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Protein kinase CK2, a conserved serine/threonine-protein kinase, is ubiquitous in cells and regulates various intracellular processes, especially in tumor cells. As one of the earliest discovered protein kinases in humans, CK2 plays a crucial role in phosphorylating or associating with hundreds of substrates to modulate several signaling pathways. Excellent reviews have reported that the overexpression of CK2 could be observed in many cancers and was closely associated with tumor occurrence and development. The elevation of CK2 is also an indicator of a poor prognosis. Recently, increasing attention has been paid to the relationship between CK2 and tumor immunity. However, there is no comprehensive description of how CK2 regulates the immune cells in the tumor microenvironment (TME). Also, the underlying mechanisms are still not very clear. In this review, we systematically summarized the correlation between CK2 and tumor immunity, primarily the effects on various immune cells, both in innate and adaptive immunity in the TME. With the comprehensive development of immunotherapy and the mounting transformation research of CK2 inhibitors from the bench to the clinic, this review will provide vital information to find new treatment options for enhancing the efficacy of immunotherapy.
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1.  Introduction.


1.1.  CK2 structure, functions, and relevance to cancer development.

Protein kinase CK2, formerly known as casein kinase II, is a constitutively active Ser/Thr protein kinase that exists as a tetramer in cells. It contains two catalytic subunits (α or α’) and two regulatory subunits (β) which lead to three different conformations: α2β2,α’2β2, αα’β2 (1). Among these subunits, the two catalytic subunits are encoded by CSNK2A1 and CSNK2A2, respectively. The regulatory subunit is encoded by CSNK2B, which regulates the selection of the substrates and enhances the catalytic subunit stability (2, 3).

CK2 is commonly expressed in all eukaryotic cells and phosphorylates hundreds of substrates to modulate the physiological activities in various cells, including tumor cells (4–6). Aberrant CK2 activity is related to tumor-promoting responses, which leads to the activation of various oncogenic signaling pathways. Also, it can cause multiple typical landmarks of cancers, including cell proliferation, angiogenesis, invasion, and metastasis (7–9). CK2 also participates in DNA damage and repair, the ER-stress response, altering cell morphology and promoting cellular transformation (10–13). Studies have subsequently revealed that the elevation of CK2 expression has been observed in most cancers, such as lung, glioblastoma, breast, ovarian, and melanoma, as well as in blood cancers (14). And the overexpression of CK2 correlates with tumor invasion and acts as a poor prognosis indicator (15). These information emphasizes that targeting CK2 is currently receiving more attention as a therapeutic approach for tumors. CX-4945 (a CK2 inhibitor) is currently approved by FDA(Food and Drug Administration) for the treatment of cholangiocarcinoma. And beneficial effects of various CK2 inhibitors have also been observed in vitro experiments, many of them are currently in clinical trials for solid cancers (16–18).




2.  The relationship between CK2 and immune response in the tumor microenvironment (TME).

Evidence shows that CK2 has a critical role in innate and adaptive immune cells in various inflammatory diseases such as glomerulonephritis (19), autoimmune encephalomyelitis (EAE) (20) and allergic contact dermatitis (21). E.N. Benveniste et al. have also conducted numerous studies about the significant role of CK2 in regulating various immune cells in a variety of inflammatory diseases (22–24). These excellent findings provide essential evidence for the importance of CK2 in the pathogenesis of inflammatory responses.

Based on the increasing evidence highlighting the function of CK2 in promoting inflammatory diseases, we suggest that CK2 could also have unexpected effects on tumor immunity. Growing evidence has shown that CK2 also has a practical impact on diverse immune cells in the tumor microenvironment (TME).

Protein kinase CK2 has been found to be well associated with several critical oncogenic signaling pathways modulating the development of immune cells in the tumor microenvironment(TME) (22, 25). For instance, CK2 activity improved the signals, including NF-κB, JAK/STAT, COX-2, HIF-1α, ERK, AKT, and Wnt, and suppressed the Notch and Ikaros pathways (26–32). Given that these signaling pathways are closely associated with tumor immunity.CK2 may potentially affect these immune cells’ growth and development by regulating these critical signaling pathways in TME. Some of the perspectives have already been demonstrated.


2.1.  The role of CK2 in the innate immune system.


2.1.1.  Myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs)..

Several reports have shown that various oncogenic signaling pathways modulated the development of immune cells in the TME. The Notch signal pathway is a critical tumor suppressor and controls diverse cells fate decisions, including immune cells growth, differentiation, and cell cycle progression (33, 34), especially in myeloid cells, such as myeloid-derived suppressor cells (MDSC) and dendritic cells (DCs) in the tumor microenvironment (35, 36). Once the cognate ligand combines to the Notch receptor, the Notch signal will be activated after a sequence of events. The Notch receptor is cleaved by ADAM metalloproteases and γ-secretase complex at specific sites, respectively, and releases the Notch intracellular domain (NICD). The NICD will translocate to the nucleus to bind with CSL(the transcriptional repressor CBF1) and induce the transcription of Notch (37, 38).

Several CK2 phosphorylation sites of the Notch signal have been illustrated by Ranganathan et al. (39). Cheng et al. reported that CK2 downregulated the Notch signal pathway in myeloid cells in several tumors. They used three cell lines: EL4 (lymphoma), CT26 (colon cancer), and MethA (sarcoma) and illustrated that CK2 activity phosphorylated the Notch receptor NICD(Notch intracellular domain)and decreased the binding of NICD to the transcriptional repressor CSL, which led to a reduced Notch signal transcriptional activity. And the downregulation of Notch resulted in defective DC cells differentiation and a promotion in the accumulation of immunosuppressive cells, including PMN-MDSC and tumor-associated macrophages (TAMs) in tumors (35, 40). While a selective CK2 inhibitor, tetrabromocinnamic acid(TBCA)restored the Notch signal pathway in myeloid cells to enhance DC cells differentiation and block the differentiation of PMN-MDSC (35) (
Figure 1
).




Figure 1 | 
CK2 can affect the differentiation of myeloid cells by down-regulating the Notch signal pathway. (A) CK2 can phosphorylate the Notch receptor NICD (Notch intracellular domain)and decrease the binding of NICD to transcriptional repressor CSL, resulting in reduced notch signal transcriptional activity, which will lead to the defective DC cells differentiation while increasing the accumulation of immunosuppressive cells including PMN-MDSC and tumor-associated macrophages (TAMs) in tumors. (B) CK2 inhibitor can restore the activation of Notch signal in myeloid cells and promote NICD to combine with CSL to enhance DC cells differentiation while reducing the production of PMN-MDSCs and tumor-associated macrophages (TAMs) by blocking their differentiation.




As we all know, the accumulation of immature myeloid cells, such as MDSCs, promotes the immunosuppression in TME. And DCs will lose their ability to prime CD8+ T cells in an immature state. Therefore, CK2 activity has tumor-promoting properties in TME by regulating the Notch signal in myeloid cells (41), which suggests that targeting CK2 can be beneficial in improving anti-tumor immunity to treat cancers.

Also, evidence of the crosstalk between CK2 and macrophages has also been illustrated by Ayumi et al. They demonstrated that CK2 inhibitors (BMS-211 and BMS-595) reduced the population of PMN-MDSC in the spleen and TAMs in the LLC (lung carcinoma) TB mice. To investigate the specific mechanism, they isolated these cells from TB mouse spleen and found that CK2 inhibitors can block the differentiation of the precursors of granulocytes and macrophages and dramatically suppress the proportion of macrophages generated from monocytic cells (40).



2.1.2.  Dendritic cells (DCs).

The crosstalk between CK2 and dendritic cells (DCs) has also been illustrated recently. Marisa et al. demonstrated that the RNA Pol III activation was controlled by CK2, which is required for DCs to prime T cell (42). In addition, apart from tumor cells, PD-L1 is also expressed in dendritic cells (DCs) and macrophages, DCs may be a vital target for PD-L1 antibodies (43, 44). Zhao et al. demonstrated that CK2 activity played a key role in targeting PD-L1 expression in DC cells. And CK2 inhibitor (CX-4945) downregulated the expression of PD-L1 on tumor-associated DCs and activated DC cells’ function to prime T cells (45). These findings suggest that CK2 inhibitors may exert its anti-tumor effect in various aspects.



2.1.3.  NK cells.

NK cells can secrete perforin, granzyme, and other cytotoxic lytic particles as well as express TNF superfamily members, such as FAS Ligand (FASL) and TNF-related apoptosis-inducing Ligand (TRAIL), to induce the apoptosis of target cells (46).

It is reported that the inhibition of CK2 can augment NK cells antitumor function by enhancing their cytotoxicity. Kim et al. investigated the effects of TBB (a CK2 inhibitor) on NK cells in three cancer cell lines, HepG2, Hep3B(Hepatocellular carcinoma), and HeLa. They showed that the inhibition of CK2 can increase NK cell-mediated cancer-killing through a particle-dependent process (46, 47). Like NK cells, cytotoxic T cells (CTL) can use the same way to kill tumor cells. We can therefore speculate that CK2 inhibitors may also have a vital function in cytotoxic T cells to improve their anti-tumor ability.




2.2.  The Role of CK2 in the adaptive immune system.


2.2.1.  CD4.+ T cells, CD8+T cells, Treg cells

Reports of the crosstalk between CK2 and adaptive immune cells have been provided by Nelson N et al. CK2 can affect the development of CD4+ T cells, CD8+ T cells and Treg cells by regulating the Ikaros pathway (48). Ikaros is expressed in various hematopoietic stem cells, lymphoid, and some myeloid cells. It is essential for the normal development of lymphocytes and other blood cell lineages (49–51). Evidence shows that CK2 can phosphorylate the Ikaros signal at multiple sites (52, 53). And the phosphorylation of the Ikaros signal leads to its ubiquitin-mediated proteasomal degradation and induces the downregulation of Ikaros activity and expression (48, 54, 55). In contrast, protein phosphatase 1 (PP1) can dephosphorylate the Ikaros pathway to maintain its stability and activity (52). Therefore, the harmony of CK2 and PPI plays an essential role in the state of the Ikaros signal.

Nelson N et al. showed that in pancreatic cancer mouse models, CK2 activity phosphorylates the Ikaros signal and leads to an increase in Tregs while a reduction in effector CD8+T and CD4+ T cells in TME. While Apigenin (API: a CK2 inhibitor) targets and reduces the activity of CK2 to restore the expression of Ikaros and increases the effector CD8+T and CD4+ cells while reduces the production of Tregs to promote the antitumor immunity (48, 56). (
Figure 2
). Also, Apigenin increases the function of CD8+ T cells to release IFN-γ and promotes better activation of allogeneic CD8+ T cell responses in spleen cells (48, 56). Therefore, CK2 inhibitors may be a potential therapeutic agent for stabilizing the Ikaros signal and maintaining T cell homeostasis to enhance antitumor immunity.




Figure 2 | 
CK2 activity decreases the effector CD4+and CD8+T cells and increases Tregs by regulating the Ikaros signal. (A) Pancreatic Tumor Microenvironment without Apigenin (API): CK2 activity phosphorylates the Ikaros signal and promotes its degradation, leading to the downregulation of Ikaros expression. The reduction in Ikaros expression causes an increase in Tregs and a decrease of effector CD8+T and CD4+ T cells. This leads to a decreased antitumor effect. (B) Pancreatic Tumor Microenvironment with API: API targets and reduces the activity of CK2 and restores the expression of Ikaros, increasing the effector CD8+T and CD4+ cells while reducing Tregs to promote antitumor immunity.




In addition, E.N. Benveniste et al. also demonstrated the critical role of CK2α in regulating the activation, proliferation, differentiation and function of normal CD8+T cells. CK2 is required for the glycolysis and oxidative respiration of CD8+T cells (57). However, the role of CK2 in the cytotoxic effect of CD8 +T cells in tumor microenvironment has still not very clear.



2.2.2.  B cells.

The function of protein kinase CK2 in the development and differentiation of normal B cells has also been illustrated by E.N. Benveniste et al. They found that CK2α deficiency in B cells causes the abnormal accumulation of MZB cells (marginal zone B cells), which was associated with the reduction of BCR signaling and increased Notch2 signaling (58). While the CK2 activation promotes the differentiation of MZB cells into plasma cells (58).

In addition, CK2 is significantly upregulated in a variety of hematological neoplasms, particularly in multiple myeloma(MM) (59). Francesco et al. illustrate that CK2 regulates the transcriptional activity of NF-κB signal by degrading its IκBα subunits in multiple myeloma cells. Also, TBB (a CK2 inhibitor) attenuates the activation of the IL-6-dependent STAT3 pathway in MM cells (60). Similarly, Zhao et al. reported that apigenin (a CK2 inhibitor) suppressed the transcriptional activity of several signal pathways, such as AKT, ERK, STAT3 and NF-κB and downregulated the expression of several anti-apoptotic proteins, to induce tumor cells apoptosis in multiple myeloma cells (61).

Multiple myeloma (MM) is characterized by the accumulation of malignant plasma cells in the bone marrow. Studies have shown that CK2 can regulate the proliferation and differentiation of normal B cells and promote the differentiation of MZB cells (marginal zone B cells) into plasma cells (58). Here, we speculate that CK2 inhibitor/knockout CK2 may also have a potential role in inhibiting the differentiation of MZB cells into plasma cells to suppress the malignant proliferation of MM cells. That is worthy of further study and may provide novel ideas for treating multiple myeloma.





3.  The relationship between CK2 and the cytokines released by tumor cells or immune cells in TME.

Inflammation plays a vital role in carcinogenesis. Evidence has shown that a variety of tumors can be caused by long-term chronic inflammation. And immune cells can release cytokines to induce the inflammatory microenvironment which can produce carcinogenesis (62). Apart from immune cells, tumor cells also secrete various cytokines such as TNF、GM-CSF、IL-6、IFN-γand MCP-1. These tumor-derived factors(TDF) establish an inflammatory microenvironment and modulate multiple immune cells in the TME, especially the expansion and recruitment of MDSC into the TME (63–65). And it will predispose to tumorigenesis and promote tumor progression (63, 66–68).

Krystal et al. illustrated that in mouse pancreatic tumor cells, apigenin(API: a CK2 inhibitor) could suppress the production of tumor-derived factors (TDF), including GM-CSF、IL-6、IFN-γ and MCP-1 to modulate immune cells development and promote tumor regression through enhancing the SHIP-1 expression (69). SH2-containing inositol phosphatase-1(SHIP-1) is mainly expressed in hematopoietic cells. And it is reported that SHIP-1 can also regulate immune cells differentiation, proliferation and migration by modulating many signaling pathways, especially for MDSCs, macrophages, DCs, and T cells (69–72).

Krystal et al. demonstrated that the significant increase of SHIP-1 expression could be found in mouse spleen cells after CK2 inhibitor treatment. And the CK2 inhibitor suppressed the amplification of MDSCs and Tregs and enhanced the proportion of M1-like TAM (anti-tumor effect). Also, it promoted the percentage of CD8+ T cells and its function to release IFN-γ in the TME to induce antitumor immunity and tumor regression (69) (
Figure 3
).




Figure 3 | 
CK2 can regulate the production of tumor-derived cytokines to modulate antitumor immune responses in mouse pancreatic cancer cells. (A) without Apigenin (API: a CK2 inhibitor): Pancreatic cancer cells release tumor-derived factors (TDF), leading to a reduction of SHIP-1 expression, which causes hematopoietic stem cells (HSC) to become immature myeloid cells. The result is that the expansion of MDSCs, Tregs, and M2 phenotype TAM (pro-tumor) in the TME, on the contrary, the reduction of effector CD8 +T cells to inhibit antitumor immunity. (B) with Apigenin: apigenin can suppress the production of tumor-derived factors (TDF) produced by pancreatic cancer cells and enhance the SHIP-1 expression to reduce MDSCs and Tregs expansion, induce TAM to an M1 phenotype(antitumor) and increase the function of CD8+T cells in the TME to enhance antitumor immunity.




Other reports of the crosstalk between CK2 and the cytokines in the tumor microenvironment have also been provided by Hagen Kulbe et al. It was reported that CK2 regulated the release of inflammatory cytokines to modulate the immune cells and the angiogenesis in ovarian cancer (73). They demonstrated that CK2 was associated with the TNF network, a network consisting of TNF-α and other cytokines which was released by ovarian cancer cells. The TNF network acts in a paracrine manner in the tumor microenvironment to affect the angiogenesis and immune cells infiltration (74, 75). Reports show that the CK2α knockdown or inhibition of CK2 (CX-4945) can significantly reduce the release of TNF, IL-6 and VEGF cytokines in ovarian cancer cells by suppressing the JAK/STAT3 and NOTCH signal pathway (73). And the levels of these cytokines are the key factors to affect tumor angiogenesis and immune cells infiltration in the TME (67, 76). In addition, reports have shown that the expression of IL-6 can be regulated by CK2 in inflammatory breast cancer (77), and IL-6 is an indicator of a poor prognosis (78). Also, recent findings have shown that IL-6 blockade promotes anti-CTLA-4 therapeutic role in the colon carcinoma model (79).

From the above, we can conclude that CK2 also has a critical effect on regulating the production of cytokines to modulate the function of immune cells in the tumor microenvironment(TME). Therefore targeting CK2 is a promising way to enhance antitumor immunity.



4.  The relationship between CK2 and immune checkpoint receptor.

The emergence of immune checkpoint inhibitors has significantly changed the cancer treatment paradigm and has achieved significant therapeutic effects in a variety of tumors. However, many patients still fail to respond to immunotherapy. A large number of literatures have reported that PD-L1 modulation is vital to improve the clinical response to anti–PD-1/PD-L1 treatment. Reports show that the inhibition of EGFR and/or CK2α can significantly reduce the expression of PD-L1 (80). Zhao et al. demonstrated that CK2 phosphorylated PD-L1 and prevented its ubiquitinated degradation to stabilize it on tumor cell. In contrast, CK2 inhibitors (CX-4945) can promote the degradation of PD-L1 reduce its level on tumor cells (45). They did a pan-cancer research, including lung cancer, breast cancer, prostate cancer, lymphoma, and so on. Apart from tumor cells, CK2 also regulates PD-L1 expression on dendritic cells. We know that CD80 on DC cells can interact with CD28 on T cells to initiate T cell activity. CK2 inhibitor can downregulate PD-L1 expression and enhance the level of CD80 on tumor-associated DCs and promote the CD80/CD28 interaction to enhance T-cell priming to inhibit tumor progression (45). Also, the combination treatment of CK2 inhibitors and immune checkpoint inhibitors can synergistically impede tumor growth, such as CTLA-4 and TIM-3 (40, 45).

These findings suggest that the inhibition of CK2 can enhance antitumor immunity by downregulating the expression of PD-L1 on multiple tumor cells or DCs. Apart from PD-L1, the relationship between CK2 activity and other immune checkpoints needs further investigation.



5.  Discussion.

This review article comprehensively expounded the correlation between CK2 and tumor-immunity. The upregulation of CK2 can be found in many tumors and is closely related to the prognosis. By consulting relevant literature, we conclude that ①CK2 can regulate the growth and development of the immune cells in the tumor microenvironment (TME) both in innate and adaptive immunity.②CK2 also plays an essential role in regulating the production of cytokines to modulate the function of immune cells in the tumor microenvironment.③CK2 may also have a potential role in regulating oncogenic signaling pathways to affect these immune cells in TME. ④CK2 activity can regulate the expression of PD-L1 on tumor cells and DC cells, and the combination of CK2 inhibitors and immune checkpoint inhibitors can synergistically inhibit tumor growth. We also collated these conclusions (
Table 1
). Therefore, we can conclude that CK2 plays a vital role in tumor immunity at multiple sites, and targeting CK2 can significantly improve the anti-tumor immune effect.


Table 1 | 
Protein kinase CK2 and tumor immunity.




Considering that CK2 has a huge regulatory effect on a variety of immune cells in multiple inflammatory diseases. Above all, the most striking function of CK2 is to modulate the Th17/Treg axis in CD4+ T cells in the model of autoimmune encephalomyelitis (24, 81). E.N. Benveniste et al. show that CK2 inhibitor CX-4945 treatment can suppress the maturation of Th17 cells, CK2α depletion impaires Th17 cell differentiation and promotes the production of Foxp3Tregs in vitro (
81). However, we know that Tregs are immunosuppressive cells and play a negative regulatory role in antitumor immunity. The above findings suggest that CK2 inhibitors cause the accumulation of Tregs in the inflammatory microenvironment, which would seem to be detrimental to anti-tumor immunity and is contrary to the CK2 inhibitors’ anti-tumor immune effect that we discussed. Therefore, whether CK2 inhibitors have a “double-edged sword effect” on the tumor immune microenvironment deserves further exploration.

In this review, we only introduce the effects of CK2 on the part of the immune cells in the TME in current research progress, while its effects on other cells and the specific regulatory mechanisms involved need to be further studied. In addition, the specific mechanism of how CK2 regulates the expression of immune checkpoints, such as PD-1/TIGIT/CTLA-4 in tumors, has not very clear. The biological function of CK2 is complex, and a deeper understanding of its function in immune and tumor cells will give more evidence to determine the effective CK2 inhibitors to treat solid and hematological tumors.

Nevertheless, this review still provides us with good evidence for the relationship between CK2 and tumor immunity. It offers more theoretical basis for targeting CK2 to improve the anti-tumor immune effect and promote the efficacy of immunotherapy to treat cancers.



Author contributions

RM and ShZ conceived the study, LC and SiZ collected the literature, QL and JL drafted and revised the manuscript, and HD prepared the figures and participated in writing. All authors contributed to the article and approved the submitted version.



Funding

Foundation for Fostering Key Talents from Middle-aged and Young Medical Personnel in Wuhan (2016), CSCO Cancer Research Fund (NO. Y-2019Genecast-061 and NO. Y-sy2018-018), 2019 Wu Jieping Medical Foundation- Xinda Cancer Research Fund.



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.





References

1. Pinna, LA. Protein kinase CK2: A challenge to canons. J Cell Sci (2002) 115(Pt 20):3873–8. doi: 10.1242/jcs.00074


2. Litchfield, DW. Protein kinase CK2: Structure, regulation and role in cellular decisions of life and death. Biochem J (2003) 369(Pt 1):1–15. doi: 10.1042/BJ20021469


3. Graham, KC, and Litchfield, DW. The regulatory beta subunit of protein kinase CK2 mediates formation of tetrameric CK2 complexes. J Biol Chem (2000) 275(7):5003–10. doi: 10.1074/jbc.275.7.5003


4. Chua, MM, Ortega, CE, Sheikh, A, Lee, M, Abdul-Rassoul, H, Hartshorn, KL, et al. CK2 in cancer: Cellular and biochemical mechanisms and potential therapeutic target. Pharm (Basel) (2017) 10(1):18. doi: 10.3390/ph10010018


5. Borgo, C, D'Amore, C, Sarno, S, Salvi, M, and Ruzzene, M. Protein kinase CK2: a potential therapeutic target for diverse human diseases. Signal Transduct Target Ther (2021) 6(1):183. doi: 10.1038/s41392-021-00567-7


6. Nunez de Villavicencio-Diaz, T, Rabalski, AJ, and Litchfield, DW. Protein kinase CK2: Intricate relationships within regulatory cellular networks. Pharm (Basel) (2017) 10(1):27. doi: 10.3390/ph10010027


7. Trembley, JH, Chen, Z, Unger, G, Slaton, J, Kren, BT, Van Waes, C, et al. Emergence of protein kinase CK2 as a key target in cancer therapy. Biofactors (2010) 36(3):187–95. doi: 10.1002/biof.96


8. Gotz, C, and Montenarh, M. Protein kinase CK2 in development and differentiation. BioMed Rep (2017) 6(2):127–33. doi: 10.3892/br.2016.829


9. Li, Q, Zong, Y, Li, K, Jie, X, Hong, J, Zhou, X, et al. Involvement of endothelial CK2 in the radiation induced perivascular resistant niche (PVRN) and the induction of radioresistance for non-small cell lung cancer (NSCLC) cells. Biol Res (2019) 52(1):22. doi: 10.1186/s40659-019-0231-x


10. Ahmad, KA, Wang, G, Unger, G, Slaton, J, and Ahmed, K. Protein kinase CK2–a key suppressor of apoptosis. Adv Enzyme Regul (2008) 48:179–87. doi: 10.1016/j.advenzreg.2008.04.002


11. Rabalski, AJ, Gyenis, L, and Litchfield, DW. Molecular pathways: Emergence of protein kinase CK2 (CSNK2) as a potential target to inhibit survival and DNA damage response and repair pathways in cancer cells. Clin Cancer Res (2016) 22(12):2840–7. doi: 10.1158/1078-0432.CCR-15-1314


12. Montenarh, M. Protein kinase CK2 and angiogenesis. Adv Clin Exp Med (2014) 23(2):153–8. doi: 10.17219/acem/37040


13. Manni, S, Brancalion, A, Tubi, LQ, Colpo, A, Pavan, L, Cabrelle, A, et al. Protein kinase CK2 protects multiple myeloma cells from ER stress-induced apoptosis and from the cytotoxic effect of HSP90 inhibition through regulation of the unfolded protein response. Clin Cancer Res (2012) 18(7):1888–900. doi: 10.1158/1078-0432.CCR-11-1789


14. Trembley, JH, Wang, G, Unger, G, Slaton, J, and Ahmed, K. Protein kinase CK2 in health and disease: CK2: A key player in cancer biology. Cell Mol Life Sci (2009) 66(11-12):1858–67. doi: 10.1007/s00018-009-9154-y


15. Lin, KY, Fang, CL, Chen, Y, Li, CF, Chen, SH, Kuo, CY, et al. Overexpression of nuclear protein kinase CK2 beta subunit and prognosis in human gastric carcinoma. Ann Surg Oncol (2010) 17(6):1695–702. doi: 10.1245/s10434-010-0911-9


16. Cozza, G, Pinna, LA, and Moro, S. Kinase CK2 inhibition: An update. Curr Med Chem (2013) 20(5):671–93. doi: 10.2174/092986713804999312


17. Borgo, C, and Ruzzene, M. Protein kinase CK2 inhibition as a pharmacological strategy. Adv Protein Chem Struct Biol (2021) 124:23–46. doi: 10.1016/bs.apcsb.2020.09.003


18. Strum, SW, Gyenis, L, and Litchfield, DW. CSNK2 in cancer: Pathophysiology and translational applications. Br J Cancer (2021) 126(7):994–1003. doi: 10.1038/s41416-021-01616-2


19. Yamada, M, Katsuma, S, Adachi, T, Hirasawa, A, Shiojima, S, Kadowaki, T, et al. Inhibition of protein kinase CK2 prevents the progression of glomerulonephritis. Proc Natl Acad Sci USA (2005) 102(21):7736–41. doi: 10.1073/pnas.0409818102


20. Axtell, RC, Xu, L, Barnum, SR, and Raman, C. CD5-CK2 binding/activation-deficient mice are resistant to experimental autoimmune encephalomyelitis: protection is associated with diminished populations of IL-17-expressing T cells in the central nervous system. J Immunol (2006) 177(12):8542–9. doi: 10.4049/jimmunol.177.12.8542


21. de Bourayne, M, Gallais, Y, El Ali, Z, Rousseau, P, Damiens, MH, Cochet, C, et al. Protein kinase CK2 controls T-cell polarization through dendritic cell activation in response to contact sensitizers. J Leukoc Biol (2017) 101(3):703–15. doi: 10.1189/jlb.3A0715-320RR


22. Hong, H, and Benveniste, EN. The immune regulatory role of protein kinase CK2 and its implications for treatment of cancer. Biomedicines (2021) 9(12):1932. doi: 10.3390/biomedicines9121932


23. Gibson, SA, and Benveniste, EN. Protein kinase CK2: An emerging regulator of immunity. Trends Immunol (2018) 39(2):82–5. doi: 10.1016/j.it.2017.12.002


24. Gibson, SA, Yang, W, Yan, Z, Liu, Y, Rowse, AL, and Weinmann, AS. 
,et al. protein kinase CK2 controls the fate between Th17 cell and regulatory T cell differentiation. J Immunol (2017) 198(11):4244–54. doi: 10.4049/jimmunol.1601912


25. Husain, K, Williamson, TT, Nelson, N, and Ghansah, T. Protein kinase 2 (CK2): a potential regulator of immune cell development and function in cancer. Immunol Med (2021) 44(3):159–74. doi: 10.1080/25785826.2020.1843267


26. McElhinny, JA, Trushin, SA, Bren, GD, Chester, N, and Paya, CV. Casein kinase II phosphorylates I kappa b alpha at s-283, s-289, s-293, and T-291 and is required for its degradation. Mol Cell Biol (1996) 16(3):899–906. doi: 10.1128/MCB.16.3.899


27. Karin, M. Nuclear factor-kappaB in cancer development and progression. Nature (2006) 441(7092):431–6. doi: 10.1038/nature04870


28. Quotti Tubi, L, Canovas Nunes, S, Brancalion, A, Doriguzzi Breatta, E, Manni, S, Mandato, E, et al. Protein kinase CK2 regulates AKT, NF-kappaB and STAT3 activation, stem cell viability and proliferation in acute myeloid leukemia. Leukemia (2017) 31(2):292–300. doi: 10.1038/leu.2016.209


29. Pluemsampant, S, Safronova, OS, Nakahama, K, and Morita, I. Protein kinase CK2 is a key activator of histone deacetylase in hypoxia-associated tumors. Int J Cancer (2008) 122(2):333–41. doi: 10.1002/ijc.23094


30. Khan, MS, Halagowder, D, and Devaraj, SN. Methylated chrysin induces co-ordinated attenuation of the canonical wnt and NF-kB signaling pathway and upregulates apoptotic gene expression in the early hepatocarcinogenesis rat model. Chem Biol Interact (2011) 193(1):12–21. doi: 10.1016/j.cbi.2011.04.007


31. Plotnikov, A, Chuderland, D, Karamansha, Y, Livnah, O, and Seger, R. Nuclear ERK translocation is mediated by protein kinase CK2 and accelerated by autophosphorylation. Cell Physiol Biochem (2019) 53(2):366–87. doi: 10.33594/000000144


32. Ruzzene, M, Bertacchini, J, Toker, A, and Marmiroli, S. Cross-talk between the CK2 and AKT signaling pathways in cancer. Adv Biol Regul (2017) 64(1-8):1–8. doi: 10.1016/j.jbior.2017.03.002


33. Chiplunkar, SV, and Gogoi, D. The multifaceted role of notch signal in regulating T cell fate. Immunol Lett (2019) 206(59-64):59–64. doi: 10.1016/j.imlet.2019.01.004


34. Sauma, D, Ramirez, A, Alvarez, K, Rosemblatt, M, and Bono, MR. Notch signaling regulates cytokine production by CD8+ and CD4+ T cells. Scand J Immunol (2012) 75(4):389–400. doi: 10.1111/j.1365-3083.2012.02673.x


35. Cheng, P, Kumar, V, Liu, H, Youn, JI, Fishman, M, Sherman, S, et al. Effects of notch signaling on regulation of myeloid cell differentiation in cancer. Cancer Res (2014) 74(1):141–52. doi: 10.1158/0008-5472.CAN-13-1686


36. Wang, SH, Lu, QY, Guo, YH, Song, YY, Liu, PJ, and Wang, YC. The blockage of notch signalling promoted the generation of polymorphonuclear myeloid-derived suppressor cells with lower immunosuppression. Eur J Cancer (2016) 68:90–105. doi: 10.1016/j.ejca.2016.08.019


37. Schroeter, EH, Kisslinger, JA, and Kopan, R. Notch-1 signalling requires ligand-induced proteolytic release of intracellular domain. Nature (1998) 393(6683):382–6. doi: 10.1038/30756


38. Janghorban, M, Xin, L, Rosen, JM, and Zhang, XH. Notch signaling as a regulator of the tumor immune response: To target or not to target? Front Immunol (2018) 9:1649(1649). doi: 10.3389/fimmu.2018.01649


39. Ranganathan, P, Weaver, KL, and Capobianco, AJ. Notch signalling in solid tumours: a little bit of everything but not all the time. Nat Rev Cancer (2011) 11(5):338–51. doi: 10.1038/nrc3035


40. Hashimoto, A, Gao, C, Mastio, J, Kossenkov, A, Abrams, SI, and Purandare, AV. 
,et al. inhibition of casein kinase 2 disrupts differentiation of myeloid cells in cancer and enhances the efficacy of immunotherapy in mice. Cancer Res (2018) 78(19):5644–55. doi: 10.1158/0008-5472.CAN-18-1229


41. Mortezaee, K. Myeloid-derived suppressor cells in cancer immunotherapy-clinical perspectives. Life Sci (2021) 277(119627):119627. doi: 10.1016/j.lfs.2021.119627


42. Reverendo, M, Arguello, RJ, Polte, C, Valecka, J, Camosseto, V, Auphan-Anezin, N, et al. Polymerase III transcription is necessary for T cell priming by dendritic cells. Proc Natl Acad Sci USA (2019) 116(45):22721–9. doi: 10.1073/pnas.1904396116


43. Mayoux, M, Roller, A, Pulko, V, Sammicheli, S, Chen, S, Sum, E, et al. Dendritic cells dictate responses to PD-L1 blockade cancer immunotherapy. Sci Transl Med (2020) 12(534):eaav7431. doi: 10.1126/scitranslmed.aav7431


44. Tang, H, Liang, Y, Anders, RA, Taube, JM, Qiu, X, Mulgaonkar, A, et al. PD-L1 on host cells is essential for PD-L1 blockade-mediated tumor regression. J Clin Invest (2018) 128(2):580–8. doi: 10.1172/JCI96061


45. Zhao, X, Wei, Y, Chu, YY, Li, Y, Hsu, JM, Jiang, Z, et al. Phosphorylation and stabilization of PD-L1 by CK2 suppresses dendritic cell function. Cancer Res (2022) 82(11):2185–95. doi: 10.1158/0008-5472.CAN-21-2300


46. Ljunggren, HG, and Malmberg, KJ. Prospects for the use of NK cells in immunotherapy of human cancer. Nat Rev Immunol (2007) 7(5):329–39. doi: 10.1038/nri2073


47. Kim, HR, Kim, K, Lee, KH, Kim, SJ, and Kim, J. Inhibition of casein kinase 2 enhances the death ligand- and natural kiler cell-induced hepatocellular carcinoma cell death. Clin Exp Immunol (2008) 152(2):336–44. doi: 10.1111/j.1365-2249.2008.03622.x


48. Nelson, N, Szekeres, K, Iclozan, C, Rivera, IO, McGill, A, Johnson, G, et al. Apigenin: Selective CK2 inhibitor increases ikaros expression and improves T cell homeostasis and function in murine pancreatic cancer. PloS One (2017) 12(2):e0170197. doi: 10.1371/journal.pone.0170197


49. Georgopoulos, K, Bigby, M, Wang, JH, Molnar, A, Wu, P, Winandy, S, et al. The ikaros gene is required for the development of all lymphoid lineages. Cell (1994) 79(1):143–56. doi: 10.1016/0092-8674(94)90407-3


50. Merkenschlager, M. Ikaros in immune receptor signaling, lymphocyte differentiation, and function. FEBS Lett (2010) 584(24):4910–4. doi: 10.1016/j.febslet.2010.09.042


51. Wang, H, Ouyang, H, Lai, L, Petrovic-Dovat, L, Stankov, K, Bogdanovic, G, et al. Pathogenesis and regulation of cellular proliferation in acute lymphoblastic leukemia - the role of ikaros. J BUON (2014) 19(1):22–8.


52. Popescu, M, Gurel, Z, Ronni, T, Song, C, Hung, KY, Payne, KJ, et al. Ikaros stability and pericentromeric localization are regulated by protein phosphatase 1. J Biol Chem (2009) 284(20):13869–80. doi: 10.1074/jbc.M900209200


53. Gurel, Z, Ronni, T, Ho, S, Kuchar, J, Payne, KJ, Turk, CW, et al. Recruitment of ikaros to pericentromeric heterochromatin is regulated by phosphorylation. J Biol Chem (2008) 283(13):8291–300. doi: 10.1074/jbc.M707906200


54. Song, C, Gowda, C, Pan, X, Ding, Y, Tong, Y, Tan, BH, et al. Targeting casein kinase II restores ikaros tumor suppressor activity and demonstrates therapeutic efficacy in high-risk leukemia. Blood (2015) 126(15):1813–22. doi: 10.1182/blood-2015-06-651505


55. Gowda, C, Song, C, Kapadia, M, Payne, JL, Hu, T, Ding, Y, et al. Regulation of cellular proliferation in acute lymphoblastic leukemia by casein kinase II (CK2) and ikaros. Adv Biol Regul (2017) 63(71-80):71–80. doi: 10.1016/j.jbior.2016.09.003


56. Nelson, N, Xiang, S, Zhang, X, Gilvary, D, Djeu, J, Husain, K, et al. Murine pancreatic adenocarcinoma reduces ikaros expression and disrupts T cell homeostasis. PloS One (2015) 10(1):e0115546. doi: 10.1371/journal.pone.0115546


57. Yang, W, Wei, H, Benavides, GA, Turbitt, WJ, Buckley, JA, Ouyang, X, et al. Protein kinase CK2 controls CD8(+) T cell effector and memory function during infection. J Immunol (2022) 209(5):896–906. doi: 10.4049/jimmunol.2101080


58. Wei, H, Yang, W, Hong, H, Yan, Z, Qin, H, and Benveniste, EN. Protein kinase CK2 regulates b cell development and differentiation. J Immunol (2021) 207(3):799–808. doi: 10.4049/jimmunol.2100059


59. Piazza, F, Manni, S, Ruzzene, M, Pinna, LA, Gurrieri, C, and Semenzato, G. Protein kinase CK2 in hematologic malignancies: reliance on a pivotal cell survival regulator by oncogenic signaling pathways. Leukemia (2012) 26(6):1174–9. doi: 10.1038/leu.2011.385


60. Piazza, FA, Ruzzene, M, Gurrieri, C, Montini, B, Bonanni, L, Chioetto, G, et al. Multiple myeloma cell survival relies on high activity of protein kinase CK2. Blood (2006) 108(5):1698–707. doi: 10.1182/blood-2005-11-013672


61. Zhao, M, Ma, J, Zhu, HY, Zhang, XH, Du, ZY, Xu, YJ, et al. Apigenin inhibits proliferation and induces apoptosis in human multiple myeloma cells through targeting the trinity of CK2, Cdc37 and Hsp90. Mol Cancer (2011) 10:104. doi: 10.1186/1476-4598-10-104


62. Coussens, LM, and Werb, Z. Inflammation and cancer. Nature (2002) 420(6917):860–7. doi: 10.1038/nature01322


63. Bayne, LJ, Beatty, GL, Jhala, N, Clark, CE, Rhim, AD, Stanger, BZ, et al. Tumor-derived granulocyte-macrophage colony-stimulating factor regulates myeloid inflammation and T cell immunity in pancreatic cancer. Cancer Cell (2012) 21(6):822–35. doi: 10.1016/j.ccr.2012.04.025


64. Farajzadeh Valilou, S, Keshavarz-Fathi, M, Silvestris, N, Argentiero, A, and Rezaei, N. The role of inflammatory cytokines and tumor associated macrophages (TAMs) in microenvironment of pancreatic cancer. Cytokine Growth Factor Rev (2018) 39:46–61. doi: 10.1016/j.cytogfr.2018.01.007


65. Leonard, W, Dufait, I, Schwarze, JK, Law, K, Engels, B, Jiang, H, et al. Myeloid-derived suppressor cells reveal radioprotective properties through arginase-induced l-arginine depletion. Radiother Oncol (2016) 119(2):291–9. doi: 10.1016/j.radonc.2016.01.014


66. Bertazza, L, and Mocellin, S. The dual role of tumor necrosis factor (TNF) in cancer biology. Curr Med Chem (2010) 17(29):3337–52. doi: 10.2174/092986710793176339


67. Ara, T, and Declerck, YA. Interleukin-6 in bone metastasis and cancer progression. Eur J Cancer (2010) 46(7):1223–31. doi: 10.1016/j.ejca.2010.02.026


68. Liu, Q, Wu, H, Li, Y, Zhang, R, Kleeff, J, Zhang, X, et al. Combined blockade of TGf-beta1 and GM-CSF improves chemotherapeutic effects for pancreatic cancer by modulating tumor microenvironment. Cancer Immunol Immunother (2020) 69(8):1477–92. doi: 10.1007/s00262-020-02542-7


69. Villalobos-Ayala, K, Ortiz Rivera, I, Alvarez, C, Husain, K, DeLoach, D, Krystal, G, et al. Apigenin increases SHIP-1 expression, promotes tumoricidal macrophages and anti-tumor immune responses in murine pancreatic cancer. Cancers (Basel) (2020) 12(12):3631. doi: 10.3390/cancers12123631


70. Hamilton, MJ, Ho, VW, Kuroda, E, Ruschmann, J, Antignano, F, Lam, V, et al. Role of SHIP in cancer. Exp Hematol (2011) 39(1):2–13. doi: 10.1016/j.exphem.2010.11.002


71. Antignano, F, Ibaraki, M, Kim, C, Ruschmann, J, Zhang, A, Helgason, CD, et al. SHIP is required for dendritic cell maturation. J Immunol (2010) 184(6):2805–13. doi: 10.4049/jimmunol.0903170


72. Kalesnikoff, J, Sly, LM, Hughes, MR, Buchse, T, Rauh, MJ, Cao, LP, et al. The role of SHIP in cytokine-induced signaling. Rev Physiol Biochem Pharmacol (2003) 149:87–103. doi: 10.1007/s10254-003-0016-y


73. Kulbe, H, Iorio, F, Chakravarty, P, Milagre, CS, Moore, R, Thompson, RG, et al. Integrated transcriptomic and proteomic analysis identifies protein kinase CK2 as a key signaling node in an inflammatory cytokine network in ovarian cancer cells. Oncotarget (2016) 7(13):15648–61. doi: 10.18632/oncotarget.7255


74. Grivennikov, SI, Greten, FR, and Karin, M. Immunity, inflammation, and cancer. Cell (2010) 140(6):883–99. doi: 10.1016/j.cell.2010.01.025


75. Kulbe, H, Chakravarty, P, Leinster, DA, Charles, KA, Kwong, J, Thompson, RG, et al. A dynamic inflammatory cytokine network in the human ovarian cancer microenvironment. Cancer Res (2012) 72(1):66–75. doi: 10.1158/0008-5472.CAN-11-2178


76. Kulbe, H, Thompson, R, Wilson, JL, Robinson, S, Hagemann, T, Fatah, R, et al. The inflammatory cytokine tumor necrosis factor-alpha generates an autocrine tumor-promoting network in epithelial ovarian cancer cells. Cancer Res (2007) 67(2):585–92. doi: 10.1158/0008-5472.CAN-06-2941


77. Drygin, D, Ho, CB, Omori, M, Bliesath, J, Proffitt, C, and Rice, R. 
,et al. protein kinase CK2 modulates IL-6 expression in inflammatory breast cancer. Biochem Biophys Res Commun (2011) 415(1):163–7. doi: 10.1016/j.bbrc.2011.10.046


78. Noman, AS, Uddin, M, Chowdhury, AA, Nayeem, MJ, Raihan, Z, Rashid, MI, et al. Serum sonic hedgehog (SHH) and interleukin-(IL-6) as dual prognostic biomarkers in progressive metastatic breast cancer. Sci Rep (2017) 7(1):1796. doi: 10.1038/s41598-017-01268-4


79. Hailemichael, Y, Johnson, DH, Abdel-Wahab, N, Foo, WC, Bentebibel, SE, Daher, M, et al. Interleukin-6 blockade abrogates immunotherapy toxicity and promotes tumor immunity. Cancer Cell (2022) 40(5):509–23.e506. doi: 10.1016/j.ccell.2022.04.004


80. Chou, ST, Patil, R, Galstyan, A, Gangalum, PR, Cavenee, WK, Furnari, FB, et al. Simultaneous blockade of interacting CK2 and EGFR pathways by tumor-targeting nanobioconjugates increases therapeutic efficacy against glioblastoma multiforme. J Control Release (2016) 244(Pt A):14–23. doi: 10.1016/j.jconrel.2016.11.001


81. Gibson, SA, Yang, W, Yan, Z, Qin, H, and Benveniste, EN. CK2 controls Th17 and regulatory T cell differentiation through inhibition of FoxO1. J Immunol (2018) 201(2):383–92. doi: 10.4049/jimmunol.1701592





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 © 2022 Chen, Zhang, Li, Li, Deng, Zhang and Meng. 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-12-1065027-g003.jpg
GM-CSF

A TDF

Pancreatic cancer cells
immature myeloid cells

l SHIP-1 expression

GM-CSF HSL Tregs
IL-6 R
IEN- y l Q l

: MCP-1 O
‘\‘,, :..o l
T IE 1@ MDSCs
Pancreatic | cancer cells >

mature myeloid cells

CK2

inhibitor

T SHIP-1 expression

@lm

tumor progression

TCDS"‘T
Ql M2 TAM

@ M1 TAM

tumor regression 7

L~





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Emerging role of Protein Kinase CK2 in Tumor immunity

      

        		

          1. Introduction.

        

          		

            1.1. CK2 structure, functions, and relevance to cancer development.

          



        



        



        		

          2. The relationship between CK2 and immune response in the tumor microenvironment (TME).

        

          		

            2.1. The role of CK2 in the innate immune system.

          

            		

              2.1.1. Myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs)..

            



            		

              2.1.2. Dendritic cells (DCs).

            



            		

              2.1.3. NK cells.

            



          



          



          		

            2.2. The Role of CK2 in the adaptive immune system.

          

            		

              2.2.1. CD4.+ T cells, CD8+T cells, Treg cells

            



            		

              2.2.2. B cells.

            



          



          



        



        



        		

          3. The relationship between CK2 and the cytokines released by tumor cells or immune cells in TME.

        



        		

          4. The relationship between CK2 and immune checkpoint receptor.

        



        		

          5. Discussion.

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1065027-g001.jpg
Delta Jagged

/(/ Notch
\)

Q%Z ) ADAM .
l ’y-secrelase

NICD(ICN) ]._\ cKk2 |

|

NICD(ICN) [,,ESL

DC differentiation |
MDSCs expansion 1

Delta Jagged

NICD(ICN) | cK2
5 |_inhibitor,

NICD(CN) |

D\

DC differentiation 1
MDSCs expansion |






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2022.1065027_cover.jpg
, frontiers | Frontiers in Oncology

Emerging role of Protein Kinase
CK2 in Tumor immunity





OEBPS/Images/fonc-12-1065027-g002.jpg
B CK2 inhibitor i
(Apigenin) V=
cD4 ( coa T
. i CK2 -
Stabilization -
P
IKaros T | cos ‘
S
| Treg |

Pancreatic cancer mouse models l Pancreatic cancer mouse models ‘

IKaros

Degradation






OEBPS/Images/table1.jpg
Tumor immunity

MDSCs and TAMs

DC cells

NK cells

CD4+ T cells, CD8+T
cells, Treg cells

B cells

cytokines

PD-L1

Signal pathway

Notch signal

Tkaros signal

BCR signal and
Notch2 signal
JAK/STAT3 and
Notch signal
The SHIP-1
expression

Function

CK2 activity leads to defective DC cells differentiation and increased production of PMN-MDSC and tumor-
associated macrophages (TAMs) in tumors (35, 40).
CK2 can regulate the differentiation of the precursors of granulocytes and macrophages (10).

CK2 can regulate the expression of PD-L1 on tumor-associated DCs and affect DC cells’ function to prime T cells
(45).

CK2 inhibitors can augment the cytotoxicity of NK cells (46, 47).

CK2 activity increases Tregs and reduces the effector CD8"T and CD4" T cells (48, 56).

CK2 in the development and differentiation of normal B cells (58).

CK2 inhibitors can reduce the release of TNF, IL-6, and VEGF cytokine in cancer cells (73).
CK2 inhibitors can suppress the production of tumor-derived factors (TDF) to modulate immune cells
development and promote tumor regression (69).

CK2 activity can regulate the expression of PD-L1 on tumor cells (45).





