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DNAJA4, DNAJB11 and DNAJC10 induce cell transformation by inhibiting p53 and oncogene-induced senescence
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Abstract: Objective: Transformation from normal cells to malignant cells is the basis for tumorigenesis. While this cell transformation is known to result from aberrant activation or inactivation of associated genes, these genes have not yet been fully identified. In addition, DNAJs, proteins with a J domain, are known to be molecular co-chaperones, but their cellular functions remain largely unexplored. In this context, we here identified DNAJA4, DNAJB11, and DNAJC10 as pro-transforming genes and elucidated their action mechanisms. Methods: Senescence-associated (SA)-β-galactosidase staining and western blotting were used to analyze cellular senescence and protein expression. Soft agar assay was used to analyze cell transformation. RNA sequencing data was downloaded from the Cancer Genome Atlas (TCGA) database. Results: We observed that overexpression of the three DNAJs inhibited oncogene-induced senescence (OIS) and the p53/p21WAF1/CIP1 pathway under H-RASV12 expression in normal mouse embryonic fibroblasts (MEFs). Additionally, their overexpression inhibited p53-induced senescence. Moreover, overexpression of the three DNAJs induced neoplastic transformation in MEFs under H-RASV12 expression. Furthermore, RNA sequencing analysis showed that the three DNAJs are frequently overexpressed in cancer tissues compared to their matched normal tissues in various human cancers. Conclusion: These results suggest that the three DNAJs are pro-transforming genes whose aberrant overexpression contributes to cell transformation. These results also suggest that the three DNAJs induce cell transformation by inhibiting the senescence function of p53 and OIS. This study may contribute to understanding the molecular basis of cell transformation and the cellular functions of the three DNAJs.
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Introduction

Cancer cells have common characteristics, including self-mitogenic signaling, the ability to proliferate indefinitely, resistance to density-dependent or contact inhibition, growth in a suspended state (anchorage-independence), and the ability to invade surrounding tissues. The phenomenon in which normal cells acquire these malignant traits is called malignant transformation, and this cellular transformation is the basis for tumorigenesis at the individual level [1,2].

Cellular transformation is known to result from aberrant activation or inactivation of associated genes. For example, aberrant activation of H-RAS [3], K-RAS [3], cyclin E (CCNE) [4], cyclin-dependent kinase 4 (CDK4) [3], or c-MYC [5] by mutations or overexpression, and aberrant inactivation of p53 [3] or Rb [3] by mutations or protein inactivation can induce transformation in human or rodent normal cells. Therefore, identifying transformation-associated genes is essential for understanding the mechanisms of cell transformation and tumorigenesis.

Cellular senescence is a phenomenon in which mitotic cells permanently lose their ability to divide. Senescent cells differ from quiescent cells in that they cannot enter the S phase of the cell cycle even when stimulated by growth factors. In addition, they typically exhibit senescence-associated (SA)-β-galactosidase activity at pH 6.0, and the cells often have a broad and flat shape [6].

During cell transformation, mitogenic oncogenes such as H-RASV12 are activated, allowing normal cells to acquire the characteristic of self-mitogenic signaling [1]. Intriguingly, however, the expression of H-RASV12 alone, a constitutively active form of H-RAS, in human or rodent normal cells generally induces senescence rather than transformation. This phenomenon, in which cellular senescence is induced when some mitogenic oncogenes are activated, is called oncogene-induced senescence (OIS). OIS is considered an important mechanism to prevent cell transformation by permanently arresting the division of dangerous cells in which mitogenic oncogenes are activated [6,7].

In OIS, strong and sustained mitogenic signaling from mitogenic oncogenes leads to replication stress and double-stranded breaks (DSBs) in DNA. This provokes the DNA-damage response (DDR) in cells, including the activation of p53 [8,9].

p53 is a potent tumor suppressor. Mutations in the p53 gene are observed in approximately half of human cancers, and functional inactivation of the p53 protein is frequently observed in the remaining cases. Upon DNA damage, the transcription factor p53 is activated and translocates from the cytosol to the nucleus. In the nucleus, it binds to the promoters of various target genes to induce senescence, apoptosis, or cell cycle arrest. Among these target genes, p21WAF1/CIP1 plays a crucial role in inducing senescence. Therefore, p53 acts as a tumor suppressor by inhibiting the proliferation of cells with damaged DNA and preventing the occurrence of mutations [6,10].

The senescence function of p53 plays a critical role in OIS. The H-RASV12-induced OIS in normal mouse embryonic fibroblasts (MEFs) is accompanied by an increase in p53 expression, where if p53 is inactivated, OIS does not occur and the cells continue to divide [11]. Even in human diploid fibroblasts (HDFs), H-RASV12-induced OIS is accompanied by an increase in p53 expression, where inactivation of p53 often prevents OIS [9].

Therefore, it can be speculated that p53 inactivation under potent mitogenic signals may contribute to cell transformation by evading OIS. Indeed, transformation occurs when p53 is inactivated simultaneously with H-RASV12 expression in MEFs. In the case of HDFs, transformation occurs when both p53 and Rb are inactivated simultaneously with H-RASV12 expression and telomerase activation [3].

Molecular chaperones are proteins that bind to cargo proteins and assist in their transport, folding, or degradation. In most organisms, including humans, heat shock protein 70s (Hsp70s) are major molecular chaperones, and the activity of Hsp70s is regulated by co-chaperones such as DNAJs. DNAJs bind to Hsp70s and stimulate their ATPase activity, thereby stabilizing the interaction between Hsp70s and substrate proteins. DNAJs commonly have a J domain, a specific motif consisting of 70–80 amino acids, which is known to be important for binding to Hsp70s [12]. To date, approximately 50 DNAJs have been identified in the human genome. They are classified into Classes I, II, and III based on the presence or absence of a G/F-rich domain and a zinc finger-like region (ZFLR) in addition to the J domain, and are referred to as DNAJAs, DNAJBs, and DNAJCs, respectively [13,14] (Fig. 1).
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Figure 1: Schematic representation of three classes of DNAJs. J, the J domain; G/F-rich, the G/F-rich domain; ZFLR, the zinc finger-like region.

Among them, DNAJA4 has been reported to assist Hsp70s in preventing the aggregation of luciferase in vitro [15]. DNAJB11 is a luminal protein of the endoplasmic reticulum (ER), where it is known to assist BiP, an ER member of the Hsp70 family, in folding and assembling cargo proteins [16]. DNAJC10, another co-chaperone of BiP, characteristically possesses disulfide reductase activity. DNAJC10 is known to cleave the disulfide bonds of misfolded proteins, thereby accelerating their ER-associated degradation (ERAD) [17,18].

Although identifying transformation-associated genes is essential for understanding the mechanisms of cell transformation and tumorigenesis, these genes have not yet been fully identified. In addition, DNAJs are known to act as co-chaperones for Hsp70s, but their cellular functions remain largely unexplored. In this context, we here investigated the cellular functions of DNAJA4, DNAJB11, and DNAJC10 under strong mitogenic signals using H-RASV12.

Materials and Methods

cDNAs

The cDNAs of human DNAJA4 and DNAJB11 were obtained from the 21C Frontier Human Gene Bank (KRIBB, Daejeon, Republic of Korea). The cDNA of human DNAJC10 was generously provided by Dr. Billy Tsai from the University of Michigan, USA.

Cell culture

The preparation of mouse embryonic fibroblasts (MEFs) was conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the Kangwon National University (Approval No. KW-140521-1). Female ICR mice, 14 days post-coitum (dpc), were obtained from Nara Biotech (Pyungtak, Republic of Korea) and kept in a controlled environment with a stationary temperature of 21 ± 2°C, the humidity of 50 ± 10%, and noise levels below 60 dB. They were fed standard mouse chow (DBL, Rodfeed, Eumseong, Republic of Korea) and had ad libitum access to water (Nara Biotech, Hydrogel, Pyungtak, Republic of Korea). Embryos were extracted from the mice and minced in 100 mm dishes containing Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, #12800017, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (AusGeneX, #FBS500-S, Oxenford, Australia). The dishes were then incubated in a 5% CO2 incubator at 37°C. After 2–3 days, the cells were harvested and stored in a liquid nitrogen tank until needed [19]. The cells were cultured in DMEM containing 10% FBS and penicillin-streptomycin (10,000 U/mL) (Life Technologies, #15140-122) in a 5% CO2 incubator at 37°C. There was no mycoplasma contamination in all cells utilized for this study.

Western blot analysis

MEFs were lysed in a solution containing 150 mM NaCl, 50 mM Tris-HCl, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate, 1% NP-40, a protease inhibitor cocktail (Sigma-Aldrich, #P2714, Burlington, MA, USA), and 1 mM phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich, #P7626). SDS–polyacrylamide gel electrophoresis (PAGE) was carried out to separate proteins. The proteins were transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, IPVH00010, Darmstadt, Germany). The membranes were incubated with 4% skim milk (Seoulmilk, #1985026200513, Yangju, Republic of Korea) in Tris-buffered saline (TBS) for 1 h at room temperature. Then, the membranes were incubated with protein-specific antibodies overnight at 4°C, followed by secondary antibodies for 1 h at room temperature. After washing with TBS, the protein bands were visualized using a detection reagent (AbFrontier, LF-QC0103, Seoul, Republic of Korea) [20]. The protein-specific antibodies used were anti-DNAJA4 (1:500, Abcam, #ab185553, Cambridge, UK), anti-DNAJB11 (1:200, Santa Cruz Biotechnology, #sc-271240, Dallas, TX, USA), anti-DNAJC10 (1:2000, Proteintech, #13101-1-AP, San Diego, CA, USA), anti-p21WAF1/CIP1 (1:50, Santa Cruz Biotechnology, #sc-6246), anti-p53 (1:100, Cell Signaling Technology, #2524, Danvers, MA, USA), anti-Ras (1:200, Calbiochem, #OP40, San Diego, CA, USA), and anti-β-actin (1:4000, Santa Cruz Biotechnology, #sc-47778). The secondary antibodies used were HRP-conjugated goat anti-mouse IgG (1:2000, Invitrogen, #31430, Rockford, IL, USA) and HRP-conjugated goat anti-rabbit IgG (1:1000, Invitrogen, #31460).

Retroviruses

cDNAs inserted into the pMSCVpuro vector (Clontech, Mountain View, CA, USA) were transfected into H29D packaging cells [21] using polyethylenimine (PEI) (Polysciences, #23966-2, Warrington, PA, USA). Conditioned media containing retroviruses (viral soups) were collected from days 2 to 4 post-transfection. For viral titration, 293 cells were seeded on 6-well plates at a density of 5 × 103 cells per well. The viral soups were serially diluted and administered to each well with 2 μg/mL polybren (Sigma-Aldrich, #H9268). The cells were incubated with 0.85 μg/mL puromycin (Life Technologies, #A1113803) for 2 days, followed by incubation in a culture medium for an additional 2 days. Then, the total number of foci per well was counted under a light microscope (Olympus, CKX41, Tokyo, Japan), and the plaque-forming units (pfu) per mL of viral soup were calculated. MEFs were infected with 10 multiplicity of infection (MOI) of retroviruses expressing each DNAJ on the 1st day and then infected with 5 MOI of retroviruses expressing H-RASV12 or p53 on the 2nd day in the presence of 2 μg/mL polybren. The MEFs were incubated with 1 μg/mL puromycin for 2 days, followed by incubation in a culture medium for an additional 2 days.

Senescence-associated-β-galactosidase (SA-β-gal) staining

MEFs were fixed in a 3% formaldehyde solution for 5 min at room temperature. The cells were incubated at 37°C for 24 h in a staining solution consisting of 40 mM citric acid/sodium phosphate, pH 6.0, 150 mM sodium chloride, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 2 mM magnesium chloride, and 1 mg/mL X-gal [20]. Then, the cells were photographed under a light microscope (Olympus, CKX41).

Soft agar assay

MEFs suspended in 0.35% low-melting agarose (Sigma-Aldrich, #A4018) in a culture medium were overlaid on top of 0.5% agarose in 6-well plates at a density of 2.5 × 104 cells per well. After 4 to 5 weeks, foci were photographed under a light microscope (Olympus, CKX41), and the total number of foci per well was counted [22].

Statistical analysis

Kruskal-Wallis tests were carried out for the entire dataset, followed by Wilcoxon rank-sum tests for specific pairs of groups of interest. The RStudio program (https://www.rstudio.com accessed on 14 July 2019) was used for the statistical analyses. A p-value < 0.05 was considered statistically significant [22].

Results

Overexpression of DNAJA4, DNAJB11, and DNAJC10 prevents oncogene-induced senescence (OIS)

To investigate the cellular functions of DNAJA4, DNAJB11, and DNAJC10 under strong mitogenic signals, we generated retroviruses expressing H-RASV12 (vr-H-RASV12) and the three DNAJs (vr-DNAJs) and infected them into actively proliferating normal mouse embryonic fibroblasts (MEFs).

When MEFs were infected with vr-H-RASV12, it was observed that the cells stopped proliferating and the proportion of SA-β-gal-stained cells increased, showing that H-RASV12 expression in MEFs results in senescence as reported [11]. In contrast, when MEFs were co-infected with vr-H-RASV12 and each vr-DNAJ, it was observed that the cells proliferated normally and the proportion of SA-β-gal-stained cells was restored to the basal level (Fig. 2A–F). These results suggest that overexpression of the three DNAJs prevents OIS under H-RASV12 expression.
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Figure 2: Overexpression of DNAJA4, DNAJB11, and DNAJ10 prevents senescence induced by H-RASV12 in MEFs. (A–C) Cells were transfected with the indicated genes using retroviruses. Then, 1 × 104 cells were seeded on 24-well plates, and the number of cells was counted daily. Data are presented as means ± SD (n = 6; ***p < 0.001 vs. Vector + vector; n.s, not significant at the final day). (D–F) Cells were transfected with the indicated genes using retroviruses. At 14 days after the infection, the cells were incubated with SA-β-gal staining solution, and the percentage of stained cells was calculated. Data are presented as means ± SD (n = 8; ***p < 0.001 vs. Vector; ###p < 0.001, Vector + H-RASV12 vs. each DNAJ + H-RASV12). Scale bars = 40 μm. (G–I) MEFs were transfected with the indicated genes using retroviruses. Western blotting was carried out, and the representative data are shown. β-actin served as a loading control (left panels). The amount of proteins was quantified by densitometry. Data are presented as means ± SE (n = 3; *p < 0.05 and **p < 0.01 vs. Vector; #p < 0.05, Vector + H-RASV12 vs. each DNAJ + H-RASV12; n.s, not significant) (right panels).

Overexpression of DNAJA4, DNAJB11, and DNAJC10 prevents OIS by suppressing the senescence function of p53

It is well known that the p53’s senescence function plays a critical role in OIS [8,9,11]. Since our data showed that overexpression of the three DNAJs prevents OIS, we next investigated whether their overexpression could regulate the p53’s senescence function.

When MEFs were infected with vr-H-RASV12, the expression of p53 as well as p21WAF1/CIP1 increased as reported [11]. In contrast, when MEFs were co-infected with vr-H-RASV12 and each vr-DNAJ, the expression of p21WAF1/CIP1, the senescence-mediating target gene of p53, did not increase although the expression of p53 increased (Fig. 2G–I). These results suggest that overexpression of the three DNAJs prevents OIS by suppressing the p53’s senescence function.

To confirm that the three DNAJs suppress the p53’s senescence function, we examined their role in p53-induced senescence. When MEFs were infected with retroviruses expressing p53 (vr-p53), it was observed that the cells stopped proliferating and the proportion of SA-β-gal-stained cells increased, showing that p53 overexpression induces senescence as reported [23]. In contrast, when MEFs were co-infected with vr-p53 and each vr-DNAJ, it was observed that the cells proliferated normally and the proportion of SA-β-gal-stained cells was restored to the basal level (Fig. 3A–F).
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Figure 3: Overexpression of DNAJA4, DNAJB11, and DNAJ10 inhibits p53-induced senescence in MEFs. (A–C) Cells were transfected with the indicated genes using retroviruses. Then, 1 × 104 cells were seeded on 24-well plates, and the number of cells was counted daily. Data are presented as means ± SD (n = 6; ***p < 0.001 vs. Vector + vector; n.s, not significant at the final day). (D–F) Cells were transfected with the indicated genes using retroviruses. At 14 days after the infection, the cells were incubated with SA-β-gal staining solution, and the percentage of stained cells was calculated. Data are presented as means ± SD (n = 6; ***p < 0.001 vs. Vector; ###p < 0.001, Vector + H-RASV12 vs. each DNAJ + H-RASV12). Scale bars = 40 μm. (G–I) MEFs were transfected with the indicated genes using retroviruses. Western blotting was carried out, and the representative data are shown. β-actin served as a loading control (left panels). The amount of proteins was quantified by densitometry. Data are presented as means ± SE (n = 3; *p < 0.05 and **p < 0.01 vs. Vector; #p < 0.05, Vector + H-RASV12 vs. each DNAJ + H-RASV12; n.s, not significant) (right panels).

In addition, when MEFs were infected with vr-p53, the expression of p21WAF1/CIP1 increased as expected, which was almost completely prevented by overexpression of the three DNAJs (Fig. 3G–I). These results demonstrate that the three DNAJs suppress the p53’s senescence function, supporting our conclusion that overexpression of the three DNAJs prevents OIS by suppressing the p53’s senescence function.

Overexpression of DNAJA4, DNAJB11, and DNAJC10 induces neoplastic transformation in MEFs under H-RASV12 expression

It is well known that the escape from OIS contributes to cell transformation [3,4]. Since our data showed that overexpression of the three DNAJs prevents OIS, we next investigated whether their overexpression could regulate cell transformation.

When MEFs were infected with vr-H-RASV12 alone, it was observed that the cells barely formed foci on the soft agar. In contrast, when MEFs were co-infected with vr-H-RASV12 and each vr-DNAJ, it was observed that the cells easily formed foci on the soft agar (Fig. 4). These results suggest that overexpression of the three DNAJs induces neoplastic transformation in normal murine cells by preventing OIS.
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Figure 4: Overexpression of DNAJA4, DNAJB11, and DNAJ10 induces neoplastic transformation under H-RASV12 expression in MEFs. (A–C) Soft agar assays. Cells were transfected with the indicated genes using retroviruses, and 2.5 × 104 cells were overlaid on top of the soft agar. After 4–5 weeks, the total number of foci was counted. Data are presented as means ± SD (n = 6; *p < 0.05, ***p < 0.001 vs. Vector; ###p < 0.001, Vector + H-RASV12 vs. each DNAJ + H-RASV12) (upper panels). Representative data are shown. Scale bars = 200 μm (lower panels).

DNAJA4, DNAJB11, and DNAJC10 are frequently overexpressed in various human cancers

Cellular transformation is the basis for tumorigenesis at the individual level [1,2]. Since our data showed that overexpression of the three DNAJs contributes to cell transformation, we next examined their expression in various human cancers.

For this purpose, we downloaded the RNA sequencing data from the TCGA database [24], and compared the expression of the three DNAJs between cancer tissues and surrounding normal tissues. The results showed that expression of the three DNAJs was frequently increased in a variety of cancer tissues compared to their matched normal tissues with a fold-change ≥ 2.0 (Fig. 5A–C). These results suggest that aberrant overexpression of the three DNAJs may contribute to human tumorigenesis by promoting cell transformation.
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Figure 5: DNAJA4, DNAJB11, and DNAJ10 are frequently overexpressed in various human cancers. (A–C) The percentage of patients with a fold-change ≥ 2.0 in cancer tissues compared to normal tissues. Expression of the three DNAJs was analyzed in cancer tissues and their matched normal tissues when the number of patients was more than 10. BLCA, bladder cancer (n = 19); BRCA, breast cancer (n = 106); COAD, colorectal adenocarcinoma (n = 12); HNSC, head and neck squamous cell carcinoma (n = 43); KICH, kidney chromophobe (n = 23); KIRC, kidney renal clear cell carcinoma (n = 67); KIRP, kidney renal papillary cell carcinoma (n = 31); LIHC, liver hepatocellular carcinoma (n = 47); LUAD, lung adenocarcinoma (n = 57); LUSC, lung squamous cell carcinoma (n = 47); PRAD, prostate adenocarcinoma (n = 52); STAD, stomach adenocarcinoma (n = 27); THCA, thyroid carcinoma (n = 56). (D) A proposed mechanism for the three DNAJs-mediated cell transformation.

Discussion

Cellular transformation from a normal cell to a malignant cell is the basis for tumorigenesis, and this transformation is known to result from aberrant activation or inactivation of associated genes [1–5]. Therefore, identifying transformation-associated genes and elucidating their action mechanisms are essential for understanding the mechanisms of cell transformation and tumorigenesis. In this context, we here identified DNAJA4, DNAJB11, and DNAJC10 as pro-transforming genes whose aberrant overexpression contributes to cell transformation. In addition, we elucidated their action mechanisms: they suppress the senescence function of p53, thereby preventing oncogene-induced senescence (OIS) and inducing cell transformation (Fig. 5D).

DNAJs, the J domain-containing proteins, are well known to be co-chaperones for Hsp70s [12,14]. However, the cellular functions of DNAJs remain largely unexplored. In this context, we here found novel functions of DNAJA4, DNAJB11, and DNAJC10 under strong mitogenic signals as follows: First, they are pro-transforming factors, as evidenced by the results that they induced neoplastic transformation in normal cells under oncogenic RAS activation (Fig. 4). Second, they are anti-senescence factors. They inhibited H-RASV12-induced senescence as well as p53-induced senescence (Figs. 2 and 3). Third, they are p53 inactivators. They inhibited the p53/p21WAF1/CIP1 pathway as well as p53-induced senescence (Figs. 2 and 3).

To our knowledge, there had been no direct evidence that the three DNAJs regulate cell transformation. Here, we presented both direct and indirect evidence that the three DNAJs contribute to cell transformation. First, they induced neoplastic transformation in normal cells under oncogenic RAS activation. Second, they inhibited OIS, a strong barrier against cell transformation. Third, they inhibited p53, a potent anti-transforming factor.

As for senescence, it has been reported that the proportion of SA-β-gal-stained cells increased in DNAJC10(−/−) MEFs compared to DNAJC10(+/−) MEFs [25]. This result is compatible with our conclusion that DNAJC10 is an anti-senescence factor.

Most pro-transforming genes identified so far are genes that mediate cell proliferation. For example, H-RAS, K-RAS, CCNE, CDK4, or c-MYC are signal transducers, cell cycle regulators, or transcription factors involved in cell division. Meanwhile, some genes are known to have other cellular activities. For example, B-cell leukemia/lymphoma 2 (BCL2) inhibits apoptosis, and mouse double minute 2 homolog (MDM2) or cyclooxygenase-2 (COX-2) inactivates p53 [26–28]. Here, we found that DNAJA4, DNAJB11, and DNAJC10 suppress the p53’ senescence function, thereby preventing OIS and inducing cell transformation. These results suggest that the three DNAJs are pro-transforming genes belonging to the group of p53 inactivators.

At present, it is not clear how DNAJA4, DNAJB11, and DNAJC10 suppress the p53’ senescence function. However, considering the protein-binding properties of DNAJs, it is likely that the three DNAJs might inactivate p53 by binding to it. Additional studies are needed to determine this possibility.

It has been reported that DNAJA4 was overexpressed in acute myeloid leukemia [29], whereas its expression was decreased in nasopharyngeal cancer [30]. DNAJB11 has been reported to be overexpressed in oral cavity, liver, and pancreatic cancer [31–33]. DNAJC10 was overexpressed in liver cancer and glioma [34,35], whereas its expression was reported to be decreased in breast cancer [36]. According to our data, DNAJA4 was overexpressed in more than 10% of patients with breast, stomach, kidney, lung, bladder, liver, prostate, and colon cancer. DNAJB11 was overexpressed in more than 10% of patients with lung, liver, stomach, bladder, head and neck, breast, and kidney cancer. DNAJC10 was overexpressed in more than 10% of patients with colorectal, liver, stomach, head and neck, prostate, bladder, breast, kidney, and lung cancer (Fig. 5A–C). Although all these data show the expression patterns of the three DNAJs in various human cancers, they do not establish a causal relationship between the three DNAJs and human tumorigenesis. Therefore, further studies are required to determine whether the three DNAJs are involved in human tumorigenesis.

Conclusion

Collectively, we here found that DNAJA4, DNAJB11, and DNAJC10 are pro-transforming genes and elucidated their action mechanisms (Fig. 5D). This study may help understand the mechanisms of cell transformation and the cellular functions of the three DNAJs.
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