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Cancer is a threat to human health and life. Although previously centered on chemical drug treatments, cancer treatment has entered an era of precision targeted therapy. Targeted therapy entails precise guidance, allowing the selective killing of cancer cells and thereby reducing damage to healthy tissues. Therefore, the need to explore potential targets for tumor treatment is vital. Cyclin-dependent kinase regulatory subunit 1B (CKS1B), a member of the conserved cyclin kinase subunit 1 (CKS1) protein family, plays an essential role in cell cycling. A large number of studies have shown that CKS1B is associated with the pathogenesis of many human cancers and closely related to drug resistance. Here, we describe the current understanding of the cellular functions of CKS1B and its underlying mechanisms, summarize a recent study of CKS1B as a target for cancer treatment and discuss the potential of CKS1B as a therapeutic target.
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INTRODUCTION

In recent years, the incidence of cancer has increased annually. According to national cancer statistics released by the National Cancer Center in 2019, in 2015, 3.929 million new malignant tumors were diagnosed in individuals 0−47 years of age in China, corresponding to an incidence of 285.83/100,000. The cumulative incidence of cancer is 21.44%, with lung cancer ranking first in incidence and mortality. Lung cancer is the most common malignant tumor in the world (11.6%) and the leading cause of cancer-related death (18.4%) (1). According to the latest report from the International Agency for Research on Cancer (IARC), there are ~9.63 million lung cancer patients worldwide. In 2018, there were an estimated 2,093,876 new cases of lung cancer and ~1,761,007 deaths due to lung cancer worldwide. Eighty percent of new lung cancer patients have been diagnosed with non–small-cell lung cancer (NSCLC) (2), which exhibits no clinically significant outcomes or symptoms at an early stage. By the time a patient is diagnosed with NSCLC, the optimal treatment period has typically already passed. Seventy-five percent of NSCLC cases are diagnosed as advanced NSCLC, which is associated with a 5-years survival rate of <15% (3, 4). During tumor development, tumor cell growth is uncontrolled, changing the genome, damaging healthy cells due to invasion of the tumor into nearby tissues and transferring tumor cells to distant tissues. In such cases, only non-surgical treatment options are available to patients. Although targeted drug therapy and immunotherapy have good curative effects, chemotherapy remains the preferred treatment for cancer patients in the clinical. However, due to the development of chemotherapy resistance in cancers, the vast majority of patients have a poor prognosis.



CYCLIN-DEPENDENT KINASE REGULATORY SUBUNIT 1 (CKS1B)

Malignant tumors are caused by dysregulation of the cell cycle and impaired cell differentiation. Regulation of the cell cycle depends on interactions among cyclins, cyclin-dependent kinase (CDK) and its inhibitors. CKS1B, the protein encoded by the CKS1 gene on human chromosome Iq21, has a molecular weight of 9 kDa and is highly functionally conserved (5). In early coimmunoprecipitation studies, scholars found that CKS1 tightly bound CDK from yeast, human cells, and frog eggs. Therefore, this protein was named cell cycle-dependent protease regulatory subunit (6). CDKs are a family of proteases related to the cell cycle that can degrade CDK substrates and proteins regulated by upstream CDKs. The Cdc kinase subunit (CKS) protein has been isolated and shown to inhibit fission and germination yeast cyclin-dependent kinase 1 (CDK1) gene mutations (7, 8). Two homologs of the yeast CKS gene, CKS1 and CKS2 (9), have been found in mammalian cells. Biochemical and genetic analyses suggest that CKS may play a key role in cell cycle regulation (10).



UPREGULATION OF CKS1B IN HUMAN CANCERS

Various genetic and biochemical experiments in different species have demonstrated the primary functions of CKS1 in normal cell division and growth. The deletion of CKS1 led to mitotic arrest, which eventually decreased cell viability. Due to mitotic retardation, the overexpression of CKS1 produced another abnormal phenotype (11, 12). Functional analysis of CKS1 has shown that (i) CKS1 is essential for maintaining cell viability and that (ii) significant changes in its expression significantly affect the cell division cycle (5). CKS1B, a member of the CKS/Suc1 small protein family, can bind and regulate the function of cyclin-dependent protein kinase catalytic subunits (13, 14). Studies have shown that CKS1B promotes cell growth, invasion, metastasis, and chemical resistance (15, 16). In addition, CKS1B is necessary for normal cell division and growth (5). High CKS1B expression has been shown in many cancers, such as hepatocellular carcinoma (15), colon cancer (17), lung cancer (18), oral squamous cell carcinoma (19), breast cancer (20), and retinoblastoma (RB) (14), among others. Studies have also identified CKS1B as one of 70 high-risk genes whose expression is inversely proportional to the survival of patients newly diagnosed with multiple myeloma (MM) (21). High nuclear expression of CKS1B is also a poor prognostic factor in patients with relapsed/refractory MM (22). These findings provide compelling evidence that CKS1B represents a powerful candidate therapeutic gene (23). Analyses using data from public databases have led to the same conclusion. A study using the public database GENT2 (http://gent2.appex.kr/gent2/) to analyze the expression levels of CKS1B in various cancer types revealed that CKS1B expression levels in brain, colon, bone, ovarian, pancreatic, liver, and lung cancer samples were significantly increased compared with those in healthy tissue samples (24). Kaplan-Meier estimates of event-free survival (left panel), metastasis-free survival (middle panel), and overall survival (right panel) found that recurrent primary human (RPH) lung cancer patients with CKS1B overexpression showed decreased survival compared to that of incipient primary human (IPH) lung cancer patients (Figure 1) (25).
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FIGURE 1. Kaplan–Meier analyses of event-free survival (Left), metastasis-free survival (Medium), and overall survival (Right) revealed inferior outcomes among the 110 lung cancer patients with high Cks1b expression (RPH) relative to the 164 lung cancer patients with low Cks1b expression (IPH).




CKS1B PARTICIPATES IN REGULATION OF THE CELL CYCLE

The CKS1 protein, which is encoded by the human CKS1B gene, consists of 79 amino acids and is a member of the CKS/SUC1 protein family. CKS1 can regulate the mitotic cycle in eukaryotes (26). In mammalian cells, P27 and P21 control the cell cycle from G1 phase to S phase and are essential proteins for phase transformation. The P27kip1 protein, a member of the CIP/kip family, inhibits most CDKs and arrests the cell cycle in S phase (27). CKS1B is an indispensable regulatory unit of the SCFskp2 ubiquitin ligase complex that can promote the binding of SCF to the cyclin inhibitor P27Kip1, after which phosphorylated P27 and p21 are recognized by the SCF/skp2 complex and catalyze multiple surface connections. The recognition and degradation of a ubiquitinated chain by the 26S protease promotes transition of the cell cycle from G1 to S phase (28, 29). CKS1B has three protein-binding sites, including an S-phase kinase-associated protein 2 (SKP2)-binding site and a CDK-binding site, the latter of which plays an important role in the ubiquitination process regulated by CKS1B (Figure 2). As a ubiquitin-regulating protein, CKS1B can specifically bind the SCF/SKP2 complex, which contains SKP1, Cullin1, F-box proteins, and the ubiquitin ligase E3-SKP2 (30).
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FIGURE 2. High CKS1B promotes cancer progression or cancer drug resistance through multiple pathways.




CKS1B IS A DRUG RESISTANCE-INDUCING GENE

Tumor resistance can be induced by many stimuli, among which gene mutation is of increasing concern. Studies showed that erlotinib, gefitinib, afatinib, and other epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) could effectively improve the objective response rate and overall survival of NSCLC patients with EGFR mutations (including the deletion of exon 19 and the single point mutation L858R in exons 18-21). However, sustained EGFR-TKI treatment can lead to secondary resistance, and more 50% of secondary resistance is caused by the T790M secondary mutation in the catalytic pyrolysis region of the EGFR tyrosine kinase domain. In addition, HER2/neu (ErbB2), EGFR (ErbB1), HER3 (ErbB3), and HER4 (ErbB4) are members of the ErbB receptor-tyrosine kinase (RTK) family, and the oncogenic mutation patterns of EGFR and HER2 provide attractive options for targeted NSCLC therapy. Preclinical studies in vitro and in vivo models and human tissues have shown that overexpression of HER2 can lead to drug resistance to EGFR-TKIS and erlotinib resistance in mice and patients. Clinical studies have found that the current treatments for MM are ineffective in killing cells that specifically express CKS1B, leading to poor patient prognosis (23, 31). Studies have shown that overexpression of CKS1B promoted drug resistance in MM cells (31). In addition, in vitro proliferation experiments showed that CKS1 overexpression significantly enhanced the proliferation of liver cancer cells (15). Wang et al. observed that CKS1B overexpression in lung cancer cells achieved through lentiviral infection enhanced drug resistance by inhibiting cisplatin (CDDP)- and doxorubicin (DOX)-induced apoptosis, supporting the critical role of CKS1B in lung cancer progression (25). Furthermore, CKS1B upregulation is a predictor of poor prognosis and aggressive disease in many other malignancies (32–34). CKS1B has been identified as a ubiquitin-like protein system resistance gene that can selectively induce resistance to ubiquitin-like protein synthesis inhibitors but no other antitumor drugs. Furthermore, research has shown that CKS1B induces resistance to ubiquitin-like protein synthesis inhibitors such as bortezomib by inhibiting expression of the SCF/SKP2 substrate p21.



CKS1B ACTIVATES STAT3 AND MEK/ERK THROUGH SKP2- AND P27KIP1-INDEPENDENT PATHWAYS

From cell surface receptors to transcription factors, members of the MEK/ERK signaling pathway, including the prosurvival proteins myeloid cell leukemia 1 and caspase-9, are involved in gene regulation (35) and protein activity regulation (36). Many diseases, such as cancer, human immunodeficiency virus infection (37), cardiac hypertrophy (38), and Parkinson's disease (39), result from aberrant regulation of the MEK/ERK signaling pathway. In particular, current research on the drugs used to treat cancer are focused on the ERK pathway (40). Moreover, a previous study demonstrated the potential of inactivating the MEK/ERK signaling pathway as a therapeutic target and an effective cancer treatment (41). Furthermore, the downregulation of CKS1B could inhibit the proliferation, migration, invasion, and angiogenesis of RB cells through inactivation of the MEK/ERK signaling pathway (14).

CKS1 is an important component of the SCF-Skp2 ubiquitin ligase complex, which degrades the CDK inhibitors p27Kip1, p21Cip1, and p130/Rb2. Interestingly, in addition to its influence on cell growth and survival through the regulation of p27Kip1, CKS1B leads to cell death in the presence of the p27Kip1 locus and inhibits the growth of MM cells. This observation indicates that CKS1B promotes cell proliferation independent of p27Kip1- and SKP2-associated mechanisms (16). Shi et al. determined that CKS1B upregulation activated the STAT3 and MEK/ERK pathways, whereas SKP2 knockdown or p27Kip1 overexpression activated, rather than suppressed, the STAT3 and MEK/ERK pathways, suggesting that the effects of SKP2 overexpression and p27 Kip1 inhibition on STAT3 and MEK/ERK were opposite those of CKS1B overexpression (Figure 2). Furthermore, MM cell death and growth inhibition induced by CKS1-1B knockout were partially eliminated by activation of the STAT3 and MEK/ERK/BCL2 signaling pathways (31). In addition, CKS1B downregulation inhibited RB cell proliferation, invasion, migration, and angiogenesis by blocking the MEK/ERK signaling pathway.



CKS1B INDUCES DRUG RESISTANCE THROUGH TARGETING HEAT SHOCK PROTEIN 90 (HSP90)

Previous studies showed that Hsp90 overexpression was induced in MM cells by the activation of STAT3 and MAPK signaling, which was essential for tumor cell survival. Overexpression of Hsp90 has been observed in many cancer types, and it is speculated that abnormal Hsp90 signaling must be maintained for the survival of malignant cells (42). Some components of the growth and survival pathways associated with tumor cells are Hsp90 clients, so Hsp90 is believed to maintain the functional expression of oncoproteins while enabling transformed cells to tolerate unbalanced signaling. These characteristics make Hsp90 a potential target for the development of anticancer drugs (43, 44). Wang et al. first reported that CKS1B uses the Hsp90 and MEK1/2 pathways in lung cancer cells to develop chemical resistance (Figure 2) (25). CKS1B upregulates Hsp90 independently through SKP2 and p27. In contrast, the Hsp90 inhibitor PU-H71 could inhibit the substrate protein AKT in CKS1B-overexpressing (OE) H358 cells, indicating that CKS1B mainly activates Hsp90 to resist CDDP. Furthermore, a proteomic study demonstrated that Cks1 could bind Hsp90 and its cochaperone in Ramos lymphoma cells (45).



STATUS OF RESEARCH ON CKS1B TARGETING IN CANCER


Use of Non-coding RNA to Target Cks1B for Cancer Treatment


Use of Mirnas to Target Cks1B for Cancer Treatment

MicroRNAs (miRNAs) are small non-coding RNA oligonucleotides ~21–23 nucleotides in length that can regulate genes at the posttranscriptional level with functions in various biological processes (46, 47). The dysregulation of miRNAs can lead to a variety of diseases, including developmental disorders, neurological diseases, and cancer. Abnormal miRNA and mRNA expression has been noted in many cancers (48–52). Therefore, a comprehensive analysis of miRNA and mRNA expression should be performed to enhance our understanding of miRNAs and mRNAs during tumorigenesis. Many databases and target prediction tools have recently been used to identify potential targets for miRNAs. However, the identification of miRNA targets is faced with enormous challenges.

Some studies have used bioinformatics methods to screen miRNAs that target CKS1B via TargetScan 7.2 and microRNA.org. In a bioinformatics analysis, several miRNAs targeting CKS1B (miR-125a, miR-1258, miR-197, miR-181a-1, miR-361, and miR-485) were predicted. Among mimics of these miRNAs, miR-1258 mimics inhibited the mRNA and protein expression of CKS1B in colorectal cancer (CRC) cells compared to cells treated with only negative control (NC) mimics. In addition, experiments have shown that miR-1258 exerts a tumor-suppressive effect through immediately downregulation of the oncogenic CKS1B gene in CRC (24). Other studies have shown that miR-204 negatively regulates the expression of CKS1B in gastric cancer (53). Yu Fujita found that miR-197 was downregulated in platinum-resistant NSCLC specimens, leading to in vitro and in vivo chemical resistance, tumorigenicity, and increased lung metastasis. Mechanistic studies have shown that the miR-197-mediated CKS1B/STAT3 axis plays a role in tumor progression and is regulated by multiple oncogenes (Bcl-2, c-Myc, and cyclin D1) and that PD-L1 is a putative biomarker of this axis. In addition, we demonstrated that miR-197 mimics could cause highly resistant PD-L1 cells to become sensitive to chemotherapy. Ting La's study showed that miR-27b-3p targets CKS1B, resulting in a decrease in p27Kip1 mediation by Skp2. The coding region for miRNA-27b-3p is embedded in an intron spanning the open reading frames of three genes on chromosome 9 and is activated by p53 transcription. The results of Ting La's study showed that miRNA-27b-3p is an important regulator of cancer cell dormancy in response to p53 and suggest that the manipulation of miRNA-27b-3p may represent a new therapeutic approach to improve cancer treatment outcomes (54).



Use of Long Non-coding RNAs (Lncrnas) Targeting CKS1B for Cancer Treatment

LncRNAs, which are present at lower cellular concentrations and exhibit higher tissue specificity than protein-encoding RNAs, participate in cell differentiation, proliferation, and apoptosis under different conditions. Furthermore, the differential expression of several lncRNAs shown in subjects with cancer suggests that lncRNAs can be used as biomarkers in the treatment of malignant tumors (55, 56). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a novel lncRNA that was initially found to be overexpressed in patients with NSCLC at high risk for metastasis (57). The upregulation of MALAT1 is related to cancer cell proliferation and metastasis and the malignant development of esophageal squamous cell carcinoma (ESCC) (58, 59). MALAT1 has even been suggested as a predictor of poor prognosis in patients with midthoracic ESCC who have undergone radical resection (57, 60). In addition, experiments have revealed that CKS1 expression is positively regulated by MALAT1. This study not only elaborated on the function of the MALAT1/CKS1 pathway in regulating radiosensitivity in ESCC but also suggests a new adjunct strategy to increase the efficacy of radiation therapy in the treatment of ESCC (61).




Use of Natural Medicines Targeting Cks1B for Tumor Treatment

Due to their low selectivity, radiotherapy and drug therapies currently used for clinical cancer treatment not only damage tumor cells but also kill healthy cells to varying degrees. Furthermore, they elicit many adverse reactions, and their long-term use leads to drug resistance. The development of drug resistance is one of the causes of chemotherapy failure. Therefore, much research has been devoted to identifying natural active antitumor ingredients from various organisms and natural compounds with antitumor activity. 3-O-(Z)-coumaric acid (3-COA), an oleanolic acid and active ingredient in the leaves of Elaegnus oldhamii Maxim, was shown to mimic the antitumor activity of a specific inhibitor of Hsp90 (PU-H71) against A549 lung cancer cells. In H358 CKS1b-OE cells and relapsed lung cancer, PU-H71 has antitumor activity alone or in combination with CDDP or DOX, which it achieves by inhibiting Hsp90. This observation suggests that 3-COA is a novel inhibitor of Hsp90. 3-COA, as a new type of antitumor drug, exhibited excellent antitumor activity alone or in combination with CDDP against chemically resistant or non-resistant lung cancer through the Hsp90/MEK signaling pathway. Therefore, 3-COA might be a candidate compound for reversing drug resistance in the clinical treatment of lung cancer (25).



Nedd8 Inhibition Overcame Cks1B-Induced Drug Resistance in MM by Upregulating p21

MLN4924, a new and selective ubiquitin-like inhibitor with a structure similar to the energy-supply molecule ATP/AMP, is involved in the process of ubiquitin-like modification and selectively inhibits a ubiquitin-like activating enzyme (NEDD8-activating enzyme, NAE), thereby inhibiting the function of NEDD8 from a ubiquitin-like molecule-activating enzyme to a ubiquitin-like molecule-binding enzyme. Zhou et al. showed that CKS1B-OE cells were resistant to bortezomib but sensitive to MLN4924. Furthermore, the treatment of CKS1B-OE cells with MLN4924 reduced cell proliferation and clone formation and induce senescence by upregulating p21 in MM (23).




CONCLUSION

As is a member of the Cks/Suc1 family of proteins, CKS1B plays an important role in the regulation of cell cycle progression. Increased CKS1B expression is involved in tumor initiation, maintenance, and progression and positively correlated with poor prognosis. Furthermore, CKS1B accelerates chemotherapeutic resistance in many types of cancers, while a decrease in CKS1B makes these tumor cells sensitive to chemotherapeutic drugs, suggesting that CKS1B is a promising treatment target in cancers. Recently, researchers found some drugs that reverse tumor resistance; these drugs include miRNA- and lncRNA-based drugs, natural medicines, and ubiquitin-like inhibitors but have not undergone clinical trial. The molecular mechanism by which CKS1B interacts with its binding targets remains unknown. Thus, more work to further understand the primary mechanisms underlying the function of CKS1B and its regulation is needed.
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