartz, M, et al. Genome-Wide Molecular Profiles of HCV-Induced Dysplasia and Hepatocellular Carcinoma. Hepatology (Baltimore Md) (2007) 45(4):938–47. doi: 10.1002/hep.21622

21. Attwa, MH, and El-Etreby, SA. Guide for Diagnosis and Treatment of Hepatocellular Carcinoma. World J Hepatol (2015) 7(12):1632–51. doi: 10.4254/wjh.v7.i12.1632

22. Bian, S, Ni, W, Zhu, M, Song, Q, Zhang, J, Ni, R, et al. Identification and Validation of the N6-Methyladenosine RNA Methylation Regulator YTHDF1 as a Novel Prognostic Marker and Potential Target for Hepatocellular Carcinoma. Front Mol Biosci (2020) 7:604766. doi: 10.3389/fmolb.2020.604766

23. Zhu, M, Wu, M, Bian, S, Song, Q, Xiao, M, Huang, H, et al. DNA Primase Subunit 1 Deteriorated Progression of Hepatocellular Carcinoma by Activating AKT/mTOR Signaling and UBE2C-Mediated P53 Ubiquitination. Cell Biosci (2021) 11(1):42. doi: 10.1186/s13578-021-00555-y

24. Yokota, S, Yamamoto, Y, Shimizu, K, Momoi, H, Kamikawa, T, Yamaoka, Y, et al. Increased Expression of Cytosolic Chaperonin CCT in Human Hepatocellular and Colonic Carcinoma. Cell Stress Chaperones (2001) 6(4):345–50. doi: 10.1379/1466-1268(2001)006<0345:ieoccc>2.0.co;2

25. Carr, AC, Khaled, AS, Bassiouni, R, Flores, O, Nierenberg, D, Bhatti, H, et al. Targeting Chaperonin Containing TCP1 (CCT) as a Molecular Therapeutic for Small Cell Lung Cancer. Oncotarget (2017) 8(66):110273–88. doi: 10.18632/oncotarget.22681

26. Ooe, A, Kato, K, and Noguchi, S. Possible Involvement of CCT5, RGS3, and YKT6 Genes Up-Regulated in P53-Mutated Tumors in Resistance to Docetaxel in Human Breast Cancers. Breast Cancer Res Treat (2007) 101(3):305–15. doi: 10.1007/s10549-006-9293-x

27. Shi, X, Cheng, S, and Wang, W. Suppression of CCT3 Inhibits Malignant Proliferation of Human Papillary Thyroid Carcinoma Cell. Oncol Lett (2018) 15(6):9202–8. doi: 10.3892/ol.2018.8496

28. Liu, Y, Zhang, X, Lin, J, Chen, Y, Qiao, Y, Guo, S, et al. CCT3 Acts Upstream of YAP and TFCP2 as a Potential Target and Tumour Biomarker in Liver Cancer. Cell Death Dis (2019) 10(9):644. doi: 10.1038/s41419-019-1894-5

29. Hou, J, Wu, H, He, R, Lin, P, Dang, Y, and Chen, G. Clinical and Prognostic Value of Chaperonin Containing T-Complex 1 Subunit 3 in Hepatocellular Carcinoma: A Study Based on Microarray and RNA-Sequencing With 4272 Cases. Pathol Res Pract (2019) 215(1):177–94. doi: 10.1016/j.prp.2018.11.006

30. Qian, E, Han, S, Ding, S, and Lv, X. Expression and Diagnostic Value of CCT3 and IQGAP3 in Hepatocellular Carcinoma. Cancer Cell Int (2016) 16(1):55. doi: 10.1186/s12935-016-0332-3

31. Huang, K, Zeng, Y, Xie, Y, Huang, L, and Wu, Y. Bioinformatics Analysis of the Prognostic Value of CCT6A and Associated Signalling Pathways in Breast Cancer. Mol Med Rep (2019) 19(5):4344–52. doi: 10.3892/mmr.2019.10100

32. Zhang, T, Shi, W, Tian, K, and Kong, Y. Chaperonin Containing T-Complex Polypeptide 1 Subunit 6A Correlates With Lymph Node Metastasis, Abnormal Carcinoembryonic Antigen and Poor Survival Profiles in Non-Small Cell Lung Carcinoma. World J Surg Oncol (2020) 18(1):156. doi: 10.1186/s12957-020-01911-x

33. Yi, X, Wang, Z, Ren, J, Zhuang, Z, Liu, K, Wang, K, et al. Overexpression of Chaperonin Containing T-Complex Polypeptide Subunit Zeta 2 (CCT6b) Suppresses the Functions of Active Fibroblasts in a Rat Model of Joint Contracture. J Orthop Surg Res (2019) 14(1):125. doi: 10.1186/s13018-019-1161-6

34. Love, C, Sun, Z, Jima, D, Li, G, Zhang, J, Miles, R, et al. The Genetic Landscape of Mutations in Burkitt Lymphoma. Nat Genet (2012) 44(12):1321–5. doi: 10.1038/ng.2468

35. Showalter, AE, Martini, AC, Nierenberg, D, Hosang, K, Fahmi, NA, Gopalan, P, et al. Investigating Chaperonin-Containing TCP-1 Subunit 2 as an Essential Component of the Chaperonin Complex for Tumorigenesis. Sci Rep (2020) 10(1):798. doi: 10.1038/s41598-020-57602-w

36. Xu, G, Bu, S, Wang, X, Zhang, H, and Ge, H. Suppression of CCT3 Inhibits the Proliferation and Migration in Breast Cancer Cells. Cancer Cell Int (2020) 20(1):1–12. doi: 10.1186/s12935-020-01314-8

37. Qiu, X, He, X, Huang, Q, Liu, X, Sun, G, Guo, J, et al. Overexpression of CCT8 and its Significance for Tumor Cell Proliferation, Migration and Invasion in Glioma. Pathol Res Pract (2015) 211(10):717–25. doi: 10.1016/j.prp.2015.04.012

38. Yang, X, Ren, H, Shao, Y, Sun, Y, Zhang, L, Li, H, et al. Chaperonin-containing T-complex Protein 1 Subunit 8 Promotes Cell Migration and Invasion in Human Esophageal Squamous Cell Carcinoma by Regulating α-actin and β-tubulin Expression. Int J Oncol (2018) 52(6):2021–30. doi: 10.3892/ijo.2018.4335

39. Viadiu, H, Fronza, G, and Inga, A. Structural Studies on Mechanisms to Activate Mutant P53. Subcell Biochem (2014) 85:119. doi: 10.1007/978-94-017-9211-0_7

40. Pok, S, Wen, V, Shackel, N, Alsop, A, Pyakurel, P, Fahrer, A, et al. Cyclin E Facilitates Dysplastic Hepatocytes to Bypass G1/S Checkpoint in Hepatocarcinogenesis. J Gastroenterol Hepatol (2013) 28(9):1545–54. doi: 10.1111/jgh.12216

41. Martin-Benito, J, Gomez-Reino, J, Stirling, PC, Lundin, VF, Gomez-Puertas, P, Boskovic, J, et al. Divergent Substrate-Binding Mechanisms Reveal an Evolutionary Specialization of Eukaryotic Prefoldin Compared to its Archaeal Counterpart. Structure (2007) 15(1):101–10. doi: 10.1016/j.str.2006.11.006

42. Zhou, C, Guo, Z, Xu, L, Jiang, H, Sun, P, Zhu, X, et al. PFND1 Predicts Poor Prognosis of Gastric Cancer and Promotes Cell Metastasis by Activating the Wnt/beta-Catenin Pathway. Onco Targets Ther (2020) 13:3177–86. doi: 10.2147/OTT.S236929

43. Penate, X, Praena-Fernandez, JM, Romero, PP, Enguix-Riego, M, Payan-Bravo, L, Vieites, B, et al. Overexpression of Canonical Prefoldin Associates With the Risk of Mortality and Metastasis in Non-Small Cell Lung Cancer. Cancers (Basel) (2020) 12(4):1052. doi: 10.3390/cancers12041052

44. Wang, P, Zhao, J, Yang, X, Guan, S, Feng, H, Han, D, et al. PFDN1, an Indicator for Colorectal Cancer Prognosis, Enhances Tumor Cell Proliferation and Motility Through Cytoskeletal Reorganization. Med Oncol (2015) 32(12):264. doi: 10.1007/s12032-015-0710-z

45. Yesseyeva, G, Aikemu, B, Hong, H, Yu, C, Dong, F, Sun, J, et al. Prefoldin Subunits (PFDN1-6) Serve as Poor Prognostic Markers in Gastric Cancer. Biosci Rep (2020) 40(2):BSR20192712. doi: 10.1042/BSR20192712

46. Freund, A, Zhong, FL, Venteicher, AS, Meng, Z, Veenstra, TD, Frydman, J, et al. Proteostatic Control of Telomerase Function Through TRiC-Mediated Folding of TCAB1. Cell (2014) 159(6):1389–403. doi: 10.1016/j.cell.2014.10.059

47. Reissmann, S, Joachimiak, LA, Chen, B, Meyer, AS, Nguyen, A, and Frydman, J. A Gradient of ATP Affinities Generates an Asymmetric Power Stroke Driving the Chaperonin TRIC/CCT Folding Cycle. Cell Rep (2012) 2(4):866–77. doi: 10.1016/j.celrep.2012.08.036

48. Grantham, J, Brackley, KI, and Willison, KR. Substantial CCT Activity is Required for Cell Cycle Progression and Cytoskeletal Organization in Mammalian Cells. Exp Cell Res (2006) 312(12):2309–24. doi: 10.1016/j.yexcr.2006.03.028

49. Su, J, Song, Q, Qasem, S, O Neill, S, Lee, J, Furdui, CM, et al. Multi-Omics Analysis of Brain Metastasis Outcomes Following Craniotomy. Front Oncol (2021) 10:615472. doi: 10.3389/fonc.2020.615472

50. Song, Q, Su, J, and Zhang, W. scGCN Is a Graph Convolutional Networks Algorithm for Knowledge Transfer in Single Cell Omics. Nat Commun (2021) 12(1):3826. doi: 10.1038/s41467-021-24172-y




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Liu, Huang, Zhu, He, Zhang, Lei, Xuan, Xiao, Li, Zhou and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-739660-g002.jpg
A~ TCP1 HPA031082
Normal Tumor

High
CCT3 HPA006543
Normal Tumor

Low High
CCT5 HPA006271
Normal Tumor

CCT2 HPA003197
Normal Tumor

Low High

CCT4 HPA029349

Normal Tumor

Low High

CCT6 HPA049949
Normal Tumor

Low High
CCT7 HPA008425
Normal Tumor

High

Low High

CCT8 HPA029426
Normal Tumor

Low High

10g,(iBAQ)

10g,(BAQ)

10g,(iBAQ)

log,(BAQ)

8
8

3

»
2

N





OEBPS/Images/fonc-11-739660-g004.jpg
1.0

CCTs

HR =253 (1.78 - 3.61)
logrank P = 9.2e-08

@«
=]
> ©
£ o
o
]
Q
[
a o
o
S | Expression
o
=]
0 20 40 60 80 100 120
Time (months)
Number at risk
low 268 150 69 a5 16 5 1
high 98 ) 15 7 3 : 0
° ° °
2 HR=151(1.04 - 219) 2 HR=231(162-328) 2 HR =201 (142 -2.84)
logrank P = 0.028 logrank P = 1.6e-06. logrank P = 6e-05
z z z
3 3 3
2 2 g
3 e g
& & &
Expression
— ow
— high
0 20 w0 60 80 100 120 0 20 a0 60 80 100 120 0 20 a0 0 80 100 120
Time (months) Time (months) Time (months)
Number at isk Number at isk Number at isk
low 271 143 o7 33 15 4 1 low 260 146 7 3 16 3 0 fow 211 125 57 2 2 s 1
nigh ‘83 39 7 9 4 2 0 high 104 36 bid 8 3 3 1 high 153 57 27 14 7 1 0
=] HR=21(1.48-297) HR=235 (164 - 3.37) HR =242 (1.69 - 3.46)
logrank P = 26-05 logrank P = 1.6e-06 logrank P =7.1e-07
o
£ ° i §
£ o & &
— ow
g 4 — nign
T T T T T T
o E w0 0 8 100 120 0 2 0 0 8 100 120
Time (months) Time (months) Time (months)
Number at isk Number at isk Number at isk
low 250 137 65 3 5 4 1 low 181 113 19 27 13 3 0 low 264 153 7 3 1 5 1
high 114 4 19 8 4 2 0 high 183 69 35 15 6 3 1 high 100 2 ) 6 3 1 0
2 HR=0.57 (0.4 - 081) e HR =186 (128 - 2.68) 2 HR =176 (121-257)
logrank P = 0.0015 logrank P = 000086 logrank P = 0.0028
@
g ° i §
2 ] 3
& . & &
3
T T T T T T k T T T T T T
0 20 0 0 80 100 120 0 2 a0 60 8 100 120 o 2 0 0 80 100 120
Time (months) Time (months) Time (months)
Number at risk Number at isk Number at risk
low 164 75 36 15 9 4 0 low 272 150 69 36 16 5 1 tow 272 148 7 36 g 6 1
high 200 107 28 27 10 2 1 hiah 92 22 15 6 a3 1 0 hiah 92 a4 13 ry 2 0 o






OEBPS/Images/fonc.2021.739660_cover.jpg
’ frontiers
in Oncology

Exploring the Expression and
Prognostic Value of the TCP1 Ring
Complex in Hepatocellular
Carcinoma and Overexpressing
Its Subunit 5 Promotes
HCC Tumorigenesis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Exploring the Expression and Prognostic Value of the TCP1 Ring Complex in Hepatocellular Carcinoma and Overexpressing Its Subunit 5 Promotes HCC Tumorigenesis

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            ONCOMINE Analysis

          



          		

            UALCAN Analysis

          



          		

            The Human Protein Atlas

          



          		

            cBioPortal

          



          		

            DAVID

          



          		

            Cell Culture

          



          		

            Quantitative PCR

          



          		

            Western Blotting

          



          		

            Plasmid Construction, RNA Interference, and Transfection

          



          		

            CCK8 Assay

          



          		

            Colony Formation Assay

          



          		

            Wound Healing Assay

          



          		

            Transwell Assay

          



          		

            Cell Cycle Assay

          



          		

            Statistical Analysis

          



          		

            Immunofluorescence Analysis

          



        



        



        		

          Results

        

          		

            Differential Expression of TRiC Subunits in HCC

          



          		

            The mRNA Expression of TRiC Subunits in HCC: Association With Clinical Pathological Parameters

          



          		

            Elevated TRiC Subunit Expression Levels Were Associated Poorer HCC Prognosis

          



          		

            Genetic Mutations of TRiC Subunits in HCC

          



          		

            Gene Network Construction and Functional Enrichment Analysis of CCT and Neighboring Genes in HCC

          



          		

            Significant Correlation Between Expression Levels of TRiC Subunits in HCC

          



          		

            CCT5 Overexpression Promoted Proliferation, Migration, Invasion, and G1–S Transition of HCC Cells

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-739660-g006.jpg
GO:BP

=

protein folding

microtubule-based process

positive regulation of protein
localization to Cajal body

cytoskeleton organization

positive regulation of
establishment of protein
localization to telomere
positive regulation of
telomerase RNA localization to
Cajal body

positive regulation of telomere
maintenance via telomerase

toxin transport

0 5
“Log,,(P Value)

rRNA processing
translational initiation

translation

10 15 20 25 30

SRP-dependent cotranslational...

viral transcription

nuclear-transcribed mRNA catabolic...

mRNA splicing, via spliceosome
mitochondrial translational termination
mitotic nuclear division

mitochondrial translational elongation

poly(A) RNA binding

structural constituent of ribosome

protein binding

RNA binding

nucleotide binding

unfolded protein binding

TRNA binding

translation initiation factor activity

cadherin binding involved in cell-cell...

0

o

20

y
W
\

(I
l

microtubule

chaperonin-containing
T-complex

zona pellucida receptor
complex

myelin sheath
cell body

prefoldin complex

eytosol N
0 s
GO:BP
20 40 60 80 100
-Log,,(P Value)
GO:MF
40 60 80 100 120 140

-Log, (P Value)

iy
Y
i/~

)

17,
.’/

7,

protein binding involved in

10 15 20 25 30
-Log,,(P Value)

nucleoplasm
ribosome

cytosol

nucleolus

cytosolic large ribosomal subunit
membrane

nucleus

cytoplasm

intracellular ribonucleoprotein complex

Ribosome

Spliceosome

Ribosome biogenesis in eukaryotes
RNA transport

Cell cycle

Pyrimidine metabolism

Proteasome

structural constituent of

unfolded protein binding

signal transducer activity

GO:MF

cytoskeleton

GTPase activity

GTP binding

protein folding

protein binding

)
«

10 15 20
“Log,(P Value)

Go:CC

o
8

0 60 80
-Log,,(P Value)

100

KEGG

30 40 50
-Log, (P Value)

60 70

25





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-739660-g008.jpg
*x
400 = 200-
E 300 3 150
) o
G 200 £
g E 100-
2100 £ w0
0 0
Vector ccTs Ctrl siCCTS
B
1500 1000
. o 0
£ o s SE 1.5, - Vector
g H - % -= CCT5 o
§ o g« =
H 5w 2 1.0
. a8
Vector _ ccts on  sces O
@
205
1000 1000 v 5
o § o] &
2 o £ o 0.0 T T T T
§ v o © 4 2 3 4
H k4 day(s
200- 2 2o y( )
ol
Vector _ cots cn sicers
157 - ctrl
o
2 -= si-CCT5
g
s
" o - o g 10
s g 5]
A g 01 e
5 3 205
£ 2 s
e B ]
H s —
B o
o W icoms NC siceTs
days
F
" G1=76.4 100
& s=123 & n = Curl
. G2=1129 8 i- i
: g 80 i sHCCTS Vector CCT5  Ctrl siCCT5
]
B E 60 i
= 2 E-Cadherin | s = — —
52 =
i o 40 1 066 1162
) = 20 h —/ Vimentin | s s o
) o
= : - s «*.. [] 1 176 1052
2 e ) G1 s G2 Snail [ g s v
H DAPI B-tubulin Merge 1 1% T
- Slug [Ses | | ———
3
e 1 261 1045
&
¥
2]
g G Vector CCT5  Ctrl siCCT5
8
5 CyclinDt [ Wl [~
3 1 4417 1053
w
CyclinD3 | S D S
| B-tubulin DAPI Merge £ 1 1.13 1 0.37
3
2 0 CDKA | | | e e
b *
Vector & 1123 1042
K
é CDKB | = = e — —
H 1205 1om
H "
: oyinc2 | [
e
- H 1 22 1042
§ Vector  CCT5 CyclinA2 | s wmm— D —
H
1152 10
<
3 CDK2 | - -
2 150 xs
cl s - ——
2z et :
z CyClinBl | s m— —
£, i
£ 1195 1046
®
2 CDC2 |« — -
8
H
scoTs g 1197 1030
2 o GAPGH | ospeass —
§ Ctrl siCCT5
=






OEBPS/Images/fonc-11-739660-g003.jpg
TCP1
CCET2
CET3
CCT4
CCT )
CCT6A
CCTeB
cCcT7
CCT8

Log2(TPM+1)
— O —
0 5 10 15

R
*‘ I
— =

o S o FrTaT e T T
= T = =T =
CCT4 CCT5 CCT6A
o o «

Normal Grade 1 [ [ — Grado d Nomel Gt G2  Gmged  Gaded
00 sy ey oenw o o0 sy ey eeny) (e w0 mesh  my ey (e

CCT7 CCT8

e )
T T
T T
e 7Ty
i i
N 5 . 75
=
= T | ]
150¢ 100 T
. . * i
= ‘]
w0 e . 3 i

Nomal  Gradel  Grado2
oo v o G - v

Gude3  Grades Nomal  Grado 1
ot o

2 Gudes  Groded Nomal  Gdel  Grde?2  Gde3  Grded
oo LSt R e Tar Tt Taer o e





OEBPS/Images/fonc-11-739660-g001.jpg
nnnnnn

‘‘‘‘‘‘‘‘‘‘‘‘

nnnnnnnnnnnnnnn

e el ettt et

] P roer L -

ggii;*,i__++*+.++§++++¢§+++++§.+++-+**-§'+*+-+++++

CCT3

CCT4 ¥%

ETUE +*¢*'*+?+i*i‘*+ i+++?-+?+*+'*-+":'*‘-‘"’t‘:'”:'

ccTs ##

§§+*+* * ++** ++*+¢++++ *+*+*-+++i$++ ¥ *++-+**+*

& T D AR UL LS RTRU RN

§§+*+*-* **i Hileppnog ¢+*+?-+*+'*+ d-topet ot

CCT7 **

i“* * + * ++*'*ﬂ++ *1.*.].* +ﬂ'h* * h'l'“ H?
‘]__ccTs ** ‘
& EF S &° FELELEL S LTSS

TCGA sample





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-739660-g005.jpg
TcP1 a2 [0 N

cerz o |||[|NNID [T

cers - are |00

cera o ]| DRI M R il 1

cers e 0000 i I

cerea o] 010N 0000 11 00 I

ceres % (] | I T | HII
cerr 7 |10 bl | i I ]
cers o[ A0 T I |

Genetic Alteration # Missense Mutation (unknown significance) I Fusion || Amplification | Deep Deletion || mRNAHigh  [| mRNALow | Noalterations

X

TCP1 expression Zscores
CCT3 expression Zscores
CCT5 expression Zscores

% LY
q"’o.% ‘ﬁq’%’ % % 1"’«% c‘!x% % 0% 1’%% %, %ﬁ-‘%’ 1”‘&%’

TCP1 genetic alteration CCT3 genetic alteration CCT5 genetic alteration
* Missense (VUS) Not mutated o Amplification © Gain Diploid © Shallow Deletion © Deep Deletion
100 U
Logrank Test P-Value: 3.493e-3 Logrank Test P-Value: 0.0180

Disease/Progression-free Survival

W Cases with Alteration(s) in Query Gene(s) n=159
W Cases without Alteration(s) in Query Gene(s) n=139

0 10 20 30 40 550 60 70 80 90 100 110 120 130

0 10 20 30 40 550 60 70 80 90 100 110 120 130

Months Survival Months Disease/Progression-free





OEBPS/Images/fonc-11-739660-g007.jpg
CCT8
TCP1
CCT6A
CCT5
CCT2
CCT7
CCT4
CCT3
CCTeB

Correlation
1.0

l 0.5
0.0

I -0.5
-1.0

T |||i'
Q;"bh'\’l«vav
& & D A DO F N
SEFEFE L

OO

$ 0;, «(’3 == 15
& S 25
B & & S

e 2 =2 »
Relative expression

Relative expression

°

Vector  CCT5

C

w

N

Relative expression

TCP1 CCT2 CCT3 CCT4 CCT6A CCT6B CCT7 CCT8

*

20 = Ctrl
§ = siCCT5
3 1.5
g ns g
FREE =P g = . .

o

2

S5

S o,

(4
0.0

TCP1 CCT2 CCT3 CCT4 CCT6A CCTeB CCT7 CCT8





