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Casein kinases in human diseases


INTRODUCTION
140 years after the discovery of the first phosphoprotein (i.e., casein), the research on protein kinases (in humans about 500 enzymes that catalyse the transfer of phosphate from ATP to proteins) represents an evergreen field in the scientific landscape and the journey into the dissection of their crucial biological roles continues to unveil new breath-taking scenarios.
In such a context, so called “casein kinases,” a heterogeneous category of phylogenetically distant acidophilic protein kinases (namely CK1, CK2, and Fam20C, see Figure 1 for an overview) that share the ability to phosphorylate casein in vitro, represent an appealing Research Topic in which unanticipated pathophysiological aspects of these enzymes are continuously emerging.
[image: Figure 1]FIGURE 1 | Casein kinases at a glance. (A) Phylogenetic dendrogram of the human kinome in which major groups of canonical protein kinases are labelled and coloured. Protein kinases CK1 and CK2 are highlighted. In the upper part, CK1δ tridimensional structure (PDB code 7P7H) is reported as an illustrative example of the CK1 family comprising six different isoforms and WebLogos for each isoform are depicted. For CK1γ isoforms (namely CK1γ1, CK1γ2, and CK1γ3), a single WebLogo of merged substrate sequences phosphorylated by the three isoforms is displayed. In the lower part, crystal structure of α catalytic subunit of protein kinase CK2 (PDB code 3WOW) and WebLogo analysis of CK2 holoenzyme’s known substrates are reported. (B) Phylogenetic tree of the Four-Jointed family of atypical protein kinases. Due to their altered amino acid sequences in respect to the canonical kinases, none of these atypical kinases has been included in the human kinome. On the left, Fam20C crystal structure (PDB code 4KQB) and its own WebLogo. Fam20C is the Genuine Casein Kinase (G-CK) responsible for phosphorylating the majority of secreted proteins. WebLogo analysis was performed on human protein sequences phosphorylated by casein kinases as reported on PhosphositePlus® database (www.phosphosite.org). Note that WebLogos evidence the acidophilic nature of casein kinases as suggested by the residues surrounding the phosphorylation site (in position “0”), either downstream or upstream. Analytic Connolly’s electrostatic charge distribution surface was obtained through the MOE 2020.09 software. Blue colour indicates positive surface charges whereas red colour indicates negative surface charges. It is worth to note that in the case of CK2, an extensive basic region (in blue) is present both above and below the ATP binding site (indicated by yellow arrow) protruding towards the right side. Conversely, in the case of Fam20C and CK1δ, the basic region is much less extensive and is located, in both cases, in a region underlying the ATP pocket; in addition, for CK1 only, a positively charged region is present on the upper left side. The trend of the arrangement of the basic residues evidenced by the electrostatic surfaces are in perfect agreement with the consensus sequences revealed by the WebLogos. Phylogenetic trees were drawn using EvolView program (www.evolgenius.info).
The extraordinary pleiotropicity of casein kinases reflects their involvement in a wide variety of both physiological and pathological processes. Indeed, the dramatic effects of casein kinases dysregulation have been observed in several pathologies, including cancer, neurodegenerative disorders, viral and parasite infections, and biomineralization diseases among others (Venerando et al., 2014). Therefore, the specific tuning of casein kinases is considered instrumental to counteract many pathological conditions.
This Research Topic, composed of thirteen original research papers, five review articles, and one mini review, provides an up-to-date snapshot of the ongoing research in the casein kinases field shedding light on their implication in human diseases as well as on innovative strategies to modulate their activity.
PROTEIN KINASE CK1
Casein kinase 1 (CK1 or CKI) is a family of protein kinases of the human kinome (Figure 1A) that function in diverse biological pathways, and the regulation of which is just beginning to be understood.
In this Research Topic, novel information on the role of CK1 in Alzheimer’s disease, in the circadian rhythm, and in Leishmaniasis is provided, as well as a review on the role of casein kinases in neurodegenerative diseases. Finally, cutting-edge methods to generate isoform specific CKI modulators are proposed.
Alzheimer’s disease is a degenerative disease that affects the brain. One of the main pathological events in Alzheimer’s disease is the generation of neurofibrillary tangles that are formed when the tau protein becomes hyperphosphorylated and aggregates. It is suspected that members of the protein kinase CK1 family are involved in the pathogenesis of Alzheimer’s disease, as they can phosphorylate tau. Roth et al. analysed recombinant tau441 phosphorylated in vitro by CK1δ via mass spectrometry and identified ten potential phosphorylation sites, five of which are associated with Alzheimer’s disease. In vitro kinase assays and two-dimensional phosphopeptide analyses were performed with tau441 phospho-mutants confirming that Alzheimer’s disease-associated residues Ser68/Thr71 and Ser289 are CK1δ-specific phosphorylation sites. Finally, the use of an in vitro tau aggregation assay suggested that CK1δ represents a good target for the prevention of Alzheimer’s disease.
An overview of the impact of CK1, TTBK, and CK2 kinases on neurodegenerative diseases as well as a summary of their substrates and inhibitors has been presented by Baier and Szyszka.
An interesting observation is reviewed by Francisco and Virshup. The authors highlighted that, among kinases, CK1 is unique in that substrate specificity is altered by its own phosphorylation state. A telling example is provided by the PERIOD2 (PER2) phosphoswitch: in this case, CK1δ/ε kinase activity can be varied between three different substrate motifs to regulate the circadian clock.
Compelling novel results are presented by Smirlis et al., which developed a technology that allows efficient identification of substrates in the context of Leishmaniasis. Leishmaniasis is a severe public health problem caused by the protozoan Leishmania. To get insights into the functions of L-CK1.2 in the macrophage, the systematic identification of its host substrates was performed, leading to the identification of 225 host substrates as well as a potential novel phosphorylation motif for CK1. The L-CK1.2 substratome is enriched upon Leishmania infection, suggesting that L-CK1.2 might be a master regulator of this process.
Sunkari et al. offer a cutting-edge proposal to find isoform specific modulators, an especially thorny issue considering the high degree of conservation of the ATP-binding site among CK1 isoforms and the fact that all available CK1 inhibitors are ATP site-directed. The authors proposed that the DNA-encoded library (DEL) technology might represent a valuable approach to uncover allosteric modulators instead of ATP competitors.
Finally, in the research scenario of computational methodologies for the identification of novel molecules with therapeutic potential, Pavan et al. investigated CK1δ as a target for the development of an implemented version of Autogrow4 docking software with an alternative scoring function based on protein-ligand interaction fingerprints.
PROTEIN KINASE CK2
The constitutively active casein kinase 2 (CK2 or CKII) has been among the first identified protein kinases (Venerando et al., 2017). CK2, belonging to the class of CMGC protein kinases, is part of the human kinome. The CK2 hetero-tetrameric enzyme, composed of two catalytic (α and/or α’) and two regulatory (β) subunits encoded by CSNK2A1 (and/or CSNK2A2) and CSNK2B genes, respectively, is considered a “lateral player” in several signaling pathways (Borgo et al., 2021). Notably, the “regulatory” functions of β subunits are not restricted at preserving the enzyme stability and driving the substrates specificity. Conversely, it has been proposed that unbalanced expression of CK2 subunits prompts epithelial to mesenchymal transition fostering cancer invasion and spreading. In particular, Filhol et al. showed that CK2β loss promotes focal adhesion formation and invasion by triggering pTyr signaling and activation of the FAK1-Src-PAX1 pathway suggesting a key role of CK2β in controlling cancer progression and metastasis formation.
An interesting role of copper as an enhancer of CK2 activity has recently emerged. Chojnowski et al. suggested that the ability of copper to increase CK2 activity occurs only if the phosphate donor is ATP and not GTP. This effect is counteracted by the copper chelator Cu-ATSM and increases or decreases of intracellular copper level raises or reduces CK2 signaling. Note that the two identified residues essential for copper-binding (Met153 and His154) are conserved in many kinases and consequently further systematic studies are required to assess the possible role of copper as a physiological regulator of other kinases.
Although CK2 malfunctions have been described in many different pathologies, its role in the pathogenesis of various cancers deserves special attention, as it appears to correlate to almost all malignant hallmarks. CK2 is overexpressed in many cancer cells where it potentiates other oncogenic signals and overall sustains tumorigenesis. Especially in haematological malignancies, overexpression and pro-oncogenic functions of CK2 have been widely reported. As an example, Manni et al. demonstrated that in mantle cell lymphoma, overexpressed CK2 sustains BCR signaling and Bcl-2 family proteins. Note that BCR signaling and Bcl-2 related pro-survival pathways are considered rational therapeutic targets in B cell derived lymphomas; most importantly, CK2 inhibition enhances cytotoxicity induced by the combination of chemical inhibitors directed against both pathways.
Downregulating a constitutively active enzyme generally overexpressed in malignant cells, represents a reasonable strategy to treat related diseases (Borgo et al., 2021) and during the last decades several CK2 inhibitors have been proposed. Two of them, namely CX-4945 and CIGB-300, are already in human clinical trials as anticancer drugs. In this respect, the research on the peptide-based inhibitor CIGB-300 by Rosales et al. has disclosed its antileukemic effect. Coupling LC-MS/MS data and bioinformatics in two human cell lines (HL-60 and OCI-AML3), the authors revealed that CIGB-300 promotes oxidative stress and ROS production, which might play a relevant role on CIGB-300-induced apoptosis.
From a different point of view, metal-oxide polyanionic clusters called polyoxometalates (POMs) have been previously identified as CK2 inhibitors in the nanomolar range. Nevertheless, their mechanism of action was a matter of study until today. In fact, a recent study by Fabbian et al. on ruthenium-based polyoxometalate (Ru4POM) has deciphered the mechanism of action of these unconventional inhibitors demonstrating that it involves both CK2ɑ and CK2ɑ2β2 tetramer with which the inhibitor forms stable complexes by interacting with the substrate binding site.
The employment of specific CK2 inhibitors has found an additional application for the identification and validation of CK2 substrates. Gyenis et al., using quantitative phosphoproteomics of cells expressing inhibitor-resistant CK2α mutant in comparison with its wild type counterpart, have been able to identify bona fide targets among CK2 putative substrates, thus overcoming the caveat that ATP site-directed inhibitors invariably display off-target effect given the high conservation of the ATP site among protein kinases. Interestingly, this strategy has the potential to be successfully applied also to the identification of bona fide substrates of other protein kinases.
A different perspective is given by the recent discovery that thymidylate synthase (TS) and dihydrofolate reductase (DHFR) are phosphorylated by CK2, paving the road toward an in-depth study of the role of CK2 in the di- and trimolecular complexes formation between TS, DHFR and hydroxymethyltransferase (SHMT), responsible for the thymidylate synthesis. In particular, Wińska et al. demonstrated that CK2 inhibition by CX-4945 leads to increased level of DHFR and SHMT possibly through a decrease of their ubiquitination; on the contrary, CK2 inhibition has an opposite impact on TS causing a decrease of the protein level. Moreover, the phosphorylation of TS increases the stability of its complex with SHMT1 and DHFR in comparison to non-phosphorylated TS.
Considering the high number of substrates and the ubiquity of CK2, it appears clear that CK2 regulates many cellular functions and its activity is considered essential for cellular homeostasis in different tissues. It has been suggested that CK2 (at least its α subunit) is more abundant in brain than in other tissues and its role in the brain is recognized as vital for neurological development and functioning. As an example, Nguyen et al. proposed that CK2 signaling is responsible for the activation of a spatiotemporal cascade pathway that mediates ischemic injury in white matter.
It should be stressed that several neurodegeneration-related CK2 targets have been identified so far suggesting a link (either pathogenic or protective) between CK2 and different well-acknowledged neurodegenerative diseases. Recently, two newly identified rare neurodevelopmental disorders have been associated to mutations in the genes encoding either the α catalytic (in the Okur-Chung neurodevelopmental syndrome, OCNDS) or the β regulatory (in the Poirier-Bienvenu neurodevelopmental syndrome, POBINDS) subunits of CK2. In OCNDS patients, one of the most frequently observed mutation is lysine-198 to arginine exchange (K198R) in the P+1 activation loop of CK2α. Caefer et al. demonstrated that K198R mutant is still an active enzyme even though it presents a different substrate specificity in comparison to the wild type kinase. The change in the kinase specificity is mainly due to a shift of the anion binding site harboured by the P+1 loop rather than by an altered interaction between the catalytic with the non-catalytic subunits in the CK2 holoenzyme, as revealed by the K198R mutant crystal structure presented by Werner et al.
Although the two syndromes display very similar clinical manifestations, it has been possible to rationalize the diagnosis based on clinical symptomatology in comparison with preclinical and biochemical CK2 characterization, as described by Ballardin et al. Finally, Unni et al., integrating information on the CK2 genes mutations discovered in OCNDS and POBIND patients with experimental data, have provided useful predictive tools that allow a better understanding of the functional and structural consequences of such mutations.
ATYPICAL PROTEIN KINASE FAM20C
Family with sequence similarity 20 member C also known as Fam20C or DMP4 is a protein, recently identified as the Genuine Casein Kinase (G-CK or GEF-CK), especially abundant in the Golgi apparatus of the lactating mammary gland (Tagliabracci et al., 2012). Fam20C is an atypical serine protein kinase that possess little sequence similarity to canonical protein kinases present in the human kinome. Fam20C phosphorylates not only casein but also highly acidic secreted proteins with the common consensus motif S-x-E/pS (Lasa-Benito et al., 1996). Although Fam20C is far from the other two casein kinases both structurally and phylogenetically (Figure 1), it shares with them the extraordinary pleiotropicity. Indeed, Fam20C is the major contributor in the generation of the human phosphosecretome, the pool of phosphorylated secreted proteins (Tagliabracci et al., 2015). From this point of view, Xu et al. reviewed the structure and biological functions of Fam20C with special reference to its ability to phosphorylate secreted proteins. The important role of Fam20C in biomineralization has been addressed being Fam20C implicated in the phosphorylation of the small integrin binding ligand-N-linked glycoproteins (SIBLINGs), dentin matrix protein 1, matrix extracellular phosphoglycoprotein, osteopontin, bone sialoprotein, and dentin sialophosphoprotein. The best-known and dramatic consequence of Fam20C aberrant function in biomineralization is epitomized by the Raine syndrome, a lethal osteosclerotic bone dysplasia. However, the phosphorylation of multiple substrates by Fam20C justifies its role in many other life processes and its implication in several diseases, such as in smooth muscle cell calcification and frontotemporal dementia, have been discovered recently. In addition, cardiovascular implications of Fam20C is inferred from the phosphorylation of calsequestrin 2, matrix interacting molecule 1, and fibroblast growth factor 23, connecting this atypical protein kinase to heart and neurovascular diseases. Finally, the phosphorylation by Fam20C of insulin-like growth factor binding proteins and osteopontin reveals the role of Fam20C in tumorigenesis. Notwithstanding, the regulation mechanism of Fam20C activity is still a matter of study and, unfortunately, no contributions have been submitted to this Research Topic to shed additional light on this intricate matter. In the past, two possible mechanisms not mutually exclusive have been proposed. One is the association of Fam20C with Fam20A, a Fam20C paralog with no kinase activity by itself but able to increase the activity of Fam20C (Cui et al., 2015); another mechanism appears to exploit sphingosine and some related compounds to stimulate Fam20C kinase activity (Cozza et al., 2017). In this respect, it should be noted that stimulation rather than inhibition of this atypical protein kinase appears to represent a valuable pharmacological strategy. Indeed, Fam20C-linked diseases are generally a consequence of its defective expression or activity. We hope that this review stimulates the scientific community to deepen the research on Fam20C as an important therapeutic target.
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Fam20C, a typical member of Fam20 family, has been well-known as a Golgi casein kinase, which is closely associated with Raine Syndrome (RS). It can phosphorylate many secreted proteins and multiple substrates, and thereby plays a crucial role in biological functions. More importantly, Fam20C has also been found to enhance the metastasis of several types of human cancers, such as breast cancer, indicating that Fam20C may be a promising therapeutic target. Accordingly, some small-molecule inhibitors of Fam20C have been reported in cancer. Taken together, these inspiring findings would shed new light on exploiting Fam20C as a potential therapeutic target and inhibiting Fam20C with small-molecule compounds would provide a clue on discovery of more candidate small-molecule drugs for fighting with human diseases.
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INTRODUCTION
Hitherto, more and more proteins have been found to play important physiological functions in various life processes after being phosphorylated. Therefore, protein phosphorylation, as a fundamental regulatory modification of proteins, has gradually become an important research content and has come into people’s sight (Cohen, 2002; Taliabracci et al., 2012; Klement and Medzihradszky, 2017). The first sign of protein kinases’ existence was in 1883, when stoichiometric amounts of phosphate were found in the secreted protein casein. This casein was therefore identified as the first phosphoprotein, but the responsible kinase responsible for it was not clear until 2013 (Tagliabracci et al., 2012). The emergence of a novel atypical protein kinase family, the Fam20 family, solved these problems to a certain extent. These protein kinases are secreted in the Golgi apparatus and seem to be able to phosphorylate many extracellular proteins including casein (Tagliabracci et al., 2013). Protein kinase phosphorylates the substrate through phosphorylation, thus changing the activity of the substrate and mediating most of the signal transduction and cell processes, including transcriptional regulation and metabolic regulation (Manning et al., 2002). Therefore, abnormal protein phosphorylation is the cause of many diseases.
Fam20C, this kinase, and its family members Fam20A and Fam20B define a new family of secretory proteins that collectively regulate a diverse network of secretory pathway components (Palma-Lara et al., 2021). As the most widely studied member of the Fam20 family, Fam20C is a secreted protein with kinase activity. In the process of evolution, Fam20C not only obtained new substrate specificity, but also gained the ability to form evolutionarily conserved homodimers or heterodimers with Fam20A to regulate protein conformation and kinase activity. Although the other two members have a high degree of sequence homology, their biochemical activities are completely different. Fam20B has a unique active site that can recognize Galβ1-4Xylβ1 and is able to regulate the synthesis of proteoglycans by acting as a glycan kinase phosphorylating xylose residues and triggers peptidoglycan biosynthesis. At the same time, all Fam20B subfamily members function as monomers and do not need to form homologous or heterodimers. Fam20A, which did not appear until spinal animals, is a pseudokinase because it lacks active site residues that are essential for kinase activity and binds ATP in a catalytically incapable way, but it also obtains a more optimized ability to form dimers with Fam20C and activate Fam20C (Xiao et al., 2013; Zhang et al., 2018a; Worby et al., 2021).
Fam20C, originally named as Golgi-enriched-fraction casein kinase (GEF-CK) and discovered in 1972, is confirmed by Tagliabracci et al. and Ishikawa et al. as a protein kinase that can phosphorylate the S-x-E/pS (S is serine, x is any one amino acid, E/pS is glutamate or phosphoserine) motif of secreted proteins (Bingham et al., 1972; Tagliabracci et al., 2012). In addition, Fam20C can also recognize amino acid sequences other than the typical S-x-E/pS motif, such as S-x-Q-x-x-D-E-E motif, which indicates that Fam20C-dependent phosphorylation is more extensive than indicated by only those substrates that are phosphorylated within the canonical motif (Brunati et al., 2000). Moreover, FAM20C, expressed in a variety of tissues, has been shown by functional annotation of substrates that it not only is involved in biomineralization but also plays an important role in cell migration and adhesion, wound healing, endopeptidase inhibitor activity, and lipid metabolism disorders (Tagliabracci et al., 2015). Such rich and useful functions have established Fam20C as a major protein kinase. Here, we have summarized the structure and function of Fam20C, discussed its important role in various diseases, and further discussed its potential diagnosis and therapeutic effect. Through an in-depth understanding of these relationships, the biological functions of Fam20C will be further developed, laying a new foundation for studying the role of protein phosphorylation in life processes and diseases.
STRUCTURE AND BIOLOGICAL FUNCTION OF FAM20C
The Fam20C gene is located on chromosome 7, with a full length of 72,410 bp and contains 10 exons (Nalbant et al., 2005). The Fam20C protein sequence includes 584 amino acids, of which the C-terminal contains 350 amino acids that are highly conserved regions and is called conserved C-terminal domain (CCD), and the N-terminal has a signal peptide targeting the secretory pathway, a total of 22 amino acids. Its kinase domain (KD) spans 222 amino acids, from residue 354 to 565 (Cozza and Pinna, 2016). Fam20C is considered an atypical protein kinase and is therefore not included in the “typical” group of human kinases. The kinase core of Fam20C has a two-lobe structure (N-lobe and C-lobe), which is characteristic of all protein kinases. The crystal structure of the C. elegans homolog of human Fam20C (ceFam20) displays a large kinase domain and a protein kinase-like fold characterized by being contained in a shell-like structure formed by an N-terminal segment and a novel insertion domain. The N-terminal segment wraps around the lower half of the molecule, forming the base of the C-lobe. The insertion domain has a novel fold and forms a cap-like structure that covers the N-lobe. Therefore, sequence analyses usually failed to identify the Fam20 family as kinases because this domain is hidden in the N-lobe (Xiao et al., 2013). In addition, the Mn/ADP-bound structure is important for nucleotide binding and catalysis as the critical residues. Therefore, the unique architecture of the kinase suggests that Fam20C is an efficient catalyst as opposed to a dynamically regulated enzyme (Cozza and Pinna, 2016). Activation of Fam20C requires the formation of either an evolutionarily conserved homodimer or a heterodimer with Fam20A. Compared with Fam20C itself, Fam20A has a more effective Fam20C binding surface and is a special Fam20C allosteric activator. For example, Ile214A, Ile255A, and Leu365A are unique to Fam20A, and contribute to the formation of an optimized hydrophobic surface for interacting with Fam20C (Zhang et al., 2018a). In a word, the structure of Fam20C is distinct to other “typical” kinases, which makes it more druggable. Therefore, further studying of Fam20c structure can help us understand their biological functions, which can promote the development of more effective new drugs to treat diseases.
Fam20C is not a specific kinase dedicated to phosphorylation of casein, but a ubiquitous protein kinase, which mostly acts on the phosphorylation of many secreted proteins within the SxE/pS motif (Zhou et al., 2009; Salvi et al., 2010). Chromosome 4 harbors a cluster of genes encoding small integrin binding ligand-N-linked glycoproteins (SIBLINGs). The proteins encoded by these genes are involved in binding calcium and are the substrates of Fam20C, mainly five members of the secretory calcium binding phosphoprotein (SCPP) family, namely, dentin matrix protein 1 (DMP1), matrix extracellular phosphoglycoprotein (MEPE), osteopontin (OPN), bone sialoprotein (BSP), and dentin sialophosphoprotein (DSPP), indicating that Fam20C plays an important role in the process of biomineralization (Tagliabracci et al., 2012). Histidine-rich calcium binding protein (HRC) was the first sarcoplasmic reticulum (SR) protein to be discovered as a substrate of Fam20 (Pollak et al., 2017). In addition, other proteins involved in Ca2+ signaling include calsequestrin 2 (CSQ2) and matrix interacting molecule 1 (STIM1), as well as fibroblast growth factor 23 (FGF23), which directly causes cardiovascular problems in patients, and proprotein convertase subtilisin 9 (PCSK9), which is related to LDL-cholesterol disorders, which are all key links in the process of Fam20C affecting heart disease (Ezumba et al., 2014; Pollak et al., 2017; Pollak et al., 2018; Ben Djoudi Ouadda et al., 2019). Sortilin is not limited to the expression of a single tissue and is another unique target for Fam20C because of its versatility and its important role in the pathogenesis of a variety of diseases, especially neurovascular diseases. (Xu et al., 2019). Besides, in phosphorylated proteomics screening, the main proteins in plasma and serum such as vertebrate clotting factor fibrinogen, von Willebrand factor (VWF), and collagen were determined as potential substrates for Fam20C. Therefore, the role of Fam20C and its key substrate phosphorylation in the coagulation pathway is also worthy of further study (Tagliabracci et al., 2015; Qiu et al., 2018; Da et al., 2019). Studies have also found that the endoplasmic reticulum (ER) sulfhydryl oxidase ER oxidoreductin 1α (Ero1α), which can regulate the redox homeostasis of the ER, can also be phosphorylated by Fam20C, thereby establishing a new connection between phosphorylation modification and oxidative folding (Zhang et al., 2018b). Finally, many Fam20C phosphorylated substrates are also related to tumor cell apoptosis and migration, including insulin-like growth factor binding proteins (IGFBPs), OPN, and serine protease inhibitors (Rangaswami et al., 2006; Baxter, 2014; Tagliabracci et al., 2015). In short, Fam20C plays an important role in various life processes through phosphorylation of multiple substrates (Figure 1; Supplementary Table S1).
[image: Figure 1]FIGURE 1 | FAM20C plays a role in biomineralization, heart disease, neurovascular disease, blood coagulation, the redox homeostasis of the ER, and tumor disease through different substrates.
DISEASES ASSOCIATED WITH FAM20C
Given the important role of FAM20C in biomineralization and phosphorylating secretory proteins, mutations of FAM20C gene and aberrant function of fam20c kinase are responsible for many diseases, including Raine Syndrome (RS), cancer, and other diseases.
Raine Syndrome
RS is a bone dysplasia with characteristic features of generalized osteosclerosis, craniofacial anomalies, and intracerebral calcifications (Vishwanath et al., 2014), which is caused by mutations of Fam20C. Hitherto, 42 variants of Fam20C gene have been summarized to be responsible for RS, and they cause either lethal or non-lethal cases (Palma-Lara et al., 2021). For example, mutations of FAM20C gene (MIM *611061) are reported to impair splicing process, leading to the functional loss of proteins and causing disease phenotype (Simpson et al., 2007). More recently, new mutations of Fam20C have been detected to cause lethal RS in two Mexican family siblings, with a duplicated cytosine at position 456 and a deleted cytosine at position 704 in exon 1 (Hernández-Zavala et al., 2020). In addition, whole exome sequencing reveals a non-lethal case of a middle-aged woman with a frameshift insertion c.1107_1108insTACTG (p.Tyr369fs) and a missense substitution c.1375C > G (p.Arg459Gly) in Fam20C gene (Mamedova et al., 2019). Another non-lethal case of RS happens in a Brazil patient carrying a homozygous missense variant c.1487C > T at exon 9 of FAM20C (NM_020223.4), who displays mild facial dysmorphia, without hypoplastic nose, micrognathia, low set ears, or depressed nasal bridge (Ferreira et al., 2021).
FGF23-related hypophosphatemia is reported in non-lethal RS patients and is found to be associated with FAM20C mutations (Simpson et al., 2009; Rafaelsen et al., 2013). Given the causative role of mutant Fam20C gene in RS pathogenesis, some researchers have investigated detailed pathogenetic mechanism of mutant Fam20C in preclinical experiments (Cozza and Pinna, 2016). Six mutant Fam20C proteins (T268M, P328S, R408W, D451N, D478A, and R549W) responsible for RS were demonstrated to cause impaired kinase activity and hinder DMP1 transcription, ultimately leading to FGP-related hypophosphatemia in rat osteosarcoma UMR-106 cells (Kinoshita et al., 2014). Recently, mice that were knocked out of Fam20C showed vertebral abnormalities and decreased β-catenin, indicating that Fam20C loss of function may affect vertebral development through modulating Wnt/β-catenin pathway (Huang et al., 2021).
Cancer
Recently, the role of Fam20C in tumorigenesis has been illuminated and widely reported, making it a possible biomarker and potentially therapeutic target for diverse cancers (Simpson et al., 2009).
Its association with triple-negative breast cancer (TNBC) was first reported in 2015 (Tagliabracci et al., 2015), as the phosphorylation of a large number of its substrates was identified to play a role in adhesion and migration of MDA-MB-231 cells and U2OS cells, such as IGFBP7 and cadherin-2 (CDH2). Fam20C knockout (KO) MDA-MB-231 cells were demonstrated with less malignant invasion and the phosphorylation of its substrate IGFBP7 was responsible for the changes. In a later study, Fam20C knockdown with siRNA also impaired the metastasis of MDA-MB-231 cells while mildly affecting cell proliferation, indicating the possible oncogenic effect of Fam20C in TNBC (Zhao et al., 2021). More recently, a genome-wide analysis uncovered that high expression and hypomethylation of Fam20C were correlated with poor prognosis in hypoxia-related lung adenocarcinoma (LUAD), in which hypoxia condition promoted FAM20C gene expression, making Fam20C a potential biomarker of LUAD (Li et al., 2020). Subsequently, a study has revealed the expression patterns of Fam20C in pan-cancer, of which increased expressions were correlated with poor prognosis in bladder urothelial carcinoma (BLCA), brain lower grade glioma (LGG), and stomach adenocarcinoma (STAD), making Fam20C a potential prognostic biomarker in those tumors. Particularly, high expression of FAM20C was found to affect lymphatic metastasis of STAD (Liu et al., 2021). The altered infiltration levels of immune cells, including B cells, CD8+T cells, CD4+T cells, macrophages, neutrophils, and dendritic cells were considered to be responsible for its correlation with cancers, while the expression of FAM20C also assisted the polarization of tumor-associated macrophages (TAM), activation of Treg cells and T helper cells, and induction of T-cell exhaustion (Liu et al., 2021). Moreover, augmented Fam20C expression was found to be positively correlated with the malignancy of gliomas, which makes the expression of Fam20C a possibly diagnostic marker of malignant gliomas. Also, patients with higher Fam20C expression were more resistant to radiotherapy and chemotherapy. In line with the bioinformatics analysis, Fam20C knockdown significantly impaired the invasion and migration of human glioblastoma LN229 cells (Du et al., 2020). More importantly, a wide range of secreted proteins phosphorylated by Fam20C were found to be associated with different cancers (Zhao et al., 2021). Fibronectin 1 (FN1) was identified to interact with Fam20C and promote tumor cell migration (Du et al., 2020). OPN, a substrate of Fam20C involved in cell differentiation (Zhao et al., 2018), was overexpressed in bladder cancer tissues and OPN knockdown could suppress proliferation and invasion of human bladder cancer T24 cell via the JAK1/STAT1 pathway (Zhang et al., 2020). In addition, myeloid Fam20C phosphorylates OPN and decreases its secretion, thereby regulating osteoclast differentiation and decelerating breast cancer bone metastasis in vivo (Zuo et al., 2021). Another substrate, BMP4, is also involved in breast cancer bone metastasis, in which Fam20C facilitates the growth of human breast cancer MDA-BoM-1833 cells and its bone metastasis through phosphorylation of BMP4 to induce osteoclast differentiation (Zuo et al., 2021). IGFBPs 3 and 7, which are both substrates of Fam20C (Liu et al., 2018), were reported to enhance the metastasis of colorectal cancer (CRC) sW480 and Caco2 cells (Georges et al., 2011; Supplementary Table S2).
Other Human Diseases
Besides IGFBP7 and CDH2, which play an important role in TNBC metastasis, the comprehensive article in 2015 identified many other substrates of Fam20C that were involved in other diseases, including Fetuin A (FetA) and histidine-rich calcium binding protein (HRC) (Tagliabracci et al., 2015). Phosphorylated FetA was reported to play a part in insulin resistance in type 2 diabetes mellitus (T2DM) through binding the β-subunit of the insulin receptor and hindering insulin signaling (Ochieng et al., 2018). A study showed that the phosphorylation of FetA at Ser 312 is time-dependent on Fam20C, whereas the biological function of FAM20C-dependent FetA phosphorylation remains unknown (Kovářová et al., 2021). Another study originally revealed the possible regulatory effects of Fam20C on (pro)insulin production and correlative secretory pathway trafficking, establishing connections between Fam20C function and the development of diabetes (Kang et al., 2019). HRC is a 170-kDa protein with high capacity for Ca2+ binding and is critical in the modulation of cardiomyocyte SR Ca2+ homeostasis (Arvanitis et al., 2018). Recently, the relationship between Fam20C and SR Ca+ handling machinery has been illuminated, demonstrating that the phosphorylation of HRC at Ser96 by Fam20C regulates the interactions of HRC and triadin and sarco/endoplasmic reticulum Ca2+ adenosine triphosphatase-2a (SERCA2a), maintains the SR Ca+ homeostasis, and finally protects patients from cardiac arrhythmias (Pollak et al., 2017). A follow-up study identified Stim1 and CSQ2 as new substrates of Fam20C, which are important in controlling the SR Ca2+homeostasis. The loss of Fam20C-dependent phosphorylation of these two proteins may underlie the development of heart failure in Fam20C KO mice (Pollak et al., 2018). In addition, the possible pathogenesis of Fam20C in coronary artery disease has been revealed, of which the Fam20C-dependent phosphorylation of sortlin at Ser825 is integral in the process of smooth muscle cell (SMC) calcification (Goettsch et al., 2016). One latest study reported the decreased expression of Fam20C in behavioral variant frontotemporal dementia (bvFTD) with autoimmune disease (Bright et al., 2021).
THERAPEUTIC POTENTIAL FOR TARGETING FAM20C
Considering the important role of Fam20C in various diseases, especially its role in tumorigenesis, targeting Fam20C is a potential treatment for diseases including cancer in the future (Wu et al., 2021). Some attempts to design inhibitors of Fam20C for treating cancer, focused in TNBC, have emerged. For the first time, FL-1607 was identified through virtual screening and interacted well with Fam20C, with better stability (RSMD reached its dynamic equilibrium after 2 ns simulation) and compactness (RG of 1.462 ± 0.0073 nm), as well as lower flexibility (RMSF of 0.0805 ± 0.0353 nm; mean ± SD) when binding with Fam20C. Meanwhile, it showed good antiproliferative property in human breast cancer MCF-7, MDA-MB-231 and MDA-MB-468 cells, with the best IC50 of 7.89 μM in MDA-MB-468 cells. Moreover, FL-1607 was shown to induce apoptosis and suppress migration of MDA-MB-468 cells. The researchers found that Fam20C harbored unique amino acids residues in ATP-binding sites, which makes Fam20C more possible to be selectively target by small molecules (Qin et al., 2016). Encouraged by this study and the x-ray crystal structure of Fam20C (Zhang et al., 2018a), a new inhibitor of Fam20C was identified in 2021 (Zhao et al., 2021). Optimized from F2078-0064, compound 3r showed good kinase inhibitory ability against Fam20C (6.243 μM), with IC50 of 5.986 μM in MDA-MB-231 cells. 3r killed cancer cells through apoptosis induction and could significantly block migration of MDA-MB-231 cells. In addition, 3r inhibited tumor growth in MDA-MB-231 xenograft mouse model through inducing apoptosis (Zhao et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | Fam20C inhibitors are designed to treat breast cancer. There are two inhibitors of Fam20C, FL-1607 (Qin et al., 2016) and compound 3r (Zhao et al., 2021).
Two inhibitors of Fam20C mentioned above shed light on the therapeutic potential for targeting Fam20C in cancer, providing successful examples for future discovery of new Fam20C inhibitors. However, in-depth investigations of therapies targeting Fam20C remain limited, and no studies illuminated its therapeutic effects in heart diseases and diabetes, in which experimental evidence confirmed the important pathogenetic role of Fam20C. The two existing inhibitors may be good tools for studying biological and pathogenetic functions of Fam20C while their application for treating other diseases associated with Fam20C warrants further investigations. Additionally, the wide distribution of Fam20C in bone, heart, kidney, etc. may make therapeutics targeting Fam20C easily cause side effects in unexpected organs or tissues, thus requiring more comprehensive understanding of Fam20C functions in different tissues and calling for precise delivery of therapeutics. Moreover, molecular subtyping of diseases, especially of cancers with aberrant expression of Fam20C, represents a future direction.
CONCLUSION
Of note, the Fam20 family is composed of three secreted proteins, including Fam20A, Fam20B, and Fam20C; among them, Fam20C could phosphorylate a series of downstream secreted proteins. Fam20C is a typical member of Fam20 family, which has been well-known as a Golgi casein kinase that can be identified during hematopoietic differentiation (Nalbant et al., 2005). Interestingly, the other two members Fam20A and Fam20B have a high sequence homology with Fam20C, but their biological activities are completely different. Thus, Fam20C has its unique biological function in several cellular processes (Worby et al., 2021).
Recently, Fam20C, which is closely associated with RS, has been reported to phosphorylate more than 100 types of secreted proteins and more multiple substrates, thereby playing a key role in regulation of their complicated biological function (Tagliabracci et al., 2015). Accordingly, accumulating evidence has been demonstrating that Fam20C has several links to many types of human diseases, such as RS, cancer, and others. More importantly, Fam20C has also been found to enhance the metastasis of several types of human cancers, such as breast cancer and CRC, indicating that Fam20C may be a promising therapeutic target for the current drug development. More recently, some small-molecule inhibitors of Fam20C (e.g., FL-1607 and 3r) have been reported to induce apoptosis as well as to prevent metastasis in breast cancer, which may reveal Fam20C as a druggable target for cancer therapy (Qin et al., 2016; Zhao et al., 2021).
With the rapid development of structure biology and artificial intelligence (AI), the tertiary structure of Fam20C and even the quaternary structure of Fam20C-Fam20A have been elucidated (Zhang et al., 2018a). Therefore, the structure-guided design of Fam20C inhibitors will provide more precisely small-molecule inhibitors for potential therapy. Also, some AI technologies, such as Alphafold2 would also provide more potential selectively small-molecule inhibitors for possible pharmaceutical applications. Especially when the experimental structure is not available, Alphafold2 may provide more accurate model for virtual screening (Cramer, 2021). In a nutshell, these inspiring findings would shed new light on exploiting Fam20C as a potential therapeutic target and inhibiting Fam20C with small-molecule compounds will provide a new clue on discovery of more candidate drugs in the treatment of human diseases in the future.
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AI artificial intelligence
BLCA bladder urothelial carcinoma
BSP bone sialoprotein
bvFTD behavioral variant frontotemporal dementia
CRC colorectal cancer
CDH2 cadherin-2
CSQ2 calsequestrin 2
DMP1 dentin matrix protein 1
DSPP dentin sialophosphoprotein
ER endoplasmic reticulum
Ero1α ER oxidoreductin 1α
FetA Fetuin A
FGF23 fibroblast growth factor 23
FN1 fibronectin 1
GEF-CK Golgi-enriched-fraction casein kinase
HRC histidine-rich calcium binding protein
IGFBP insulin-like growth factor binding protein
KD kinase domain
KO knockout
LGG brain lower grade glioma
LUAD lung adenocarcinoma
MEPE matrix extracellular phosphoglycoprotein
OPN osteopontin
PCSK9 proprotein convertase subtilisin 9
RS Raine syndrome
SCPP secretory calcium binding phosphoprotein
SERCA2a sarco/endoplasmic reticulum Ca2+ adenosine triphosphatase-2a
SIBLING small integrin binding ligand-N-linked glycoprotein
SMC smooth muscle cell
SR sarcoplasmic reticulum
STAD stomach adenocarcinoma
STIM1 matrix interacting molecule 1
T2DM type 2 diabetes mellitus
TAM tumor-associated macrophages
TNBC triple-negative breast cancer
VWF von Willebrand factor
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.
Copyright © 2021 Xu, Tan, Zhang, Yuan, Xie and Zhang. 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.
		ORIGINAL RESEARCH
published: 03 January 2022
doi: 10.3389/fcell.2021.800098


[image: image2]
Identification of the Host Substratome of Leishmania-Secreted Casein Kinase 1 Using a SILAC-Based Quantitative Mass Spectrometry Assay
Despina Smirlis1,2, Florent Dingli3, Valentin Sabatet3, Aileen Roth4, Uwe Knippschild4, Damarys Loew3, Gerald F. Späth1 and Najma Rachidi1*
1Institut Pasteur, Université de Paris, Institut National de Santé et Recherche Médicale INSERM U1201, Unité de parasitologie Moléculaire et Signalisation, Paris, France
2Hellenic Pasteur Institute, Athens, Greece
3Laboratoire de Spectrométrie de Masse Protéomique (LSMP), Centre de Recherche, Institut Curie, PSL Research University, Paris, France
4Department of General and Visceral Surgery, Centre of Surgery, University Hospital Ulm, Ulm, Germany
Edited by:
Andrea Venerando, University of Padua, Italy
Reviewed by:
Leonard James Foster, University of British Columbia, Canada
Kathleen Gould, Vanderbilt University, United States
* Correspondence: Najma Rachidi, najma.rachidi@pasteur.fr
Specialty section: This article was submitted to Cellular Biochemistry, a section of the journal Frontiers in Cell and Developmental Biology
Received: 22 October 2021
Accepted: 13 December 2021
Published: 03 January 2022
Citation: Smirlis D, Dingli F, Sabatet V, Roth A, Knippschild U, Loew D, Späth GF and Rachidi N (2022) Identification of the Host Substratome of Leishmania-Secreted Casein Kinase 1 Using a SILAC-Based Quantitative Mass Spectrometry Assay. Front. Cell Dev. Biol. 9:800098. doi: 10.3389/fcell.2021.800098

Leishmaniasis is a severe public health problem, caused by the protozoan Leishmania. This parasite has two developmental forms, extracellular promastigote in the insect vector and intracellular amastigote in the mammalian host where it resides inside the phagolysosome of macrophages. Little is known about the virulence factors that regulate host-pathogen interactions and particularly host signalling subversion. All the proteomes of Leishmania extracellular vesicles identified the presence of Leishmania casein kinase 1 (L-CK1.2), a signalling kinase. L-CK1.2 is essential for parasite survival and thus might be essential for host subversion. To get insights into the functions of L-CK1.2 in the macrophage, the systematic identification of its host substrates is crucial, we thus developed an easy method to identify substrates, combining phosphatase treatment, in vitro kinase assay and Stable Isotope Labelling with Amino acids in Cell (SILAC) culture-based mass spectrometry. Implementing this approach, we identified 225 host substrates as well as a potential novel phosphorylation motif for CK1. We confirmed experimentally the enrichment of our substratome in bona fide L-CK1.2 substrates and showed they were also phosphorylated by human CK1δ. L-CK1.2 substratome is enriched in biological processes such as “viral and symbiotic interaction,” “actin cytoskeleton organisation” and “apoptosis,” which are consistent with the host pathways modified by Leishmania upon infection, suggesting that L-CK1.2 might be the missing link. Overall, our results generate important mechanistic insights into the signalling of host subversion by these parasites and other microbial pathogens adapted for intracellular survival.
Keywords: Casein kinase I, Substrate screen, Leishmania, Host-pathogen interactions, Cancer, SARS-CoV2
INTRODUCTION
Leishmania causes immuno-pathological diseases including cutaneous, muco-cutaneous, and visceral leishmaniasis, leading to severe morbidity and mortality. This parasite has two developmental stages, in the insect vector as an extracellular promastigote form, and in the mammalian host as an intracellular amastigote form where it resides inside the phagolysosome of macrophages. Our understanding of host-Leishmania interactions was very limited until the discovery of the Leishmania exo-proteome, revealing potential mechanisms by which the parasite subverts its host cell (Silverman et al., 2010) (Atayde et al., 2015; Rachidi et al., 2021). Among the proteins released by Leishmania, casein kinase 1.2 (LmjF35.1010, L-CK1.2) is particularly remarkable. Indeed CK1 family members as signalling kinases are involved in the regulation of multiple processes, such as apoptosis or cell cycle. Moreover, manipulation of the host cell CK1-signalling pathways is common to many intracellular pathogens, from viruses to eukaryote pathogens (Jayaswal et al., 2010; Xia et al., 2018; Rachidi et al., 2021; Dorin-Semblat et al., 2015), suggesting that the release of L-CK1.2 might be essential for macrophage subversion by Leishmania. Similarly to its human orthologs, Leishmania CK1.2 has a ubiquitous distribution in the parasite and is detected in the flagellum, flagellar pocket, the cytoplasm, or strongly associated with the cytoskeleton (Martel et al., 2020). The localisation of L-CK1.2, but not its activity requires its C-terminus domain (Martel et al., 2020), which might mostly mediate the interaction of L-CK1.2 to interacting partners (Knippschild et al., 2014). L-CK1.2 was shown to be part of the core cargo of exosomal proteins (Silverman et al., 2011; Silverman et al., 2010), present in exosomes released by promastigotes in the insect vector (Atayde et al., 2015) and enriched in exosomes released by amphotericin B-resistant parasites but not in that released by miltefosine- or antimony-resistant parasites (Douanne et al., 2020; Rachidi et al., 2021), suggesting that it has an important role for parasite survival in the insect and mammalian hosts. We and others have shown that L-CK1.2 is essential for intracellular parasite survival (Rachidi et al., 2014; Baker et al., 2021) and could be evolutionary selected for its capacity to interact with and phosphorylate host proteins to modulate macrophage biological and immune processes (Rachidi et al., 2021; Rachidi et al., 2014). Indeed, L-CK1.2 phosphorylates the human IFNAR1 receptor, which leads to the attenuation of the cellular response to interferon α/β (Liu et al., 2009). Altogether, these findings are consistent with L-CK1.2 being a master regulator of Leishmania intracellular survival. To determine its contribution to the regulation of host-pathogen interactions, identification of the host pathways it regulates through the systematic identification of substrates is crucial. However, the low stoichiometry of protein phosphorylation, the presence of endogenous kinases as well as the reversibility of the phosphorylation by phosphatases render systematic mapping of the cellular substratome extremely challenging. This is particularly true when handling pleiotropic signalling kinases such as CK1 family members, able to phosphorylate hundreds of substrates (Knippschild et al., 2014). We thus developed a technology, easily applicable to other protein kinases, that allows efficient identification of substrates. Applying this pipeline on L-CK1.2, we identified 225 host substrates that shed important new lights on parasite immune and biological subversion of its host. Furthermore, we validated our approach, which might become a powerful new tool to study mechanisms of host-pathogen interactions and might provide host targets for host-directed therapy against Leishmaniasis.
MATERIAL AND METHODS
SILAC Labelling and Lysate Preparation
For labelling cells by SILAC, equal numbers of THP-1 monocytes (2 × 105 ml−1) were seeded in RPMI 1640 without Lysine and Arginine (Thermo Fisher Scientific), supplemented either with natural amino acids (L-Lysine, 0.274 mM; L-Lysine, 1.15 mM; Arginine, 1.15 mM) or with the same concentrations of amino acid isotopes 2H4-Lysine (Lys4) and 13C6--Arginine (Arg6) (Thermo Scientific). The medium was supplemented with 50 μM β-mercaptoethanol, 50U mL−1 penicillin, 50 μgmL−1 streptomycin and 10% (v/v) of dialysed Fetal Bovine Serum (Sigma). Cells were split and seeded before reaching a concentration of 106 ml−1 in fully supplemented SILAC medium, for a period of at least 15 days 0.75 to 1 × 108 cells were then differentiated for 48 h into macrophages by the addition of 10 ng ml−1 PMA. Cells cultivated in SILAC medium were washed three times in PBS and lysed in RIPA lysis and extraction buffer (Thermo Scientific) containing one tablet per 10 ml of cOmplete™ protease Inhibitor Cocktail tablets (Sigma). Cell extracts were incubated on ice 30 min, sonicated 5 min, and centrifuged 15 min at 14,000 g to eliminate cell debris. Proteins were quantified in the supernatants using the RC DC™ protein assay kit (Bio-Rad), according to the manufacturer’s instructions. For free ATP depletion, protein extracts were dialyzed overnight at 4°C in 1 L of dialysis solution (1× PBS, 1 mM EDTA, 1 mM dithiothreitol) in a Slide-A-Lyzer dialysis cassette (Pierce).
Expression and Purification of L-CK1.2 and L-CK1.2-K40A
Bacterial expression plasmid for L-CK1.2 was generated as previously described (Rachidi et al., 2014). Bacterial expression plasmid carrying L-CK1.2-K40A (kinase dead) was generated by site-directed mutagenesis as previously reported (Rachidi et al., 2014). Recombinant proteins were induced in Rosetta™ (DE3) Competent Cells (Novagen) with 0.02% (w/v) L-arabinose for 3 h at 25°C. Cells were harvested and resuspended in lysis buffer as previously described (Rachidi et al., 2014). Briefly recombinant kinases were purified on co-nitrilotriacetic acid agarose (Pierce) and eluted in 300 mM imidazole in PBS containing 60 mM β-glycerophosphate, 1 mM sodium vanadate, 1 mM sodium fluoride and 1 mM disodium phenylphosphate. Protein eluates were supplemented with 15% glycerol and stored at −80°C.
Expression and Purification of Human GST-CK1δTV1
Bacterial expression of GST-CK1δTV1 was induced with 0.5 mM IPTG at an OD600 of 0.6 AU in E. coli SoluBL21TM (Genlantis) and incubated for 18 h at 18°C. Cells were harvested and resuspended in lysis buffer containing 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.5% NP-40, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidzine, 0.25 μg/ml aprotinin and 1 mM DTT. The lysate was centrifuged at 15,000 × g for 30 min. The cleared lysate was incubated with 300 µL of glutathione sepharose suspension (50% Glutathione Sepharose® 4 Fast Flow (Cytiva) in PBS) for 2 h at 4°C. Afterwards, glutathione sepharose beads were washed three times in lysis buffer containing 300 mM NaCl and twice in washing buffer (20 mM Tris-HCl (pH 7.6), 50 mM NaCl, 0.25 μg/μL aprotinin, 1 mM EDTA). The bound proteins were eluted with 1 ml elution buffer containing 50 mM Tris-HCl (pH 7.6), 1 mM EDTA and 5 mM reduced glutathione. Proteins were stored in 10% glycerol at −80°C after shock freezing in liquid nitrogen.
Protein Kinase Assay and Phosphatase Treatment
For phosphatase treatment, 500 μg of “heavy” or “light” THP-1 protein extract were dephosphorylated with 50 U of Antarctic phosphatase (NEB) in Antarctic phosphatase buffer (NEB) for 30 min at 37°C. Phosphatase activity was heat inactivated at 65°C for 15 min. The kinase assay for the “heavy” or “light” protein extracts (500 μg) were performed in buffer C (60 mM β-glycerophosphate, 30 mM p-nitrophenyl phosphate, 25 mM MOPS [morpholinepropanesulfonic acid], 5 mM EGTA, 15 mM MgCl2, 1 mM dithiothreitol, 0.1 mM sodium vanadate; pH 7.0) in the presence of 15 μM ATP and 200 ng of recombinant L-CK1.2 or kinase dead L-CK1.2-K40A. The reaction was performed in triplicate at 30°C for 45 min. For mock reactions no kinases were added. Reactions were stopped with the addition of 10 μM of D4476 {4- [4-(2,3-dihydro- 1,4- benzodioxin-6-yl)- 5- 2-pyridinyl)- 1H- imidazol-2-yl]} benzamide, a specific inhibitor of CK1 known to inhibit L-CK1.2 activity (Rachidi et al., 2014), followed by heat inactivation at 65°C for 15 min. Next, kinase inactivation heavy and light protein samples were mixed in a 1:1 ratio, and precipitated in 80 (v/v) % ice-cold acetone and stored at −80°C prior to LC/MS-MS analysis. For IVKA with L-CK1.2, 15 μg of total THP-1 protein extracts or 0.5–1.0 μg of recombinant proteins, GST-14-3-3γ (Enzo #BML-SE313-0100), RCN2-6XHis (Abcam #ab125644) Glo1 (Abcam # ab206792), SNAP23 (Abnova #H00008773-P01) and TAF7 (Abnova #H00006879-P01), were assayed with 0.2 μg of L-CK1.2 or L-CK1.2-K40A, as described in Rachidi et al. (2014). Incorporated 32P was monitored by SDS-PAGE and autoradiography. For IVKA with human GST-CK1δTV1, 6 ng of kinase was incubated with the 0.5–1.0 μg of recombinant proteins (see above) in 1x kinase buffer (250 mM Tris-HCl (pH 7.0), 100 mM MgCl2, 1 mM EDTA) and 15μΜ 32P-γATP in 30 μL final volume for 30 min at 30°C. All kinase assays were performed at least three times.
Phospho-Peptide Enrichment
Phosphorylated peptides were enriched using TitansphereTM Phos-TiO kit centrifuge columns (3 mg/200 µL, cat. No. 5010-21312, GL Sciences), as described by the manufacturer. After elution from the Spin tips, phospho-peptides were vacuum concentrated to dryness and reconstituted in 0.1% formic acid. Samples were then loaded onto a custom-made C18 StageTips packed by stacking one AttractSPE® disk (#SPE-Disks-Bio-C18-100.47.20 Affinisep) and 2 mg beads (#186004521 SepPak C18 Cartridge Waters) into a 200 µL micropipette tip for desalting. Enriched phospho-peptides were eluted using 40/60 MeCN/H2O + 0.1% formic acid and vacuum concentrated to dryness.
Liquid Chromatography-Tandem Mass Spectrometry
LC was performed with an RSLC nano system (Ultimate 3000, Thermo Scientific) coupled online to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Peptides were first trapped on a C18 column (75 μm inner diameter × 2 cm; nanoViper Acclaim PepMapTM 100, Thermo Scientific) with buffer A (2/98 MeCN/H2O in 0.1% formic acid) at a flow rate of 2.5 μL/min over 4 min. Separation was then performed on a 50 cm × 75 μm C18 column (nanoViper Acclaim PepMapTM RSLC, 2 μm, 100Å, Thermo Scientific) regulated to a temperature of 55°C with a linear gradient of 2–25% buffer B (100% MeCN in 0.1% formic acid) at a flow rate of 350 nL/min over 211 min. Separation of phospho-peptide samples without phosphatase was performed with buffer A’ (5/98 DMSO/H2O in 0.1% formic acid) and B’ (5/95 DMSO/MeCN in 0.1% formic acid) by using a linear gradient of 2–30% with the same time and flow rate as previous gradient. Full-scan MS was acquired in the Orbitrap analyzer with a resolution set to 240,000, a mass range of m/z 400–1500 and a 4 × 105 ion count target. ions from each full scan were isolated and futher HCD fragmented with normalized collision energy of 30% and rapid scan MS analysed in the linear ion trap. The MS2 ion count target was set to 2 × 104 and only those precursors with charge state from 2 to 7 were sampled for MS2 acquisition.
Data Analysis
For identification, the data were searched against the Homo sapiens (UP000005640) UniProt database using Sequest-HT through Proteome Discoverer (PD, version 2.4). Enzyme specificity was set to trypsin and a maximum of two-missed cleavage sites was allowed. Oxidized methionine, Met-loss, Met-loss-Acetyl, Ser/Thr/Tyr phosphorylation, N-terminal acetylation, heavy 2H4-Lysine (Lys4) and 13C6-Arginine (Arg6) were set as variable modifications. Carbamidomethyl of cysteines were set as fixed modification. Maximum allowed mass deviation was set to 10 ppm for monoisotopic precursor ions and 0.6 Da for MS/MS peaks. The resulting files were further processed using myProMS v3.9.2 (Poullet et al., 2007). The Sequest-HT target and decoy search result were validated at 1% false discovery rate (FDR) with Percolator at the peptide level. Technical replicates (n = 3) were merged using the MSF files node and a SILAC-based phospho-peptides quantification was performed by computing peptides XICs (Extracted Ion Chromatograms). The phosphosite localization accuracy was estimated by using the PtmRS node in PD (version 2.4), in PhosphoRS mode only. Phosphosites with a localization site probability greater than 75% and with at least two SILAC measurements per peptide were quantified at the peptide level. Mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD026220.
Motif Discovery
Unique phospho-peptides sequences, matching the strict selection criteria, were aligned on phosphorylated serine and threonine with 5 flanking amino acids. PhosphoSitePlus phosphosite plus [https://www.phosphosite.org/homeAction.action (Hornbeck et al., 2015)] was used to compute motif analysis enrichment (automatic background selection; significance of 1e-6; support threshold of 0.1) and to generate corresponding sequence logo (automatic background selection; frequency change algorithm (Vacic et al., 2006).
STRING Network Visualization and Gene Ontology Enrichment Analysis
The dataset was analyzed for protein-protein interactions and visualized using the STRING plugin [string, https://string-db.org/ (Szklarczyk et al., 2019)] of the Cytoscape software package [version 3.8.2, https://cytoscape.org/ (Shannon et al., 2003)]. Each node represents a substrate and each edge represents a protein-protein interaction. Functional enrichment analysis of the dataset was performed using the g:profiler web server (https://biit.cs.ut.ee/gprofiler/gost) and the following criteria: only annotated genes, with a significance threshold of 0.05, select GO terms of less than 5,000 genes, and only focusing on GO “biological process.” Results were visualized using the EnrichmentMap plugin of the Cytoscape software package [version 3.3, http://apps.cytoscape.org/apps/enrichmentmap (Merico et al., 2010)], with a p-value and a Q-value above 0.05 and an edge cut-off of 0.375. Node color represents the enrichment p-value (see legend Figure 4). Node size is proportional to the total number of genes belonging to the corresponding gene-set. The edge corresponds to the Annotation shared between two nodes, with edge thickness corresponding to the number of shared genes. Node clusters were identified and annotated by the AutoAnnotate plugin of cytoscape (version 1.3.3 https://autoannotate.readthedocs.io/en/latest/).
RESULTS
Strategy and Establishment of the Experimental Protocol
To identify the L-CK1.2 host-substratome, we implemented an experimental workflow designed to quantify TiO2-enriched phospho-peptide stoichiometry by LC-MS/MS in metabolically-labelled, heat inactivated THP-1 macrophage protein lysates after their phosphorylation by recombinant L-CK1.2 (Figure 1A). In order to increase the number of sites available for de novo L-CK1.2 phosphorylation prior in vitro kinase assay (IVKA), we depleted the lysates in ATP before treating them with Antarctic phosphatase. However, since CK1 recognises, as a main consensus site, the following motif [S/T]X2-3 [pS/pT], where the second S/T residue is only accessible for CK1 phosphorylation if the first S/T residue is primed (a.k.a. phosphorylated) by other kinases, we also performed an experiment without phosphatase treatment. TiO2-enriched phospho-peptide stoichiometry was calculated from technical triplicate as a ratio of HeavyL-CK1.2/LightL-CK1.2-K40A and comparisons were made to phospho-peptide ratios of Heavy/Light mock reactions without kinases.
[image: Figure 1]FIGURE 1 | Experimental workflow and validation of substrate dataset. (A) Upper Panel. Workflow diagram showing the experimental strategy used to reveal L-CK1.2 substratome derived from THP-1 lysates. THP1 cells were cultured and differentiated in the presence of natural amino acids (light, blue) or stable amino acid isotopes (heavy, red). Equal amounts per reaction (0.5 mg) of heavy or light lysates were treated with phosphatase and ATP depleted (*) or not and denatured by heat inactivation to remove endogenous kinase activities. The phosphatase reactions were stopped by heat inactivation. Lysates were then subjected to IVKA in presence of recombinant L-CK1.2 (green), L-CK1.2-K40A (kinase-dead, orange), or were mock treated with equal amounts of kinase elution buffer, in triplicate. The reactions were stopped with heat inactivation and addition of 10 μM D4476. Lower panel. Equal amounts (0.5 mg) of heavy (L-CK1.2) and light (L-CK1.2-K40A) samples were mixed. In addition, mock heavy and light samples were mixed in a 1:1 ratio and used as a control. The four samples were reduced, alkylated and digested and the resulting phospho-peptides were enriched by TiO2-affinity chromatography, and processed by LC-MS/MS analysis on an Orbitrap fusion mass spectrometer. (B) Sequence logos analysis of unique phospho-sites (five amino acids before and after the phosphorylation residues) matching strict selection criteria. Upper panel, for canonical consensus sites; middle panel, for non-canonical sites; and lower panel, for others. The amino acids are labelled according to their chemical properties: green for polar amino acids (G, S, T, Y, C, Q, N), blue for basic amino acids (K, R, H), red for acidic amino acids (D, E), and black for hydrophobic amino acids (A, V, L, I, P, W, F, M). (C) Autoradiogram representing IVKA using selected recombinant human proteins and inactive L-CK1.2-K40A (kinase-dead), active L-CK1.2 alone or in presence of the CK1-specific small molecule inhibitor D4476 (10 μM). (D) Autoradiogram representing IVKA using selected recombinant human proteins and recombinant CK1δTV1 alone or in the presence of D4476. 
For establishing appropriate experimental conditions, several pilot experiments were carried out. To decrease the background activity of endogenous kinases, the lysate of THP-1 macrophages was pulse-heated to denature endogenous kinases (Supplementary Figure S1). Denaturation efficiency was demonstrated by the absence of 32P incorporation in the background control (Supplementary Figure S1, lane 2). In contrast, the de novo phosphorylation of denatured THP-1 proteins by active L-CK1.2 was detected, showing that L-CK1.2 phosphorylates proteins present in the macrophage lysate (Supplementary Figure S1, lane 1). To increase the number of sites available for de novo phosphorylation in the macrophage lysate, two steps were added to the pipeline (Figure 1A). The protein lysates were dephosphorylated by Antarctic phosphatase and depleted of free ATP by dialysis to prevent any additional phosphorylation. Similar patterns of total protein staining (Supplementary Figure S1, right panel) and phosphorylation profile (Supplementary Figure S1, left panel) were observed between samples treated or not with phosphatase and thus dialysed or not, suggesting that protein degradation following dialysis was minimal under our experimental conditions. The increase of 32P incorporation into substrates following phosphatase treatment (Supplementary Figure S1, lane 3) confirms that previously many sites were inaccessible to de novo phosphorylation. To reduce technical errors during phospho-peptides enrichment, to limit missing values and to perform quantitative analyses, we used Stable Isotope Labelling with Amino acids in Cell culture (SILAC). This method relies on the metabolic incorporation of either “Heavy” [2H4-Lysine (Lys4) and 13C6-Arginine (Arg6)] or natural (“Light”) [lysine (Lys0) and arginine (Arg0)] amino acids (Ong et al., 2002; Ong and Mann, 2006; Basken et al., 2018). We validated the percentage of Lys4 incorporation in THP-1 macrophage proteins by LC-MS/MS analysis, which was over 99%. Finally, to reduce the risk of selecting false positive signals, we performed mock kinase assays using the “light” and “heavy” macrophage lysates without adding the kinases, to discard sites already differentially phosphorylated prior to the kinase assays.
Identification of L-CK1.2 Host Cell Substrates
Three independent reactions for each condition were carried out, and two independent protein extracts treated or not with phosphatase were used. In the absence of phosphatase treatment, 7,752 unique enriched phospho-peptides belonging to 3,544 unique proteins were identified of which 65% were quantified (see Supplementary Figures S2A, B for Venn diagrams). The same analysis was performed with samples pre-treated with phosphatase, and 15,852 enriched phospho-peptides (5,158 proteins) were identified of which 66% were quantified (Supplementary Figures S2C, D), demonstrating the efficiency of the phosphatase treatment. However, the increase in phospho-peptides also in the H/L control (Supplementary Figures S2A, B) suggests that the pulse-heating step did not completely abrogate but only reduced the activity of endogenous kinases to levels undetectable by autoradiography (Supplementary Figure S1).
To determine L-CK1.2 substrates, the following selection criteria were applied: 1) A probability of correct localisation of the phosphorylation site on validated peptides greater than 75%, as calculated by PtmRS software (see Data analysis of Material and methods), 2) the ratio HeavyL-CK1.2/LightL-CK1.2-K40A equal or above two to select the sites phosphorylated by L-CK1.2 (Sugiyama et al., 2019); and/or 3) the ratio HeavyL-CK1.2/LightL-CK1.2-K40A at least twofold higher than that of the control Heavy/Light to only select the newly phosphorylated sites. As we detected a high number of unique peptides identified in the presence of active kinase and not in that of inactive kinase, p-value could not be used, as statistical analyses either lacked power or were not available depending if a unique phosphopeptide was identified in one or more replicates of one state, respectively. We chose not to use data imputation to force statistical analyses, as current methods are not really suitable for phospho-proteomics, and they often add noise. We chose a stringent fold-change cut-off of 2, similar to the approach of Sugiyama et al., 2019 using for the discovery of the substrates of human kinases (Sugiyama et al., 2019). In addition, to strengthen our selection process, and considering that the overlap between replicates is about 25% at best, we considered reproducibility between replicates and we validated phosphopeptides solely if criteria 1), 2) and 3) were validated at least in two out of three replicates.
Using the above criteria, 99 phospho-peptides (81 proteins) and 158 phospho-peptides (144 proteins) were selected as potential substrates of L-CK1.2 in absence or in presence of phosphatase, respectively (Table 1). Noticeably, only proteins expressed in non-infected macrophages could be detected in our experimental setting. We missed potential substrates exclusively expressed in infected macrophages. Only fifteen proteins were common to the two datasets. Although consistent with the variability of the data dependent acquisition (DDA) LC-MS/MS analysis, this finding suggests that the phosphatase treatment greatly improves the access of L-CK1.2 to new substrates for which it has more affinity.
TABLE 1 | Phospho-peptides.
[image: Table 1]Validation of the Substratome
Because our approach is in vitro, we first checked whether the sites we identified are phosphorylated in vivo. To this end, we compared our dataset with existing human phosphoproteomes (Table 1 and Supplementary Table S1, https://www.phosphosite.org/homeAction.action). We found that 94% of the 257 phosphosites were phosphorylated in vivo suggesting they are physiologically relevant and accessible in vivo. Next, three levels of validation were used to demonstrate that the dataset containing 225 proteins are bona fide host L-CK1.2 substrates (Table 2). First, we showed that our dataset contains 55% of known mammalian CK1 substrates or interacting partners: 11 known substrates, including the interferon-alpha/beta receptor alpha chain (IFNAR1/2) (Liu et al., 2009), Sprouty 2 (SPRY2) (Yim et al., 2015) and Fam83H (Fulcher et al., 2018); 46 potential new substrates obtained by Sugiyama et al. using a similar method (Supplementary Table S2) (Sugiyama et al., 2019); as well as 66 known interacting partners, which thus might also be substrates (Buljan et al., 2020). Second, the phospho-peptides, we identified, were highly enriched in known CK1 consensus sites (Xu et al., 2019). Hundred and twenty-six sites display the canonical CK1-phosphorylation motif, [S/T]X2-3 [pS/pT] or [E/D]X2-3 [pS/pT] (Table 1; Figure 1B top panel), consistent with the affinity of CK1 for these two motifs (Xu et al., 2019). Seventy-four sites display the non-canonical consensus SLS-Xn-(E/D)n (Ha et al., 2004; Marin et al., 2002; Marin et al., 2003; Marin et al., 1994) or resemble to K/R(X)K/R (XX)pS/pT, a CK1 consensus site identified in cholesterol and sulfatide binding proteins (Table 1; Figure 1B middle panel) (Kawakami et al., 2008). Surprisingly, this motif was present in only 10 phospho-peptides while the remaining 58 peptides contained a shorter version, K/R (XX)pS/pT. Finally, seventy-seven phospho-sites did not contain any known CK1 motif (others, Table 1), and might represent novel CK1 phosphorylation motifs (Table 1). We searched for motif enrichment using PhosphoSitePlus and identified [G]XX [pS] in 20 phospho-peptides with a p-value of 8.02E-11 (Figure 1B bottom panel and Table 3) and variants of this site: [G]XX [pS]XX [E] (7 sites) and [G]XX [pS]P (10 sites). Noticeably, all the motifs generated for L-CK1.2 in this study highlight the presence of a proline residue adjacent to the phosphorylated S or T (Figure 1B, position 7), which has not been described for human CK1 motifs (Sugiyama et al., 2019). It might reflect the specificity in the substrate recognition motif of L-CK1.2. Third, we performed an in vitro kinase assay using recombinant L-CK1.2 to experimentally validate our substratome data. We included five proteins that might be important for Leishmania intracellular survival based on their potential to modulate macrophage functions and/or inflammation. The selected recombinant proteins, namely reticulocalbin 2 (RCN2, Q14257), 14-3-3γ (YWHAG, P61981), lactoylglutathione lyase 1 (Glo1, Q04760), synaptosomal-associated prot 23 (SNAP23, O00161) and transcription initiation factor TFIID subunit 7 (TAF7, Q15545) were subjected to a kinase assay using inactive L-CK1.2-K40A (kinase-dead), active L-CK1.2 alone or in presence of the CK1-specific small molecule inhibitor D4476 (Rachidi et al., 2014). All recombinant proteins were phosphorylated by L-CK1.2, but no phosphorylation was observed in the D4476 and L-CK1.2-K40A controls (Figure 1C). We performed a similar experiment using recombinant human CK1δ and showed that the five substrates were also phosphorylated by the human kinase, confirming the relevance of our substratome for human CK1s (Figure 1D). Altogether, these results confirm that our dataset identified bona fide L-CK1.2 host cell substrates, which validate our approach. Furthermore, these substrates are also targeted by human CK1δ, which is consistent with data obtained by Sugiyama et al. showing that 24 L-CK1.2 phospho-sites are also targeted by human CK1s (Table 4).
TABLE 2 | Proteins.
[image: Table 2]TABLE 3 | Motifs identified in category “others.”
[image: Table 3]TABLE 4 | Residues also phosphorylated by huCK1s.
[image: Table 4]Relevance of the Substratome for Leishmania Infection
Next, we asked whether the phosphorylation of these host substrates by L-CK1.2 might be relevant for Leishmania intracellular survival. Although, many studies described host pathways modified upon Leishmania infection, little is known about host proteins regulated by excreted Leishmania proteins and particularly excreted kinases (Isnard et al., 2012; Nandan and Reiner, 2005). Thus, we asked whether L-CK1.2 host substrates were differentially regulated during Leishmania infection and whether pathways enriched in our dataset were consistent with those modified during infection. Indeed, during Leishmania infection, 32% of L-CK1.2 substrates are differentially regulated at protein level (Smirlis et al., 2020; Singh et al., 2015; da Silva Santos et al., 2015; Negrão et al., 2019), and 30% differentially expressed at transcript level during infection (Fernandes et al., 2016; Dillon et al., 2015; Frank et al., 2015; Rabhi et al., 2013) (Table 2). These findings suggest that 60% of the proteins targeted by L-CK1.2 might be important for Leishmania infection. To determine the biological processes enriched in our dataset, we used Enrichment map app from cytoscape. We identified functional enrichment for nine GO terms relative to apoptosis, actin cytoskeleton organisation or RNA processing and splicing, which is consistent with Leishmania inhibiting host apoptosis (Moore and Matlashewski, 1994; Gupta et al., 2016), altering F-actin dynamics (de Menezes et al., 2017), or modifying the host transcriptome, respectively (Fortéa et al., 2009; Fernandes et al., 2016) (Figure 2). Moreover, several key biological processes, preferentially targeted by Leishmania CK1.2, are associated with host-pathogen interactions such as “viral and symbiotic interactions” or “response to stimulus” (Figure 2, Supplementary Table S3), suggesting that despite the use of non-infected macrophages as experimental system, pathways activated during infection were identified in our dataset. Altogether, this functional enrichment study suggests that the pathways targeted by L-CK1.2 in vitro might have some relevance in vivo. Further experiments will be required to determine the respective importance of all these substrates for Leishmania infection.
[image: Figure 2]FIGURE 2 | L-CK1.2 targeted biological processes. Functional enrichment analysis of the whole dataset was performed using the g:profiler web server. Results were visualized using the EnrichmentMap plugin of the Cytoscape software package, with a p-value and a Q-value above 0.05 and an edge cut-off of 0.528. Node colour represents the enrichment p-value. Node size is proportional to the total number of genes belonging to the corresponding gene-set. The edge corresponds to the Annotation shared between two nodes (blue), with edge thickness corresponding to the number of shared genes. Node clusters were identified and annotated by the AutoAnnotate plugin of cytoscape. See Supplementary Table S3 for the whole list of annotations. Blue rectangle indicates the biological processes that are specific of L-CK1.2.
L-CK1.2 Substratome Versus Human CK1s Substratome
It is expected that L-CK1.2 and the host CK1s would target the same substrates, as they are closely related, but we have shown that they have structural differences in their ATP binding pocket (Durieu et al., 2016) and in their primary sequence with the presence of three additional amino acids between domain III and IV (Rachidi et al., 2014). These differences might lead to differences in substrate affinity. To examine this hypothesis and to take in account the variability of DDA of LC-MS/MS analyses, instead of comparing substrates, we compared biological process enrichments to deduce the ability of L-CK1.2 to regulate host CK1-related pathways. To this end, we took advantage of the recent substratome of human CK1s (CK1 α, δ, ε, γ1, γ2 and γ3) obtained by Sugiyama et al. Sugiyama et al. (2019) using HeLa cells, and performed a biological process enrichment map, which we compared to that of L-CK1.2 (Figure 3, Supplementary Table S4). We identified 19 groups, including “DNA metabolic process,” “cell cycle” and “catabolic process,” among which 6 are common with L-CK1.2. Noticeably, three biological processes are enriched only in L-CK1.2 dataset: “GTPase-mediated signal transduction,” “positive regulation of process” and “regulation of catalytic activity.”
[image: Figure 3]FIGURE 3 | Human CK1s targeted biological processes. Functional enrichment analysis of the human CK1 substrate dataset, extracted from Sugiyama et al. (Sugiyama et al. 2019) was performed using the g:profiler web server. Results were visualized using the EnrichmentMap plugin of the Cytoscape software package, with a p-value and a Q-value above 0.05 and an edge cut-off of 0.528. Node colour represents the enrichment p-value. Node size is proportional to the total number of genes belonging to the corresponding gene-set. The edge corresponds to the Annotation shared between two nodes (blue), with edge thickness corresponding to the number of shared genes. Node clusters were identified and annotated by the AutoAnnotate plugin of cytoscape. See Supplementary Table S4 for the whole list of annotations. Red rectangle indicates the biological processes that are common with L-CK1.2 (Panel 2).
L-CK1.2 Substrates for Human Diseases
CK1 family members have been implicated in the physiopathology of several human diseases such as cancer or infectious diseases (Knippschild et al., 2014; Xu et al., 2019). Indeed, defect in CK1 regulation is associated with cancer, while survival of intracellular pathogens relies on the manipulation of host CK1-pathways (Jayaswal et al., 2010; Cegielska and Virshup, 1993; Zhang et al., 2017). One intriguing possibility would be that the modification of similar CK1 pathways might contribute to the pathology of these different diseases. To support this hypothesis, we investigated whether any of L-CK1.2 substrates might be important for other human diseases, focusing on cancer and viral infection. First, we showed using PhosphoSitePlus that 1) 76% of the L-CK1.2 substrates are considered as prognosis markers for various cancer types (Supplementary Table S1), 2) 89% of L-CK1.2 phosphosites are phosphorylated in cancer cells (Table 1; Supplementary Table S1 and Figure 4, round shape), and 3) 10% of L-CK1.2 phosphosites are mutated during tumorigenesis (Table 1; Supplementary Table S1 and Figure 4, red border). These data are consistent with the fact that human CK1s are overexpressed in cancer cells (Xu et al., 2019). Second, we showed that 51% of L-CK1.2 substrates are phosphorylated during SARS-CoV2 infection (Figure 4, green, Table 2 and Supplementary Table S1), and 20% on the same sites as those phosphorylated by L-CK1.2 (Table 1 and Supplementary Table S1) (Bouhaddou et al., 2020). Only two biological processes, “RNA splicing” and “cellular localisation and transport,” are commonly enriched (Supplementary Figure S3 and Supplementary Tables S5, S6). Interestingly, L-CK1.2 substratome contains eight proteins that interact with SARS-CoV2 proteins, suggesting similar regulations (Gordon et al., 2020). Altogether, our data point to similar pathways being altered in different human diseases.
[image: Figure 4]FIGURE 4 | Protein-protein interaction network of L-CK1.2 substrates. The dataset was analyzed for protein-protein interactions and visualized using the STRING plugin of the Cytoscape software package. Each node represents a substrate and each edge represents a protein-protein interaction. Round shape represents sites phosphorylated in cancer cells; Diamond shape represents sites not phosphorylated in cancer cells; Red border indicates phospho-sites mutated during tumorigenesis; Green fill color indicates proteins phosphorylated during SARS-Cov2 infection. The labeling indicates the UniProt human name. The size of the node represents the ratio (HeavyL-CK1.2/LightL-CK1.2-K40A)/(Heavy/Light mock).
DISCUSSION
Increasing the knowledge on released parasite proteins is crucial to better understand host-pathogen interactions. Even more when studying host cell signalling pathways exploited by pathogens during infection through the release of their kinases, hence the importance of finding their host substrates in an unbiased manner. Here, we developed a method, applicable to other kinases, combining SILAC-based quantitative mass spectrometry, pulsed heating and IVKA that allows direct detection of phosphorylation and does not require the modification of the kinase (Shah et al., 1997). We applied this method to L-CK1.2, as, despite its essentialness for intracellular parasite survival, little is known on the host functions of this signalling kinase released by Leishmania, except its phosphorylation of host IFNAR1, the receptor to interferon α/β (Liu et al., 2009). We identified 257 phospho-sites corresponding to 225 substrates. Although our approach has limitations inherent to the variability of the DDA of mass spectrometry analyses or to the IVKA, we validated them as bona fide CK1 substrates, suggesting that the above limitations did not compromised our ability to identify true L-CK1.2 substrates. Regarding the physiological relevance of those substrates, we cannot exclude that the pulsed heating might have altered protein structure and revealed sites that would normally not be accessible. However, we do not favour this hypothesis for two reasons. First, most of the phosphosites in our dataset are phosphorylated in vivo (PhosphoSitePlus), suggesting that they are accessible even integrated into protein complexes. Second, we validated experimentally some of these substrates even when correctly folded. These results will need experimental confirmation in a cellular model, nonetheless they provide pathways to prioritise for further characterisation. We showed that only few substrates are common to the two datasets, + and - phosphatase treatment, which can be explained as follows. 1) Substrates carrying the following consensus site, [S/T]pX2-3 [pS/pT], might have been lost from the “+ phosphatase” dataset, as it requires priming. 2) Phospho-peptides were lost as a consequence of the variability in TiO2 purification, of DDA LC-MS/MS analysis. 3) Dephosphorylation might have made accessible residues for which L-CK1.2 has more affinity and thus might phosphorylate preferentially when available, explaining why some residues targeted efficiently in absence of phosphatase treatment were no longer identified after the treatment. These variabilities led to the lost of a substantial number of common substrates, as they were above threshold in only one of the three replicates, which is not sufficient to be considered as a substrate.
From our large dataset, we showed that L-CK1.2 phosphorylates the known canonical and non-canonical CK1 recognition motifs, which is consistent with previous observations (Rachidi et al., 2014). The only differences are first linked to the motif identified by Kawakami et al. K/R(X)K/R (XX)pS/pT (Kawakami et al., 2008), as our results suggest a shorter motif, K/R (XX)pS/pT. Our analysis is based on a bigger number of substrates, which might explain the difference with Kawakami et al. (2008). The second difference is the presence of a proline residue adjacent to the phosphorylated S/T ([pS/pT][P]). Sugiyama et al. identified 507 substrates for human CK1α, δ, ε, γ1, γ2, γ3, and found similar CK1 phosphorylation motifs to those we identified with the exception of the proline in +1 (Sugiyama et al., 2019). L-CK1.2 might have more affinity for consensus sites containing a proline adjacent to the S/T, which might be a way to restrict the host CK1 substrates targeted. Its requirement and its importance for L-CK1.2 substrate affinity remain to be confirmed experimentally. Furthermore, we identified a potential new CK1 consensus site, [G]X2-3 [pS/pT], which was validated experimentally with L-CK1.2 and CK1δ (SNAP23, Figures 1C,D). Further analyses, including mutagenesis, will be required to confirm this new consensus, as we cannot exclude the possibility that SNAP23 was phosphorylated on another site. L-CK1.2, not only targets similar consensus sites as mammalian CK1s but also similar biological processes (BP), as we showed that five human CK1 BP were also enriched in L-CK1.2 dataset. Noticeably, L-CK1.2 seems to target fewer pathways than human CK1s. Although we cannot rule out that it might be the consequence of the variability inherent to proteomic analyses, L-CK1.2 and human CK1s might have differences in substrate affinity despite high level of identity. Indeed, structural differences (Rachidi et al., 2014; Durieu et al., 2016) and a potentially more restricted consensus site (presence of a proline, this work) might explain this specificity. Further analyses will be required to distinguish between these two possibilities.
Numerous publications described host pathways modified during Leishmania infection but only few established a link between these pathways and parasite effectors. Our study by determining the host substrates of Leishmania CK1.2 highlight, for the first time, the pathways it may regulate in the host cell, providing a potential new link between a parasite effector and the host pathways it modifies. These pathways are consistent with those modified during Leishmania infection. For instance, several studies have shown that Leishmania infection inhibits macrophage apoptosis, which might contribute to the spread of the infection and parasite transmission (Moore and Matlashewski, 1994; Gupta et al., 2016). Indeed, we identified 41 L-CK1.2 host substrates involved in apoptosis, such as BCL2L13, which regulates the role of mitochondria-mediated cell death pathway and can be pro- or anti-apoptotic (Meng et al., 2021), or FOXO3, which is a transcription factor inducing transcription of genes involved in apoptosis. There are other examples with host pathways such as “actin cytoskeleton organisation’ or RNA metabolic process” that are both targeted by L-CK1.2 and modified during Leishmania infection (Fernandes et al., 2016; de Menezes et al., 2017; Smirlis et al., 2020; Bichiou et al., 2021). Extensive work remains to be done to ascertain the link between L-CK1.2 and host pathways modified during Leishmania infection. Nevertheless, the biological processes enriched among L-CK1.2 host substrates provide a starting point to prioritize pathways that should be characterised to reveal L-CK1.2 functions in the host cell. Furthermore, our dataset provides a list of potential host targets for host-targeted therapy against leishmaniasis (Lamotte et al., 2017).
Finally, although seemingly different, Visceral Leishmaniasis (VL), COVID-19 and cancer have manifestations that are to some extent common. For example, the uncontrolled overproduction of cytokines, namely the cytokine storm, is a common feature of terminal VL (Santos-Oliveira et al., 2011), SARS-CoV-2 infection and cancer (Turnquist et al., 2020). At the cellular level, similar pathways are regulated in infected or cancer cells. For instance, apoptosis is inhibited in Leishmania infected macrophages as well as in cancer cells (Knippschild et al., 2014; Gupta et al., 2016). The immune response is attenuated, preventing infected or cancer cells from being destroyed by the immune system (Knippschild et al., 2014; Figueiredo et al., 2016). CK1 is involved in the regulation of these two pathways, suggesting that it might be important for disease development (Knippschild et al., 2014; Xu et al., 2019; Rachidi et al., 2021). Indeed, human CK1 has cancer-associated functions linked to its involvement in the Wnt (Wingless/Int-1), Hh (Hedgehog), and Hippo signalling pathways (Knippschild et al., 2014; Xu et al., 2019), as well as an involvement in viral, bacterial and parasitic infections (Cegielska and Virshup, 1993; Jayaswal et al., 2010; Durieu et al., 2016; Zhang et al., 2017). Therefore CK1 substrates, including those identified in this work, might be similarly altered in different diseases. For instance, inactivation of FOXO3 is associated with the initiation and progression of cancer (Liu et al., 2018) and has a role in infectious diseases through regulation of IL-10 (Kane and Mosser, 2001; Bouzeyen et al., 2019). Understanding these molecular connections between infectious diseases and cancer may help health care providers discover new therapies for combatting these diseases.
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SUPPLEMENTARY FIGURE S1 |Increase of accessible residues for de novo phosphorylation following phosphatase treatment. Left panel Autoradiogram representing IVKA using THP-1 cell extracts treated (lane 3 and 4) or not (lane 1 and 2) with Antarctic phosphatase, and active L-CK1.2 (lane 1 and 3) or inactive L-CK1.2-K40A (lane 2 and 4). Right Panel Same gel stained with coomassie blue.
SUPPLEMENTARY FIGURE S2 |Comparison of the different experimental conditions. Venn diagrams showing the numbers and overlaps of phospho-peptides (A,C) or proteins (B,D) in the following four experiments: HeavyL-CK1.2/LightL-CK1.2-K40A and Heavy/Light mock, treated (A,B) or not with Antarctic phosphatase (C,D).
SUPPLEMENTARY FIGURE S3 |Common pathways targeted by L-CK1.2 and phosphorylated during SARS-CoV2 infection. Functional enrichment analysis of the proteins phosphorylated by L-CK1.2 and also during SARS-CoV2 infection was performed using the g:profiler web server. Results were visualized using the EnrichmentMap plugin of the Cytoscape software package, with a p-value and a Q-value above 0.03 and an edge cut-off of 0.375. Node colour represents the enrichment p-value. Node size is proportional to the total number of genes belonging to the corresponding gene-set. The edge corresponds to the Annotation shared between two nodes (blue), with edge thickness corresponding to the number of shared genes. Node clusters were identified and annotated by the AutoAnnotate plugin of cytoscape. See Table 2 (RNA splicing and processing) and 3 (cellular localisation & transport) for the list of annotations.
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Thymidylate synthase (TS), dihydrofolate reductase (DHFR), and serine hydroxymethyltransferase (SHMT) constitute the thymidylate synthesis cycle providing thymidylate for DNA synthesis and repair. Our previous studies indicated that TS and DHFR are the substrates of protein kinase CK2. This work has been aimed at the elucidation of the effect of CK2 activity on cell cycle progression, thymidylate synthesis enzyme expression and localization, and the role of CK2-mediated TS phosphorylation in in vitro di- and trimolecular complex formation. The results were obtained by means of western blot, confocal microscopy, flow cytometry, quantitative polymerase chain reaction (QPCR), quartz crystal microbalance with dissipation monitoring (QCM-D), and microthermophoresis (MST). Our research indicates that CK2 inhibition does not change the levels of the transcripts; however, it affects the protein levels of DHFR and TS in both tested cell lines, i.e., A549 and CCRF-CEM, and the level of SHMT1 in CCRF-CEM cells. Moreover, we show that CK2-mediated phosphorylation of TS enables the protein (pTS) interaction with SHMT1 and leads to the stability of the tri-complex containing SHMT1, DHFR, and pTS. Our results suggest an important regulatory role of CK2-mediated phosphorylation for inter- and intracellular protein level of enzymes involved in the thymidylate biosynthesis cycle.
Keywords: protein kinase CK2, CX-4945, thymidylate synthase, dihydrofolate reductase, serine hydroxymethyltransferase, acute lymphoblastic leukemia cells CCRF-CEM, protein–protein interaction
INTRODUCTION
CK2 (formerly known as casein kinase II) is a protein kinase involved in regulation of many processes such as transcription (Lüscher et al., 1990; Cabrejos et al., 2004) and translation (Riera et al., 1999; Szebeni et al., 2003; Borgo et al., 2015; Gandin et al., 2016), control of protein stability (Zhang et al., 2002; Patsoukis et al., 2013; Niechi et al., 2015) and degradation (Shen et al., 2001; Scaglioni et al., 2009), cell cycle progression (Homma and Homma, 2008), cell survival (Ahmed et al., 2002; Piazza et al., 2006; Duncan et al., 2011), and circadian rhythms (Tsuchiya et al., 2009). The role of this conserved, constitutively active serine–threonine kinase in a cell regulatory network is highly complex, and the extensive interplay between CK2-mediated phosphorylation and other post-translational modifications has been suggested (Nuñez de Villavicencio–Diaz et al., 2017). Moreover, an increased level/activity of CK2 kinase has been observed in several tumor types (Trembley et al., 2009; Borgo and Ruzzene, 2021).
Most of the CK2 substrates play important roles in the regulation of metabolic processes, cell signaling or apoptosis, including protecting the integrity of DNA (Chapman and Jackson, 2008; Siddiqui–Jain et al., 2012). Among those substrates are also three enzymes, namely, thymidylate synthase (TS), dihydrofolate reductase (DHFR), and serine hydroxymethyltransferase (SHMT), involved in the metabolic cycle resulting in de novo synthesis of thymidylate, a crucial substrate for DNA synthesis and repair. The in vitro CK2-mediated phosphorylation of TS was shown by Frączyk et al. (Frączyk et al., 2010; Frączyk et al., 2015) and Ludwiczak et al., 2016. The phosphorylation lowered TS catalytic activity and affected binding of the TS inhibitor, 5-fluorodeoxyuridylate (FdUMP). The results of molecular dynamics simulations have shown that CK2-mediated phosphorylation of serine 124 residue of the human TS leads to a protein conformational change, resulting in an unfavorable position of the substrate (dUMP) and cofactor (methylene-THF) in the active center (Jarmuła et al., 2010). In addition, a stiffening of certain protein fragments, especially the loop closing the active center pocket, has been shown (Frączyk et al., 2010). High-resolution structures provided evidence that the native human TS can have two major conformations: active and inactive, which depends on the location of the loop 182–297 (Lovelace et al., 2009). Mutant TS, M190K, with loop 182–297 stabilized in inactive conformation, was highly phosphorylated by CK2 in contrast to the active-conformation-stabilized mutant R163K (Luo et al., 2011). This may indicate the physiological relevance for the conformational switching of TS activity with possible stabilization of the inactive form by phosphorylation. The in vitro phosphorylation by CK2 of the second enzyme of the thymidylate synthesis cycle, DHFR, has been demonstrated recently by us (Skierka et al., 2019), while the third enzyme of the cycle, SHMT, has been indicated as the CK2 substrate in phosphoproteomics studies on mitotic HEK 293T cells (Rusin et al., 2017).
Both TS and DHFR are well-known molecular targets in anti-cancer chemotherapy, whereas CK2 has recently emerged as a target (Borgo et al., 2021), and the enzyme inhibitor, CX-4945 (5-(3-chlorophenylamino)benzo [c][2,6]naphthyridine-8-carboxylic acid), also known as silmitasertib (Pierre et al., 2011; Kim and Kim, 2012; Chon et al., 2015) undergoes phase I and phase II clinical studies for cancer treatment. This small molecule, ATP-competitive inhibitor, demonstrates an excellent profile of selectivity. Testing CX-4945 at 500 nM against a panel of 235 kinases revealed that this compound is able to affect the activity of only 49 kinases to an extent greater than 50% (D’Amore et al., 2020). It shows efficacy both in vitro in cells and in vivo in animal models and has a suitable pharmacokinetic profile (long half-life, oral bioavailability, and no toxicity). CX-4945 has been found to show an extensive anti-proliferative activity, i.e., to promote cell cycle arrest, and to induce caspase activity and apoptosis in various cancer cell lines (D’Amore et al., 2020).
Taking into account that CK2 regulates many oncogenic pathways and processes, we have recently undertaken the studies on simultaneous treatment of cancer cells with inhibitors of TS and CK2 (Wińska et al., 2018; Wińska et al., 2020) or DHFR and CK2 (Wińska et al., 2019) searching for the synergistic effect. The obtained results demonstrate the ability of CK2 inhibitors to enhance the efficacy of 5-fluorouracil (FU, TS inhibitor) or methotrexate (MTX, DHFR inhibitor) in cancer cells. The molecular mechanism of the observed synergistic effect that occurred in MCF-7 cells after CX-4945 and FU simultaneous treatment was not clear; however, the synergistic effect seemed to be related to the delay of FU-induced S-phase arrest recovery. In the MTX and CX-4945 case, we have observed cell accumulation in both the S-phase and G2/M-phase of the cell cycle after the combined treatment of CCRF-CEM cells, which seems to result from an additive effect, since MTX and CX-4945 used separately led to G2/M-phase arrest and S-phase arrest, respectively. Additionally, we have observed a significant increase in the DHFR level in acute lymphoblastic leukemia cells (CCRF-CEM) after treatment with CX-4945 (Wińska et al., 2019), which might indicate the possible involvement of CK2 in the regulation of thymidylate synthesis and, therefore, may affect CX-4945 therapy outcome.
In this follow-up study, we investigate the effect of CK2 inhibition on DHFR and TS expression in two different cancer cell lines, A549 (adenocarcinomic human alveolar basal epithelial cells) and CCRF-CEM (human acute lymphoblastic leukemia cells), while the expression of two forms of serine hydroxymethyltransferase, cytosolic (SHMT1) and mitochondrial (SHMT2), was studied in the CCRF-CEM cell line. The effect of CX-4945 on cell cycle progression and DHFR and TS localization has been investigated in A-549 cells. Additionally, the effect of CK2-mediated TS phosphorylation on the formation of di- and trimolecular complexes with SHMT1 and DHFR was studied by means of quartz crystal microbalance with dissipation monitoring (QCM-D) and microthermophoresis (MST). The obtained results suggest an important regulatory role of CK2-mediated phosphorylation in the stability of SHMT/DHFR/TS in cells, cellular localization of DHFR and TS, and the ability of the three enzymes to interact with each other.
MATERIALS AND METHODS
Reagents and Antibodies
Dimethyl sulphoxide (DMSO), molecular biology grade, used as a solvent for all stocks of chemical agents, was obtained from Roth (Karlsruhe, Germany). All reagents used in flow cytometry analysis were purchased from BD Biosciences Pharmingen (San Diego, CA, United States). The following primary antibodies were used: anti-GAPDH (Merck Millipore, #MAB374, 1:20000, 30 min, RT), anti-p-p65 (Ser529) (Biorbyt, # orb 14916, 1:500, overnight, +4°C), anti-DHFR (BD Biosciences), and anti-TS (Merck Millipore, #MAB4130, 1:500, overnight, +4°C). Secondary goat anti-rabbit IgG-HRP (Dako, #P0448, 1:2000, 1h, RT) and anti-mouse IgG-HRP (Dako, #P0447, 1:1000, 1h, RT) were used. Hoechst 33342 (Life Technologies, #H3569) and anti-mouse Alexa Fluor 555 were used in the IF study. Protease inhibitors (#11 836 153 001) were from Roche Applied Science (Mannheim Germany). The nitrocellulose membrane was from GE Healthcare Life Sciences (Freiburg, Germany), solvents for HRP reaction (Western Bright Peroxide and Western Bright Quantum) were purchased from Advansta, ECL reagent was from Millipore (United States), and CX-4945 was obtained from Biorbyt. Other solvents, reagents, and chemicals were purchased from POCH (Avantor Performance Materials, Gliwice, Poland), Merck, and Sigma-Aldrich Chemical Company (St. Louis, MO, United States).
Cell Culture and Treatment of Agents
CCRF-CEM (ECACC 85112105) human Caucasian acute lymphoblastic leukaemia was purchased from ECACC, whereas A-549 (ATCC CCL-185) human lung carcinoma was purchased from ATCC. A-549 cell line was cultured in high-glucose DMEM (Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (EuroClone), 2 mM l-glutamine, and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin). CCRF-CEM was cultured in RPMI 1640 supplemented with 10% fetal bovine serum (EuroClone), 2 mM l-glutamine, and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin). Cells were grown in 75 cm2 cell culture flasks (Sarstedt, Nümbrecht, Germany), in a humidified atmosphere of CO2/air (5/95%) at 37°C. All the experiments were performed in exponentially growing cultures. Stock solution of CX-4945 was prepared in DMSO and stored in −80°C for maximum 1 month. For the cytotoxicity studies, the stock solution of CX-4945 was diluted 200-fold with the proper culture medium to obtain the final concentration. For cytotoxicity studies, 2-fold serial dilutions of CX-4945 were prepared in the proper medium containing 0.5% DMSO.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based viability assay: after incubation with the test compounds, an MTT test was performed as described previously (Wińska et al., 2020). Optical densities were measured at 570 nm using a BioTek microplate reader. All measurements were carried out in a minimum of three replicates.
Cell Cycle Analysis
A-549 cells were cultured in 25 cm2 culture flasks and treated with the tested compounds as it was described above. After exposure to CX-4945, the cells were trypsinized, collected, and washed with cold PBS and fixed at –20°C in 70% ethanol for at least 24 h. Subsequently, the cells were washed in PBS and stained with 50 μg/ml PI (propidium iodide) and 100 μg/ml RNase solution in PBS supplemented with 0.1% v/v Triton X-100 for 30 min in the dark at the RT. Cellular DNA content was determined by flow cytometry employing a CyFlow Cube 8 (Sysmex, Norderstedt, Germany) flow cytometer. The DNA histograms obtained were analyzed using FCS Express 5 Flow software (De Novo Software, Glendale, CA, United States) for evaluation of distribution of the cells in different phases of the cell cycle.
Western Blotting
Adherent cells growing exponentially were seeded at 4.8 × 105 cells in 6 cm diameter plates, whereas CCRF-CEM cells were seeded in a concentration of 2 × 105 cells/ml in 25 cm2 flasks (Sarstedt). Subsequently, CX-4945 was added in a final concentration of 0.5% DMSO in concentrations corresponding to 0.5 IC50, IC50, and 1.5 IC50 for adherent cells and 0.5 IC50, IC50, and 2 IC50 for CCRF-CEM. After incubation, the suspension cells were collected by centrifugation at 260 RCF and washed 3 times with ice-cold PBS and supernatants were discarded and pellets were storage at –20°C up to 1 month. In order to obtain lysates, RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.2 mM sodium orthovanadate, and protease inhibitors cocktail, Roche) was added as it was described elsewhere (Wińska et al., 2020). Adherent monolayer cells were washed three times in ice-cold PBS, and the cells were scraped and lysed in RIPA as it was described previously (Wińska et al., 2020). Cellular lysates were analyzed by western blotting as it was described previously (Wińska et al., 2019).
Densitometry
For densitometry, immunoblots were scanned using G Box Chemi (Syngene), and the density of each lane of phosphorylated and total protein was quantified, using Image J software. Phosphorylated protein densities were normalized to GAPDH densities, assuming 1 for untreated cells, and then, they were converted to a percent of the appropriate control.
Statistical Evaluation
Results are represented as mean ± s.e.m. of at least three independent experiments performed in triplicate. Statistical analysis was performed using the GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA, United States). Significance was determined using a t-test. The statistical significance of differences was indicated in figures by asterisks as follows: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
Immunocytochemical Staining and Microscopy Analysis
Cells were seeded in 4-well dishes (35/10 mm; Greiner Bio-One North America, Inc.) and cultured in respective conditions. After 18 h culturing, cells were treated with 0.5% DMSO (control) or 15.5, 31, or 46.6 µM CX-4945 for indicated incubation time. Subsequently, cells were washed twice with PBS, fixed with 3.7% paraformaldehyde solution (PFA) for 20 min, washed twice with PBS, and incubated for 30 min at the room temperature with permeabilization and blocking solution (5% BSA, 0.1% Triton X 100, and 0.5% Tween 20 in PBS). Subsequently, the solution was discarded, and the cells were washed three times with PBST (0.1% Tween 20 in PBS) and incubated with the primary antibodies (anti-DHFR or anti-TS, both 1:100) in PBST for 24 h at 4°C. After washing with PBST (0.5 ml/compartment), the cells were protected from light and incubated with Alexa Fluor 546-conjugated anti-mouse diluted 1:500 (ThermoFisher Scientific, United States) for 1 h at the room temperature. After washing, the cells were incubated in 1 µl/ml Hoechst 33342 in PBST for 15 min. The dye solution was discarded, and the cells were washed with PBST (0.5 ml/compartment). Pictures were taken using the Olympus Fluoview FV1000 confocal laser scanning microscope (CLSM, Olympus, Center Valley, PA, United States).
Total RNA Isolation and Quantitative Polymerase Chain Reaction
Total RNA isolation was performed with the use of Renozol TRI RNA extraction reagent (GenoPlast Biochemicals), and reverse transcription was conducted using a High Capacity cDNA Reverse Transcription Kit (Applied BioSystemsTM) according to the protocols of manufacturers. The obtained cDNA was a template in quantitative polymerase chain reaction (QPCR), which has been performed virtually as described previously (Wińska et al., 2019). The primers used for the amplification of SHMT1 were 5′ CCT​GTC​CAG​GTG​ACA​GAA​G 3’ (forward) and 5′ TGC​CAG​TCT​CTC​CTT​GAA​C 3’ (reverse) and for SHMT2 amplification were 5′ AGC​TCA​TTG​CCT​CAG​AGA​AC 3’ (forward) and 5′ TGC​AGG​ATC​CAG​GTC​AAA​G 3’ (reverse). The primers were designed using the Kalign tool available at www.ebi.ac.uk (Chojnacki et al., 2017) and ordered from the DNA Sequencing and Oligonucleotides Synthesis Laboratory at the Institute of Biochemistry and Biophysics (Warsaw, Poland). QPCR was performed with the use of Real-Time 2xHS-PCR Master Mix SYBR®A (A&A Biotechnology Gdynia, Poland) as it was previously described (Borkiewicz et al., 2019). The amount of target mRNA was calculated by the ΔCt method (Vandesompele et al., 2002) with the geometric mean of Cts of two reference genes, β-glucuronidase (GUSB, NM_000181) and TATA-binding protein (TBP, NM_003194). Relative SHMT1 and SHMT2 gene expression in control cells (RE) was set at a value of 1, and the relative SHMT1 or SHMT2 gene expression after treatment with the inhibitor (RE + I) was calculated as the ratio RE + I/RE. Values of experimental measurements were considered as independent variables. Rare outlying results were omitted in further calculations. In the next step, the ratio of each relative gene expression in the sample from the cells treated with the inhibitor versus each relative gene expression in the sample from the untreated cells was calculated. This yielded a two-dimensional matrix of values comparing gene expression in untreated and treated cells. If compared expressions are the same, these ratios should equal 1. Therefore, it was possible to apply the chi-square test with 1 as the expected value and the average of all results from the matrix as the observed value. Significantly outlying quantiles from the matrix were omitted in this test. The result of the chi-square test is the probability that the gene expression in treated cells is equal to the gene expression in untreated cells. Expression in both groups of cells was considered different when the probability of this equality was lower than 0.05 (p ≤ 0.05).
Protein Preparations
Recombinant His-tagged DHFR and TS were overexpressed and purified as described previously (Antosiewicz et al., 2015; Skierka et al., 2019). Recombinant SHMT1 was overexpressed and purified with the following modifications. The Ni-NTA binding solution contained 50 mM phosphate buffer pH 7.5, 300 mM NaCl, 10 mM imidazole, 50 μM pirydoxal phosphate (PLP), 2 μg/ml aprotinin, 2 μg/ml leupeptin, and 15 μg/ml PMSF. The column was washed with 50 mM phosphate buffer containing 300 mM NaCl, 50 μM PLP, and 50 mM imidazole and eluted with the same buffer except that 250 mM imidazole was used. The purest fractions were pooled, dialyzed against 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 50 μM PLP, and 10% glycerol, and stored at −20°C.
For His-tag removal, the Thrombin CleanCleave Kit (Sigma-Aldrich) was used according to the manufacturer’s recommendations.
TS was phosphorylated using CK2α enzyme preparation. The reaction was conducted in 4 ml of 20 mM Tris-HCl buffer, pH 7.5 containing 98 μM His-tagged human TS, a 2.8 μM CK2α subunit, 15 mM MgCl2, 280 μM ATP, and 6 mM 2-mercaptoethanol at 30°C for 1 h. Phosphorylated and non-phosphorylated fractions were separated using the method of Wolschin et al. (Wolschin et al., 2005). Fractions containing phosphorylated and non-phosphorylated proteins were adjusted to contain 50 mM phosphate bufor pH 7.6, 300 mM NaCl, and 10 mM imidazole and uploaded onto Ni_NTA columns in order to purify them from CKα’ and concentrate. Eluted His-tagged TS and PTS were dialyzed against 50 mM phosphate buffer pH 7.6 and 10% glycerol.
The protein concentrations in all preparations were assayed using the Bradford method (Bradford, 1976).
QCM-D Assay
The protein–protein interactions were assayed according to the work of Antosiewicz et al., 2015, using commercial His-tag capturing sensors QSX340, with slight modifications. A His-tagged protein was immobilized on the sensor and served as a receptor, whereas the ligand protein (or proteins) was introduced into the measuring chamber. Before the immobilization of the His-tagged protein, the sensor alone was measured to exclude non-specific adsorption of the tagless ligand protein. Additionally, the binding of the His-tagged ligand to the sensor surface already functionalized with His-tagged receptor was excluded.
For the study of two-protein interactions of SHMT1 with TS, pTS, or DHFR, 5 μM His-tagged SHMT was immobilized on the sensor surface, whereas the tagless ligand protein was introduced into the chamber in various concentrations (in the range of 0.1–1.0 μM or 0.5–7.0 μM in case of TS, pTS, or DHFR, respectively).
For the study of three-protein interactions, 5 μM His-tagged SHMT1 was immobilized on the sensor surface followed by the introduction of mixture containing a fixed concentration of TS or pTS (1.0 μM) and various concentrations of DHFR (in the range of 0.25–2.0 μM).
All measurements were conducted in 20 mM Tris-HCl (pH 7.6) containing 100 mM, 10 mM MgCl2, and 0.05% Tween 20 at 25°C and 200 μl/min flow rate.
The Kd values were obtained by fitting the experimental data to the Langmuir isotherm model using QTools software.
The diagram illustrating the QCM-D method is given in Supplementary Figure S1.
MST Assay
The microthermophoresis assays were optimized and performed as previously described (Antosiewicz et al., 2015) using the MST Monolith.115 instrument, courtesy of NanoTemper Technologies company. Di- and tri-complex formation was monitored using Premium MST capillaries. The diagram of the MST procedure is shown in Supplementary Figure S2. The temperature-induced fluorescent change as a function of the titrant concentrations enables the determination of the strength of interactions occurring. The SHMT–DHFR interaction was measured using fluorescently labeled DHFR protein and various concentrations of SHMT in the range of 157 μM–4.79 nM. For SHMT–TS and SHMT–pTS interactions, either SHMT or pTS was labeled and the other protein was used as a titrant (TS in the range of 62.0 μM–1.9 nM and SHMT in the range of 157 μM–4.79 nM). For tri-complex formation assay, DHFR was labeled and samples containing constant concentrations of labeled DHFR and TS or pTS (9.0 μM) and SHMT titrant concentration in the range of 157 μM–4.79 nM were used. The dissociation constant Kd is obtained by fitting the binding curve with the quadratic solution for the fraction of fluorescent molecules that formed the complex, calculated form the law of mass action. We used DI.Screening Analysis software (NanoTemper) to fit the Kd model which allows to determine the strength of molecular interactions occurring with either 1:1 stoichiometry or where several molecules A bind to one molecule B independently, i.e., with no cooperativity (Supplementary Figure S5).
RESULTS
The Effect of CK2 Inhibition on the Level of DHFR, TS, SHMT1, and SHMT2 in Cellular Lysates
DHFR and TS protein levels were measured by means of western blot in A-549 and CCRF-CEM, whereas the levels of SHMT1 and SHMT2 were measured in CCRF-CEM cells. The cells were treated with the increasing concentrations of CX-4945 within the range from 0.5 IC50 to 1.5 IC50 (A-549) or 0.5 IC50 to 2 IC50 (CCRF-CEM) determined after 48 h of incubation. IC50 values for CX-4945 are 4 and 31 µM for CCRF-CEM and A-549, respectively (Supplementary Figure S3). To confirm the intracellular inhibition of CK2, we evaluated a site-specific phosphorylation of Ser 529 in p65NF-κB. Dose-dependent CK2 inhibition was obtained in both tested cell lines with the highest efficiency in CCRF-CEM (Figure 1A). The obtained results indicate that inhibition of CK2 affects the level of the tested proteins, but the correlation between the effect and dose of CX-4945 is not simple and depends on a cell line. The relative level of DHFR increases in both tested cell lines up to 3.1 in A-549, with the exception of the highest concentration of CX-4945 (Figure 1B). The relative protein level of TS varies in the range from 0.3 to 1.5 in A-549 and from 0.4 to 1.1 in CCRF-CEM, respectively, at the highest and lowest concentration of CX-4945 (Figure 1).
[image: Figure 1]FIGURE 1 | The effect of CX-4945 on the level of p-p65 Ser 529 (nuclear factor kappa-light-chain-enhancer of activated B cells), DHFR, and TS in CCRF-CEM (A) and in A-549 (B). Western blot analysis of the following proteins in the crude extracts obtained from the tested cell lines after 48 h of treatment with CX-4945 used in the concentrations of 15.54, 31.08, and 46.62 µM for A-549 and 2, 4, and 8 µM for CCRF-CEM. GAPDH was used as a loading control for each sample. Preparation of cell extracts and protein detection are described in Materials and Methods. Densitometry quantifications for each tested protein, given under each cell line panel, were calculated with untreated cells (CTRL) serving as the reference point.
In the next step of our investigation, we studied the effect of CK2 inhibition on the relative level of TS, DHFR, and two forms of SHMT, i.e., cytosolic (SHMT1) and mitochondrial (SHMT2) forms, in CCRF-CEM after different times of incubation with CX-4945. The research was conducted after 6, 16, 24, 48, and 72 h of incubation in cells treated with three concentrations of CX-4945, corresponding to 0.5 IC50, IC50, and 2 IC50. An efficient and dose-dependent CK2 inhibition was obtained in CCRF-CEM cells after 6, 16, 48, and 72 h of incubation with CX-4945 (Figure 2A) with the weakest inhibition, i.e., 74% phosphorylation of Ser529 in p65, detected in cells treated with 2 µM CX-4945 for 48 h. GAPDH was used as a loading control for each sample (Figure 2B).
[image: Figure 2]FIGURE 2 | The effect of CX-4945 on the level of p-p65 Ser 529 (nuclear factor kappa-light-chain-enhancer of activated B cells), DHFR, TS, SHMT1, and SHMT2 in CCRF-CEM. Western blot analysis of the following proteins in the crude extracts obtained from CCRF-CEM after 6, 16, 24, 48, and 72 h of treatment with 2, 4, and 8 µM CX-4945: (A) p-p65 Ser 529; (B) GAPDH was used as a loading control for each sample; (C) DHFR; (D) TS; (E) SHMT1; and (F) SHMT2. Preparation of cell extracts and protein detection are described in Materials and Methods. Densitometry quantifications for each tested protein were calculated with untreated cells (CTRL) serving as the reference point showing relative protein levels.
The relative expression of DHFR increases in CCRF-CEM after treatment with CX-4945 up to 4.3 after 72 h of incubation and in a dose-dependent manner after 6 and 24 h of treatment (Figure 2C). The relative protein level of TS increases in lower concentrations of CX-4945 up to 2 after 24 h of incubation, with the exception of 16 h of incubation and decreases in higher doses of CX-4945 with the lowest relative expression of 0.13 after 16 h (Figure 2D). The relative protein levels of SHMT1 and SHMT2 change in a different way with the bigger changes visible for SHMT1 with the relative expression up to 3.9 at the highest concentration of CX-4945 after 48 h of treatment (Figure 2E), whereas the relative level of SHMT2 increases the most after 24 h of treatment up to 2.02 at the highest concentration of CX-4945 (Figure 2F).
mRNA Levels in CCRF-CEM Cells Treated With CX-4945
In order to examine whether the observed level of SHMT1 and SHMT2 proteins in CCRF-CEM upon treatment with CX-4945 correlate with the cytosolic SHMT1 and/or mitochondrial SHMT2 transcript levels, QPCR was employed. The SHMT1 and SHMT2 gene expression as the ratio of relative gene expression in cells treated with the inhibitor (RE + I) and the relative gene expression in untreated cells (RE) is shown in Figure 3. The expression of DHFR and TS genes on the mRNA level, measured by QPCR, has been previously described, and the observed changes were insignificant in a majority (Wińska et al., 2019). The results obtained in this study indicate that the changes in SHMT1 and SHMT2 transcript levels upon the treatment with CX-4945 are statistically insignificant, except for the increase in SHMT1 expression in cells treated for 24 h with 6 μM inhibitor and decrease in SHMT2 gene expression in cells treated for 72 h with 3 μM inhibitor. However, the changes are small, below 2-fold in both cases.
[image: Figure 3]FIGURE 3 | The effect of CX-4945 on the mRNA level of cytosolic (SHMT1) and mitochondrial (SHMT2) serine hydroxymethyltransferases. The cells were treated with 3 μM or 6 μM CX-4945 for 24, 48, and 72 h. The RE + I/RE value equal to 1.0 means that the mRNA level in cells treated with the inhibitor is the same as in untreated cells. The asterisk indicates statistically significant results.
SHMT1 mRNA level in CCRF-CEM cells treated for 24 h with 3 μM CX-4045 seems to increase only slightly when compared to untreated cells; however, this level increases more clearly in cells treated with higher (6 μM) CK2 inhibitor concentration (Figure 3). This corresponds to the same trend in the dependence of SHMT1 protein level on CX-4945 concentration (Figure 2E). In case of SHMT2, mRNA level in cells treated with 3 and 6 μM for 24 and 48 h do not change or decrease, whereas protein level slightly increases with the concentration of CK2 inhibitor (comparing Figure 2F, 24 and 48 h, and Figure 3).
The Effect of CX-4945 Treatment on Localization of DHFR and TS in A-549 Cells
To explain the regulatory role of presumed CK2-mediated phosphorylation of DHFR and TS, we investigated the effect of CK2 inhibition on the distribution and localization of DHFR and TS in A-549 cells. Immunofluorescence was used to detect both enzymes in A-549 cells after 24, 48, and 72 h treatment with CX-4945 used in 15.5 µM (0.5 IC50), 31 µM (IC50), and 46.5 µM (1.5 IC50) concentrations, and the results are shown in Figure 4. The comparison of the investigated thymidylate synthesis cycle enzyme distribution in the untreated lung carcinoma cells shows that DHFR is quite evenly spread in whole cells (in the cytoplasm and nuclei) and stays that way after 24, 48, and 72 h treatment (Figure 4A), while TS is found mainly in the nuclei. Upon treatment with CX-4945, DHFR localization changes with CX-4945 concentration, but it is not a simple correlation. After 24 h treatment, there is a higher immunodetection of DHFR in the nuclei as compared to control cells, especially at 0.5 IC50 and 1 IC50 concentrations of the CK2 inhibitor. Additionally, the significant increase of DHFR signal is observed in the treated cells after 48 and 72 h (with the exception of the highest concentration of CX-4945) in comparison to the untreated cells. These results correlate with the DHFR protein levels assayed by western blot analysis (Figure 1B). The highest immunodetection of TS, localized mainly in the nuclei, is demonstrated in cells treated with 15.5 µM CX-4945 (0.5 IC50) for all incubation times (Figure 4B). The higher inhibitor concentration causes a decrease in TS signal. The immunodetection of TS corresponds to the western blot analysis that shows an increase in TS protein level in A-549 treated with the lowest concentration of CX-4945 and its decrease in cells treated for 48 h with higher concentrations of CX-4945 (Figure 1B).
[image: Figure 4]FIGURE 4 | The effect of CX-4945 on the localization and protein levels of DHFR and TS in A-549 cells. The cells were treated with CX-4945 used in concentrations corresponding to 0.5 IC50, 1 IC50, and 1.5 IC50, fixed after incubation for 24, 48, and 72 h; after blocking, they were probed with the primary anti-DHFR (A) or anti-TS antibodies (B). Subsequently, the cells were treated with Alexa Fluor 555-conjugated secondary antibody (red fluorescence) and Hoechst 33342 (nuclei, blue fluorescence). The presented pictures of DHFR, TS, nucleus, and combined are 3D pictures of at least 15 z-stack photos visualized together to show the full three-dimensional distribution of the examined proteins. The pictures in the fourth column of each panel are 2D phase contrast photographs. Each picture is shot with the same zoom settings. Photographs represent 65 × 65 µm pictures.
The Effect of CX-4945 Treatment on Cell Cycle Progression in A-549 Cells
In order to explain the observed differences in the expression and distribution of DHFR and TS in A-549 cells, the effect of 15.5, 31, and 46.5 µM CX-4945 on cell cycle progression was tested by flow cytometry after 24, 48, and 72 h of treatment. The representative plots with the calculations of cell percentages in each phase of the cell cycle are shown in Figure 5. Distribution of control cells in each phase changes during the cell cycle progression, with the highest difference occurred for the S-phase with 12% less cells in this phase after 72 h of incubation in comparison to 24 h of incubation. Interestingly, the results correspond to confocal microscopy studies that demonstrated the decrease in TS in control nuclei with the time of incubation (Figure 4). Furthermore, the obtained results indicate that CX-4945 leads to prolongation of the G2/M-phase in A-549 cells up to a maximum of 20% more cells in this phase than in control after 24 h of treatment with the highest concentration of CX-4945 (statistically significant result, p = 0.004). Additionally, S-phase arrest is detected in the treated cells after 48 and 72 h of treatment with CX-4945. There are up to 19% more cells treated with 31 µM CX-4945 than in control for 48 h.
[image: Figure 5]FIGURE 5 | The effect of CX-4945 on cell cycle progression in the A-549 cell line. Cells were treated with 15.5, 31, and 46.5 µM CX-4945 for 24, 48, or 72 h and then fixed and stained with PI. (A) Distribution of the cells in different phases of the cell cycle were determined by flow cytometry and analyzed with FCS Express 5 Flow software to determine the percentage of cells in each phase of the cell cycle. Statistically significant results for the cells treated from the control cells by Student’s t-test were indicated by asterisks as follows: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 (see Materials and Methods). (B) Exemplary DNA histograms of the A-549 cell line.
The Effect of CK2-Mediated TS Phosphorylation on the Formation of Di- and Tri-Protein Thymidylate Cycle Enzyme Complexes
We have previously described the strong in vitro interaction occurring between TS and DHFR proteins (Antosiewicz et al., 2015) and their co-localization in normal and cancer cells (Antosiewicz et al., 2017). In this follow-up study, we show the interactions between the pairs TS and SHMT1, DHFR, and SHMT1 and the formation of the tri-molecular complex consisting of all three thymidylate synthesis proteins, TS, DHFR, and SHMT1. The effect of CK2-mediated TS phosphorylation on the formation and stability of both di- and tri-protein complexes has turned out to be particularly interesting.
Both methods used, QCM-D and MST, showed that the non-phosphorylated TS did not interact with SHMT1 (Table 1, Supplementary Figures S1–S5). However, experiments conducted with CK2α-phosphorylated TS fraction (pTS) confirmed the formation of a strong SHMT1/pTS complex with a dissociation constant Kd = 5.35 ± 0.87 μM obtained from QCM-D studies (Figure 6) and 0.219 ± 0.02 μM) given by MST studies. Thus, in this case, phosphorylation of TS seems to determine the formation of the studied complex. The influence of this post-translational modification of TS molecule is also significant in the case of tri-enzymatic complex formation. Our studies show that although the presence of DHFR enables the formation of SHMT1/DHFR/TS tri-complex, it is weaker than the one formed in the presence of the phosphorylated TS fraction (Figure 6; Supplementary Figure S5). Dissociation constants for di- and tri-protein complexes obtained using QCM-D and MST methods are gathered in Table 1.
TABLE 1 | QCM-D and MST analyses of protein complex formation.
[image: Table 1][image: Figure 6]FIGURE 6 | Langmuir isotherm showing the dependence of the weight change on the QCM-D sensor surface on ligand concentration. SHMT was immobilized on the sensor surface, whereas increasing concentrations of indicated thymidylate synthesis cycle enzymes were introduced into the measuring chamber as ligand or ligands. (A) SHMT-DHFR interaction, DHFR was a ligand; (B) SHMT-pTS interaction, pTS was a ligand; and (C) SHMT-DHFR-pTS interaction, fixed pTS and variable DHFR concentrations were used.
DISCUSSION
There are reports indicating the occurrence of CK2-mediated phosphorylation of TS, DHFR, and SHMT (Frączyk et al., 2010; Frączyk et al., 2015; Ludwiczak et al., 2016; Rusin et al., 2017; Skierka et al., 2019); however, to this date, there have been no studies showing the physiological role of CK2-mediated phosphorylation of thymidylate synthesis cycle enzymes. Our previous (Wińska et al., 2019) and present qPCR results indicate that inhibition of CK2 in CCRF-CEM cells treated with a specific CX-4945 inhibitor does not significantly influence the mRNA levels. The only statistically significant results showing some changes are the increase in DHFR (Wińska et al., 2019) and SHMT1 transcripts in cells treated with 6 μM CX-4945 for 24 h, decrease in TS and SHMT2 in cells treated with 3 μM CX-4945 for 72 h, and decrease in DHFR in cells treated with 6 μM inhibitor for 72 h. In each case, the change was well below 2-fold, so it can hardly be considered meaningful. Therefore, the intracellular increase of DHFR and SHMT1 protein levels upon CK2 inhibitor treatment may be attributed to the disturbance of some regulatory roles of CK2. Regarding this discrepancy between the mRNA and protein level of enzymes involved in the thymidylate biosynthesis cycle in cells after CX-4945 treatment, we concluded that CK2-mediated phosphorylation affects their stability in cells. Both DHFR and SHMT1 have been shown to undergo polyubiquitination and degradation in proteasome (Johnston et al., 1995; Anderson et al., 2012); moreover, proteasome inhibition stabilizes SHMT1 and increases ubiquitinated SHMT1 levels in a cell. It has been shown that the stability and localization of SHMT1 is regulated by competitive modification by Ubc-9 and Ubc-13. The former triggers SHMT1 nuclear degradation, whereas the latter increases SHMT1 stability (Anderson et al., 2012). Since there are examples for targeting CK2-phosphorylated proteins for ubiquitination and degradation, it cannot be excluded that the inhibition of CK2 may lead to the decrease of ubiquitination and, subsequently, the decrease of DHFR and SHMT1 as observed by us increased the levels of both proteins.
Interestingly, our results indicate that CK2 inhibition has a different impact on TS level compared with DHFR and SHMT1 protein levels. Our western experiments show that, in CCRF-CEM cells treated with the CK2 inhibitor, TS protein level decreases with the increase in concentrations of CX-4945, which is in contrast to DHFR and SHMT1 behavior. Considering that TS is a non-ubiquitinated proteasome substrate and undergoes only ubiquitin-independent proteasomal degradation (Erales and Coffino, 2014), the obtained results may confirm the possible role of CK2-mediated phosphorylation in the regulation of the ubiquitin-dependent degradation of DHFR and SHMT1.
Taking into account that DHFR is an important molecular target in anti-cancer therapy and CX-4945 is a potential anti-cancer agent, the significant elevation of DHFR concentration and its resulting activity increase in cells may contribute to the vast reduction in the effectiveness of treatment. There is a lot of evidence showing that the increased DHFR level makes the therapy ineffective. Among the drug resistance mechanisms in DHFR-targeted anti-cancer therapy, the best known is the amplification of the DHFR gene which leads to the increase in DHFR level after a prolonged methotrexate MTX treatment (Carman et al., 1984; Banerjee et al., 2002). In addition, since DHFR protein binds its own mRNA when its active site is unoccupied and, thereby, autoregulates its translation, binding of MTX to DHFR inhibits DHFR activity and also disrupts the interaction between DHFR and its own mRNA, relieving the repressed DHFR translation and leading to increased DHFR protein levels and, thus, to MTX resistance (Johnston et al., 1995). Considering that CX-4945 is a potential anti-cancer therapeutic agent, in view of our data showing the inhibition of CK2 activity causes the increase of DHFR and SHMT1 protein levels, a possible increased survival of cancer cells should be taken into consideration. However, further studies are needed to determine if prolonged inhibition of CK2 will not lead to resistance to cancer cells via increasing the level of thymidylate biosynthesis cycle enzymes.
The obtained results indicate that CK2-mediated phosphorylation of enzymes involved in the thymidylate biosynthesis cycle can be important for not only their stability within the cells but also for their distribution and ability to form complexes. Our studies involving immunodetection of DHFR and TS within A-549 cells confirmed that both protein levels and localizations in control cells are cell cycle dependent. It is known that TS mRNA level increases up to 20-fold in the S-phase (Navalgund et al., 1980), which is driven by the E2F transcription factor (DeGregori et al., 1995). On the other hand, the transcription of DHFR in the S-phase is driven by the E2F transcription factor working in concert with the Sp1 transcription factor (Abali et al., 2008). The decrease of immunodetection of both enzymes in untreated cells during incubation corresponds to the exit of the cells from the S phase. The obtained results indicate that CX-4945 treatment leads to the prolongation of the G2/M phase, which is in good agreement with the studies demonstrating the effect of CX-4945 on the cell cycle progression in different cell lines (Gray et al., 2014; Wińska et al., 2018). Moreover, the TS immunodetection results obtained in A-549 cells treated with CX-4945 correspond well to the western blot data for the same line, demonstrating the highest increase of TS protein level in cells treated with 0.5 IC50 CX-4945 and the decrease of this level at 1.5 IC50. It is worth noting that the significant decrease of TS in A-549 at IC50 and 1.5 IC50 CX-4945 corresponds to G2/M arrest in the cells. Interestingly, an immunodetection of DHFR in A-549 cells partially corresponds with the western blot data, since an increase in DHFR is detected in all CX-4945-treated cells in comparison to the control cells after 48 h of treatment; however, a decrease in the DHFR level in A-549 treated with the highest concentration of CX-4945 corresponding to the western blot data is detected after 72 h.
Using two methods, QCM-D and MST, we have shown the in vitro interactions of TS, SHMT1, and DHFR. In the QCM-D method, one protein is immobilized while the other serves as a ligand, whereas MST allows protein–protein interaction measurement with two or three proteins free in solution. Our results clearly show that TS interacts with DHFR and DHFR interacts with SHMT1; however, TS does not interact with SHMT1. Interestingly, all three proteins present in the solution interact and form a tri-complex measured with the MST method. Phosphorylation of TS by CK2 enables the interaction of the enzyme with SHMT1, and the tri-complex of pTS with SHMT1 and DHFR is more stable than the complex with non-phosphorylated TS. The obtained results suggest that phosphorylation of TS may act as a molecular switch, initiating a tri-enzymatic complex formation.
Taking into account that CK2 is a pleiotropic kinase and its inhibition affects different signaling pathways within the cells, the effects we detect do not have a simple explanation. However, considering that enzymes involved in the thymidylate biosynthesis cycle are key members of proliferation machinery, whereas CK2 is a potential anti-cancer molecular target, the obtained results may be relevant in the development of new anti-cancer therapies, based on CK2 inhibition. It should be taken into account that CK2 inhibition may affect folate and thymidylate metabolism in cells contributing to cell resistance to such therapies. Therefore, further detailed studies on the impact of CK2 inhibition on enzymes involved in the thymidylate biosynthesis cycle should be conducted.
CONCLUSIONS
Many studies demonstrated that phosphorylation can affect the stability, the activity, and even the location of a protein within the cell. Our results suggest the potential regulatory role of CK2-mediated phosphorylation of enzymes involved in the thymidylate biosynthesis cycle in their stability, nuclear location, and ability to complex formation. Considering that CK2 is a potential anti-cancer target, whereas both TS and DHFR are well-established targets in chemotherapy, the obtained results seem to be important in developing new anti-cancer strategies. Therefore, further in-depth research should be carried out in order to clarify the physiological role of CK2-mediated phosphorylation of TS/DHFR/SHMT.
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Protein kinase CK2 is a highly pleiotropic and ubiquitously expressed Ser/Thr kinase with instrumental roles in normal and pathological states, including neoplastic phenotype in solid tumor and hematological malignancies. In line with previous reports, CK2 has been suggested as an attractive prognostic marker and molecular target in acute myeloid leukemia (AML), a blood malignant disorder that remains as an unmet medical need. Accordingly, this work investigates the complex landscape of molecular and cellular perturbations supporting the antileukemic effect exerted by CK2 inhibition in AML cells. To identify and functionally characterize the proteomic profile differentially modulated by the CK2 peptide-based inhibitor CIGB-300, we carried out LC-MS/MS and bioinformatic analysis in human cell lines representing two differentiation stages and major AML subtypes. Using this approach, 109 and 129 proteins were identified as significantly modulated in HL-60 and OCI-AML3 cells, respectively. In both proteomic profiles, proteins related to apoptotic cell death, cell cycle progression, and transcriptional/translational processes appeared represented, in agreement with previous results showing the impact of CIGB-300 in AML cell proliferation and viability. Of note, a group of proteins involved in intracellular redox homeostasis was specifically identified in HL-60 cell-regulated proteome, and flow cytometric analysis also confirmed a differential effect of CIGB-300 over reactive oxygen species (ROS) production in AML cells. Thus, oxidative stress might play a relevant role on CIGB-300-induced apoptosis in HL-60 but not in OCI-AML3 cells. Importantly, these findings provide first-hand insights concerning the CIGB-300 antileukemic effect and draw attention to the existence of both common and tailored response patterns triggered by CK2 inhibition in different AML backgrounds, a phenomenon of particular relevance with regard to the pharmacologic blockade of CK2 and personalized medicine.
Keywords: protein kinase CK2, kinase inhibitor, CIGB-300, acute myeloid leukemia, proteomics
INTRODUCTION
Protein kinases are biological messengers that control multiple processes in cell physiology through reversible phosphorylation of thousands of proteins encoded by the human genome. In fact, phosphorylation is a pivotal mechanism for cell homeostasis, and its deregulation may result in aberrant signaling pathways implicated in a variety of human disorders (Cohen, 2002; Ardito et al., 2017).
Protein kinase CK2 (formerly known as casein kinase 2) is a ubiquitously expressed and constitutively active enzyme that exists as tetrameric complexes composed by two catalytic (α or αʹ) and two regulatory subunits (β) (Meggio and Pinna, 2003; Venerando et al., 2014). This highly pleiotropic Ser/Thr kinase is responsible for roughly 25% of cellular phosphoproteome, thus playing instrumental roles in normal and pathological states (Meggio and Pinna, 2003; Borgo et al., 2021). Of note, CK2 stands among the most studied kinases in recent years, and its contribution to the malignant phenotype and cancer progression has been suggested by mounting pieces of evidence (Trembley et al., 2009; Chua et al., 2017; Zonta et al., 2021). In particular, CK2 modulates signaling pathways critical for hematopoietic cell survival and function, and its high expression and activity in acute myeloid leukemia (AML) have been associated with worse prognosis and reduced overall survival (Kim et al., 2007; Quotti Tubi et al., 2017). Hence, in the past few years, CK2 has emerged as a promising candidate for molecular-targeted therapy in AML, a disease often characterized by poor long-term outcomes and resistance towards standard chemotherapy (Buontempo et al., 2018; Rosales et al., 2021a; Klink et al., 2021).
Importantly, the development of highly specific inhibitors has represented a major advance for CK2 substrate identification and elucidation of its roles in cell regulation (Gyenis et al., 2011). A number of CK2 inhibitors have been described so far, including small molecules targeting the ATP-binding site on the CK2α catalytic subunit (Sarno et al., 2011), several flavonoids characterized by a planar structure and hydroxylations at the 7 and 4′ positions (McCarty et al., 2020), and two synthetic peptides designed to antagonize the interaction between the CK2α and β subunits (Laudet et al., 2007) and bind the conserved acidic phosphoacceptor domain in CK2 substrates (Perea et al., 2018). The majority of such inhibitors have exhibited in vitro antiproliferative and proapoptotic activity, and some of them have also shown antitumor properties in animal models (Borgo and Ruzzene, 2021). In spite of the foregoing, only the ATP-competitive CK2 inhibitor CX-4945 and the synthetic peptide CIGB-300 have reached clinical trials in humans (Borgo and Ruzzene, 2021).
CIGB-300 is a peptidic inhibitor originally conceived to block the protein kinase CK2 activity through binding to the conserved acidic phosphoacceptor domain of substrates (Perea et al., 2004). The peptide is able to impair proliferation and viability of a variety of human cancer cells, including AML cells lines and primary cells from AML patients (Perea et al., 2008; Rosales et al., 2021a). However, pull-down assays and phosphoproteomic analysis have suggested that CIGB-300 is able to directly interact with the CK2α catalytic subunit and modulate the CK2-dependant phosphoproteome (Perera et al., 2020a; Perera et al., 2020b). Thus, CIGB-300 antineoplastic effect appears to be more complex than originally thought, owing to the convergence of both substrate binding mechanism and direct blockade of CK2 enzymatic activity. Considering the above, here we performed quantitative proteomic analysis in order to explore the molecular and cellular perturbations promoted by CK2 inhibition with CIGB-300 in two relevant AML backgrounds.
MATERIALS AND METHODS
Cell Culture
Human leukemia cell lines HL-60 (American Type Culture Collection, Manassas, VA, United States) and OCI-AML3 (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, United States) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) and 50 μg/ml gentamicin (Sigma, St. Louis, MO, United States). Cells were maintained under standard cell culture conditions at 37°C and 5% CO2.
Sample Preparation
For proteomic analysis, HL-60 and OCI-AML3 cells (107 cells per each condition, three biological replicates) were incubated with 40 μM of the peptide CIGB-300 for 30 min and 3 h. Parallel to CIGB-300-treated groups, non-treated HL-60 and OCI-AML3 were incubated for 30 min and 3 h with vehicle and used as normalization control. Proteins from each replicate of CIGB-300-treated and non-treated AML cell groups were extracted with 1.5% SDS, 50 mM DTT, and boiling conditions for 10 min. Protein extracts were then processed by multienzyme digestion filter-aided sample preparation (MED-FASP) with overnight Lys-C and tryptic digestions (Wiśniewski and Mann, 2012). Protein and peptide concentrations were estimated by a tryptophan fluorescence-based assay previously described by Wiśniewski and Gaugaz (2015). Finally, 1 ng of peptides for each sample were injected for nanoLC-MS/MS analysis.
NanoLC-MS/MS
A NanoLC EASY-nLC 1200 system coupled to a Q-exactive HF mass spectrometer (Thermo Scientific, Waltham, MA, USA) was used. Chromatographic runs for Lys-C and trypsin-derived peptides were performed in a home-made column (Dr. Maisch ReproSil-Pur C18-AQ 1.9 µm, 75 μm ID, 20 cm length) thermostated at 60°C. Peptides were eluted at 300 nl/min with a 120-min solution B (A: 0.1% formic acid in water and B: 0.1% formic acid in acetonitrile) gradient, starting at 5% solution B up to 30% in 95 min, then increased to 60% in 5 min, and finally up to 95% in 5 min more. A voltage of 2 kV was applied to the column tip to induce the nanospray and the mass range 300–1,650 m/z was scanned for data-dependent acquisition. Each mass spectrum obtained at 60,000 resolutions (20-ms injection time) was followed by 15 MS/MS spectra (28-ms injection time) at 15,000 resolutions. Proteins were only considered when detected in at least two replicates in any of the groups.
Data Processing
Identification of peptides and proteins was based on the match-between-runs procedure using MaxQuant software (v1.6.2.10) (Cox et al., 2014), considering oxidation (M), deamidation (NQ), and N-terminal acetylation as variable modifications. Alignment of chromatographic runs was allowed with default parameters (20-min time window and a matching of 0.7 min between runs). Filtering and quantification were performed in Perseus computational platform (v1.6.2.2) (Tyanova et al., 2016). Student’s t test was employed to identify statistically significant changes (p-values lower than 0.05) in protein levels, after filtering for two valid values in at least one group. An additional cutoff of 1.5-fold change between CIGB-300-treated AML cells and the non-treated control was also applied.
Bioinformatic Analysis
Differentially modulated proteins were tested for enrichment of Gene Ontology (GO Biological Processes) terms using Metascape gene annotation and analysis resource (https://metascape.org/), a web-based tool that computes the accumulative hypergeometric distribution and enrichment factors to identify significantly enriched biological processes through statistical analysis (p-value <0.01, enrichment factor >1.5) (Zhou et al., 2019). For either HL-60 or OCI-AML3 proteomic profiles, the Metascape Custom Analysis option was selected, and all identified proteins were used as background, and differentially modulated proteins at 30 min and 3 h after CIGB-300 treatment were combined and used as input dataset for meta-analysis. In addition, to represent the interaction networks associated with AML cell proteomic profiles, interactions among differentially modulated proteins were retrieved using Metascape, which compiles information from different integrative databases and applies the MCODE algorithm to extract highly connected regions embedded in each network (Bader and Hogue, 2003; Zhou et al., 2019). Finally, functional classification of CIGB-300-modulated proteins was based on the information retrieved through literature search and database curation, and protein interaction networks were visualized using Cytoscape software (v.3.5.0) (Shannon et al., 2003).
Reactive Oxygen Species Detection
For detection of reactive oxygen species (ROS) levels in AML cells treated with the peptide, HL-60 and OCI-AML3 cells were incubated with 40 µM CIGB-300 during 30 min, 3 h, and 5 h. Following incubation, cells were collected by centrifugation, washed with PBS, and stained with the fluorescent probe dihydroethidium (DHE) (Sigma, MO, United States) for 30 min at 37°C in the dark. Finally, stained cells were analyzed in the Partec CyFlow Space flow cytometer (Sysmex Partec GmbH, Gorlitz, Germany), and FlowJo software (v7.6.1) (BD, Ashland, OR, USA) was used for data analysis and visualization. In all experiments, 5 mM H2O2 and 5 mM N-acetyl cysteine (NAC) anti-oxidant were used as controls.
Annexin V/PI Staining
The viability of HL-60 cells treated with CIGB-300 in the presence or absence of NAC antioxidant was assessed using the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, United States). Briefly, cells were incubated with 40 µM CIGB-300 alone or in combination with 5 mM NAC for 30 min and 5 h. Cells were then washed twice with cold PBS and resuspended in binding buffer (1×) at 1 × 106 cells/ml. Next, 5 µl of FITC Annexin V and 5 µl of propidium iodide (PI) were added, and cell suspensions were incubated for additional 15 min at room temperature in the dark. Analysis of stained cells and data processing/visualization were performed in the abovementioned Partec CyFlow Space flow cytometer and FlowJo software.
Statistical Analysis
Differences between groups were determined using one-way ANOVA followed by Tukey’s multiple comparisons test. Analyses were performed in GraphPad Prism (v6.01) software for Windows (GraphPad Software, Inc, San Diego, CA, United States).
RESULTS
Profiling CIGB-300-Regulated Proteome in AML Cells
To identify the array of proteins regulated by CIGB-300 in AML cells, we performed quantitative proteomic analysis of HL-60 and OCI-AML3 cells treated or not with 40 µM of this peptide inhibitor. A total of 6,270 and 6,181 proteins were identified in HL-60 after 30 min and 3 h of CIGB-300 treatment, respectively (Table 1; Supplementary Table S1). Likewise, 6,382 and 6,422 proteins were identified in OCI-AML3 cells at the same incubation periods (Table 1; Supplementary Table S1).
TABLE 1 | Proteomic profile of AML cells treated with CIGB-300 peptide.
[image: Table 1]Changes in protein levels between CIGB-300-treated and untreated cells were assessed using Student’s t test, and p-values below 0.05 were considered statistically significant. A fold-change threshold of 1.5 (|FC| ≥ 1.5) in treated vs control was also applied in order to define the down- and up-regulated proteins. As a result, in HL-60 cells, 25 and 85 proteins were identified as significantly modulated at 30 min and 3 h, while in OCI-AML3 cells, 74 and 58 proteins appeared differentially modulated in response to CIGB-300 treatment (Table 1; Supplementary Table S2).
Of note, in practically all conditions, most of the differentially modulated proteins were up-regulated after CK2 inhibition with CIGB-300 as determined by distribution of down- and up-regulated proteins in volcano plots (Figure 1; Table 1). Exceptionally, in HL-60 cells treated with the peptide for 30 min, the number of down-regulated proteins was higher than the up-regulated ones (Figure 1; Table 1). Overall, a total of 109 and 129 proteins were differentially modulated in HL-60 and OCI-AML3 cells, respectively, with an overlap of one (MRPL52) and three (DCTPP1, GORASP2, and RAC1) proteins that appeared modulated at 30 min and 3 h after CIGB-300 treatment (Table 1; Supplementary Table S2). Besides, among all differentially modulated proteins, a total of five (CD53, HMGN1, NDUFC1, RCN2, and TPM3) overlapped between both cellular backgrounds (Table 1; Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Proteomic profiles of human acute myeloid leukemia (AML) cells treated with the CK2 inhibitor CIGB-300. Volcano plots correspond to quantified proteins from HL-60 and OCI-AML3 cells after treatment with 40 µM of CIGB-300 for 30 min and 3 h. Red points indicate proteins that met the statistical significance cut-off (|FC| ≥ 1.5, p-value <0.05).
Functional Characterization of CIGB-300-Regulated Proteome
Functional enrichment analysis of CIGB-300-regulated proteome in AML cells was performed using the Metascape bioinformatic tool (Zhou et al., 2019). In such analysis, actin-mediated cell contraction, phospholipid dephosphorylation, transcription preinitiation complex assembly, translational regulation, regulation of calcium ion transmembrane transport activity, and others were identified as biological processes significantly represented in HL-60 proteomic profile after CK2 inhibition with CIGB-300 (Figure 2; Supplementary Table S3). Besides, proteins involved in the regulation of Rho protein signal transduction, leukocyte migration, cytokine-mediated signaling pathway, developmental growth, and cell size, as well as leukocyte apoptotic process and actin filament organization, appeared differentially modulated in CIGB-300-treated OCI-AML3 cells (Figure 2; Supplementary Table S3).
[image: Figure 2]FIGURE 2 | Heatmap of enriched terms (colored by p-values) across proteomic profiles of human AML cells treated with the CK2 inhibitor CIGB-300. Enrichment analysis for differentially modulated proteins in HL-60 and OCI-AML3 cells treated with 40 µM of CIGB-300 for 30 min and 3 h was based on annotations from Gene Ontology (GO) database. Biological processes significantly represented in proteomic profiles (p-value <0.01, enrichment factor >1.5) were identified using the Metascape gene annotation and analysis resource (https://metascape.org/).
To further characterize the proteomic profile regulated by CIGB-300, the interaction networks among differentially modulated proteins in HL-60 or OCI-AML3 cells were represented using Metascape tool, and highly connected regions in such networks were identified using the MCODE algorithm (Bader and Hogue, 2003; Zhou et al., 2019). As shown in Figure 3, clusters of proteins related to actin-myosin filament sliding (cluster 1), cell cycle (cluster 2), neutrophil activation (cluster 3), and mitochondrial translation (cluster 4) were differentially modulated in HL-60 cells after treatment with CIGB-300. Besides, the HL-60 proteomic profile also includes proteins related to apoptotic cell death, transcription, and ROS metabolic process (Figure 3). Similar results were obtained by functional enrichment analysis in which the biological processes of translation elongation, actin-mediated cell contraction, and transcription preinitiation complex assembly were found significantly represented in the proteomic profile of HL-60 cells (Figure 2; Supplementary Table S3).
[image: Figure 3]FIGURE 3 | Protein–protein interaction networks associated with the proteomic profiles differentially modulated in AML cells in response to treatment with 40 µM of CIGB-300. Proteins are shown as yellow circles and clusters identified with the MCODE algorithm are highlighted with different edge colors. For each cluster, the related biological process or pathway according to annotations gathered from Gene Ontology (GO), Reactome (R-HSA), or WikiPathways (WP) databases are indicated.
On the other hand, network analysis of OCI-AML3 cell proteomic dataset evidenced that clusters of proteins related to interferon type I signaling (cluster 1), protein polyubiquitination (cluster 2), GPCR downstream signaling (cluster 3), and cell cycle (cluster 4) were differentially modulated in response to CK2 inhibition with CIGB-300 peptide (Figure 3). Furthermore, proteins related to apoptotic cell death were also identified in OCI-AML3-modulated proteome (Figure 3). In line with such result, cytokine-mediated signaling pathway and leukocyte apoptotic process were identified through functional enrichment analysis (Figure 2; Supplementary Table S3). Similar to HL-60 proteomic profile, besides proteins involved in cell cycle and apoptosis regulation, an array of proteins related to transcription and translation appeared modulated in CIGB-300-treated OCI-AML3 cells (Figure 3). Therefore, CK2 inhibition with CIGB-300 has an impact over these biological processes independently of the genetic background of these AML cell lines. Conversely, proteins involved in ROS metabolic process did not appear represented in OCI-AML3 proteomic profile.
Differential Effect of CIGB-300 Over AML Cell ROS Production
Considering that proteomic analysis suggested a differential effect of CIGB-300 over ROS metabolic process in AML cells (Figure 3), we sought to elucidate if intracellular ROS accumulation could be related to CIGB-300 anti-leukemic effect. To determine ROS levels in HL-60 and OCI-AML3 cells after CK2 inhibition with CIGB-300, we use DHE as fluorescent probe for flow cytometry analysis. As a result, CIGB-300 treatment significantly increased ROS levels at all the assessed incubation times on HL-60 cells, with the highest intracellular ROS levels at 30 min of incubation (Figure 4A). Besides, H2O2 increased ROS levels and NAC anti-oxidant control abrogated ROS production in HL-60 cells treated with CIGB-300 (Figure 4A). On the contrary, in OCI-AML3 cells, CK2 inhibition with CIGB-300 did not induce any alteration of ROS homeostasis, which is in agreement with results from proteomic analysis (Figure 4A).
[image: Figure 4]FIGURE 4 | Evaluation of the impact of the CK2 inhibitor CIGB-300 over AML cell intracellular redox homeostasis. (A) Incubation with CIGB-300 peptide increased reactive oxygen species (ROS) production in HL-60 cells but not in OCI-AML3 cells. Intracellular ROS levels were determined by flow cytometry in AML cells incubated for the indicated times with CIGB-300 40 μM, H2O2 5 mM, or CIGB-300 40 µM + NAC 5 mM. (B) The concomitant addition of CIGB-300 peptide and NAC anti-oxidant reduced the percentage of apoptotic HL-60 cells after 30 min and 5 h of treatment. Results from (A) are shown as mean ± SD, n = 3, and significant differences from comparison of each treatment with the corresponding untreated condition are indicated *p-value <0.05; **p-value <0.01.
Of note, the potential connection between ROS de-regulation and CIGB-300-induced apoptosis was explored in HL-60 cells. Importantly, Annexin V/PI staining evidenced that the addition of NAC anti-oxidant reduced not only the accumulation of intracellular ROS but also the percentage of HL-60 cells undergoing apoptosis after 30 min and 5 h of treatment with the peptide (Figure 4B).
DISCUSSION
In the protein kinase landscape that has emerged as attractive targets for cancer treatment, CK2 stands among the most studies in recent years. This highly pleiotropic enzyme controls a number of signaling networks playing essential roles for malignant phenotype maintenance, and cancer cells often develop an excessive “addiction” to CK2 activity (Ruzzene and Pinna, 2010). The abovementioned has fostered the investigation of several CK2 inhibitors (Borgo and Ruzzene, 2021), including the clinical-grade synthetic peptide CIGB-300 (Perea et al., 2004). Accordingly, here we use quantitative proteomics to identify the CIGB-300-regulated proteome and explore the molecular perturbations promoted by this CK2 inhibitor in HL-60 and OCI-AML3 cells following 30 min and 3 h of treatment. These human cell lines derived from two relevant AML subtypes (i.e., acute promyelocytic and acute myelomonocytic leukemia), together accounting for roughly two thirds of all AML cases (Hanson et al., 2002). Of note, in proteomic profiles from both AML cell lines, CIGB-300 significantly modulated proteins related to apoptosis, cell cycle, transcription, and translation, while proteins involved in intracellular redox homeostasis were only identified in HL-60 cells.
Accumulated evidence demonstrates that CIGB-300 induces apoptosis in cancer cells, including AML cell lines and primary cells (Perea et al., 2004; Rosales et al., 2021a). In agreement with such results, mediators of intrinsic and extrinsic apoptotic pathways were both identified in the proteomic profile regulated by the peptide in AML cells. The pro-apoptotic proteins etoposide-induced 2.4 (EI24) and arginine-glutamic acid dipeptide repeats (RERE) were down-regulated at 30 min in HL-60 cells. EI24 is a p53 and E2F target gene that inhibits tumor progression through attenuation of NF-κB signaling (Choi et al., 2013; Sung et al., 2013), while RERE protein colocalizes with the pro-apoptotic protein BAX and triggers caspase-3 activation (Waerner et al., 2001). It is known that to counteract pro-apoptotic stimuli, cancer cells might activate pro-survival mechanisms, an event that could explain the decreased expression levels of EI24 and RERE proteins in response to CK2 inhibition with CIGB-300.
In line with these findings, TP53-regulated inhibitor of apoptosis 1 (TRIAP1) and ATR interacting protein (ATRIP) were up-regulated in HL-60 cells at 30 min and 3 h, respectively. TRIAP1 mediates the transport of phosphatidic acid across the intermembrane space for cardiolipin synthesis and inhibits the release of cytochrome-c from mitochondria during apoptosis (Potting et al., 2013). Furthermore, to inhibit apoptosis and allow DNA damage repair under low levels of genotoxic stress, TRIAP1 interacts with heat shock protein 70 (HSP70) and impairs the formation of the apoptosome complex (Park and Nakamura, 2005; Fook-Alves et al., 2016). On the other hand, ATRIP is an essential mediator of the DNA damage response, which inhibits replicative stress and TP53-dependent cell death (Matos-Rodrigues et al., 2020). As we mentioned before, proteomic data suggests that HL-60 cells treated with CIGB-300 seem to be subjected to increased levels of ROS, a known source of genotoxic stress, which could lead to apoptotic cell death (Srinivas et al., 2019). In such context, a pro-survival response could be based on the activation of DNA repair mechanisms to mitigate the accumulation of DNA damage.
In case of OCI-AML3 cell proteomic profile, the pro-apoptotic protein BCL2 antagonist/killer 1 (BAK) was up-regulated after 3 h. BAK1 promotes the formation of mitochondrial voltage-dependent anion channels leading to loss in membrane potential and release of cytochrome-c (Wei et al., 2001). Besides, as earlier as 30 min following CIGB-300 treatment, the expression of Fas-associated death domain protein (FADD) increased in OCI-AML3 cells. Such modulation of FADD protein abundance is of great relevance for CIGB-300 chemotherapeutic potentialities, since previous data indicate that absent or low FADD protein expression in leukemic cells is a prognostic factor for poor response of AML cells to chemotherapy (Tourneur et al., 2004). FADD activates pro-caspase-8 and the subsequent caspase signaling cascade in response to apoptotic signals initiated by activation of death receptors belonging to the family of tumor necrosis factor (TNF) receptors (Marín-Rubio et al., 2019). In addition to increased levels of BAK and FADD, the augmented abundance of caspase-7 and gasdermin-D (GSDMD) supports the pro-apoptotic effect of CIGB-300 in OCI-AML3 cells. Caspase-7 is an apoptotic executioner caspase, while the N-terminal fragment of GSDMD, which is cleaved by caspase-1, permeabilizes the mitochondrial membrane and leads to cytochrome-c release (Sborgi et al., 2016; Rogers et al., 2019).
Among proteins significantly regulated by the CK2 inhibitor CIGB-300, proteins related to cell cycle appeared represented in AML proteomic profiles. For instance, in HL-60 cells, differentially expressed proteins include a cluster (CDK5RAP2, DCTN3, TUBA4A, and TUBGCP5) involved in the recruitment of mitotic centrosome proteins and complexes. Other proteins related to transition through mitotic cell cycle like centrosomal protein of 55 kDa (CEP55) (Jeffery et al., 2016) and the heterochromatin component M-phase phosphoprotein 8 (MPHOSPH8) (Tchasovnikarova et al., 2015) were modulated in the presence of CIGB-300. The expression of leucine carboxyl methyltransferase one protein (LCMT1), which methylates the catalytic subunit of protein phosphatase 2A (PP2A) (Lee and Pallas, 2007), was increased after 3 h of CIGB-300 treatment. PP2A regulates G2/M transition of cell cycle and contributes to mitotic chromosome assembly by promoting chromosomal association of condensin-2 complex (Takemoto et al., 2009; Li et al., 2020). Of note, the condensin-2 regulatory subunit D3 (NCAPD3) was up-regulated at 3 h in HL-60 cells. Similarly, proteins differentially modulated in OCI-AML3 cells include a cluster (CCND3, E2F4, and RBL2) specifically involved in the G1/S transition. Cyclin D3 (CCND3), which functions as a regulatory subunit of CDK4 or CDK6, was up-regulated at 3 h after CIGB-300 treatment. Also, the transcription factor E2F4, a repressor member of the E2F family, its partner the retinoblastoma-like protein 2 (RBL2/p130), and the protein Lin-54 homolog (LIN54) were up-regulated in OCI-AML3 cells. Such proteins are subcomponents of the LIN complex (LINC), which represses G1/S and G2/M genes during G0 and early G1 phase of the cell cycle (Fischer and Müller, 2017).
The impact of CK2 inhibition over cell cycle in AML was previously corroborated using the ATP-competitive inhibitor CX-4945 and CIGB-300 peptide. In such studies, flow cytometry and phosphoproteomic analysis of AML cells evidenced an impairment of cell cycle progression in response to CK2 inhibition (Rosales et al., 2021a; Rosales et al., 2021b). In fact, the filament-forming cytoskeletal GTPase SEPTIN2 and the MCM2 subunit of the replicative helicase complex (MCM complex), both well-documented CK2 substrates related to cell cycle progression, were down-phosphorylated in CIGB-300-treated AML cells (Rosales et al., 2021a). Furthermore, as a downstream consequence of CK2 inhibition by CIGB-300, a significant number of down-phosphorylated phosphosites in AML cells were attributed to the CDK family, thus suggesting a functional impairment of such kinases (Rosales et al., 2021a).
Likewise, proteins related to transcription and translation were differentially modulated in both HL-60 and OCI-AML3 cells treated with CIGB-300. In agreement, previous results have evidenced an impact of CIGB-300 on such biological processes (Perera et al., 2015), and in AML cells, the peptide not only interacts with proteins from the small and the large ribosome subunits but also down-phosphorylates proteins required for transcription, ribosome biogenesis, and initiation of protein synthesis (Rosales et al., 2021a). Accordingly, several components of the transcription pre-initiation complex (TAF5, TAF1B, GTF2A, INTS9, and MED17) were modulated by CIGB-300 in HL-60 cells. Nuclear factor-erythroid 2 (NFE2), a transcription factor overexpressed in myeloproliferative neoplasms and important for hematopoietic stem cell maintenance and differentiation (Wang et al., 2010; Di Tullio et al., 2017; Peeken et al., 2018), was down-regulated in HL-60 cells. Furthermore, the transcriptional regulator Cbp/p300-interacting transactivator 2 (CITED2), which functions in stem cell maintenance and promotes leukemic cell survival (Korthuis et al., 2015; Mattes et al., 2017), was differentially modulated in HL-60 proteomic profile in response to CIGB-300 treatment. The modulation of such proteins suggests a potential role of CIGB-300 in regulating the self-renewal of leukemic stem cells.
In line with this hypothesis, the expression of the transmembrane receptor Notch1 was increased in HL-60, and tetraspanin 14 (TSPAN14) and manic fringe glycosyltransferase (MFNG), which function as positive regulators of Notch signaling pathway (Taylor et al., 2014; Jouannet et al., 2016), were up-regulated by CIGB-300 treatment in HL-60 and OCI-AML3 cells, respectively. The classical view sustains that Notch signaling keeps cells in an undifferentiated state and plays oncogenic roles in many cancers, including hematological malignancies (Ntziachristos et al., 2014). However, specifically in AML, accumulating pieces of evidence suggest that Notch signaling pathway has a tumor suppressor role (Kannan et al., 2013; Lobry et al., 2013). In such respect, Notch1 is down-regulated in AML cell lines and patient samples and impairs leukemogenesis of AML by increasing the expression of the transcriptional factor PU.1, which mediates myeloid differentiation (Yang et al., 1992; Tohda and Nara, 2001). Since leukemic stem cell maintenance has been associated with AML relapse and resistant phenotypes to chemotherapy, a modulation of Notch signaling pathway by CIGB-300 could add a benefit to the standard antileukemic therapies.
Similar to HL-60 proteomic profile, CIGB-300 modulates the abundance levels of several transcription factors in OCI-AML3 cells including the Myc interacting factor X (MAX) and the AF4/FMR2 family member 4 (AFF4) (Lin et al., 2010; Diolaiti et al., 2015). In addition, the transcription factor homeobox A10 (HOXA10), a protein related to leukemogenesis and chemoresistance that has been proposed as a prognostic marker for AML patients (Yi et al., 2016; Guo et al., 2020), was also differentially modulated. Of note, the early growth response protein 1 (EGR1), which functions as a tumor suppressor in AML (Gibbs et al., 2008; Tian et al., 2016), was up-regulated in OCI-AML3 cells in response CIGB-300. EGR1 promotes myeloid differentiation and suppresses the leukemic phenotype driven by the oncogenes c-Myc or E2F-1 (Gibbs et al., 2008). This transcription factor is known to activate the expression of other tumor suppressor genes including p53 and the phosphatase and tensin homolog (PTEN), promoting growth arrest or cell death in cancer cells (Wang et al., 2021). Interestingly, the abundance of PTEN, which is an essential tumor suppressor in human myeloid malignancies (Morotti et al., 2015), was increased in OCI-AML3 cells. Noteworthy, sustained activation of AKT by PTEN deficiency mediates the chemoresistance of AML cells to idarubicin and cytarabine anticancer drugs (Ryu et al., 2019). Therefore, the up-regulation of PTEN in response to CIGB-300 treatment supports the benefit of combining CIGB-300 with standard chemotherapy drugs.
Remarkably, an array of proteins related to oxidative phosphorylation was only identified in HL-60 cells. Among these proteins, two subunits of the NADH:ubiquinone oxidoreductase/complex I (NDUFA13 and NDUFC1) were up-regulated in response to CIGB-300. The complex I catalyzes the electron transfer from NADH to ubiquinone in the first step of the mitochondrial respiratory chain, and its subunit NDUFA13, in addition to be required for electron transfer (Lu and Cao, 2008), functions as a tumor suppressor that binds to STAT3 and inhibits its transcriptional activity (Nallar et al., 2010). Together with NDUFA13 and NDUFC1 subunits, complex I intermediate-associated protein 30 (NDUFAF1), a mitochondrial chaperone involved in the assembly and stability of complex I (Vogel et al., 2005), was also up-regulated. The concomitant up-regulation of these proteins suggests that complex I could have an increased activity in CIGB-300-treated HL-60 cells, which could lead to an over-production of ROS since complex I is one of the main sources of mitochondrial oxidative stress (Brand, 2016). Importantly, such finding was corroborated by flow cytometry using the fluorescent probe DHE to determine ROS levels in AML cells.
Along with increased ROS levels, the cellular antioxidant defenses can be activated as a compensatory mechanism. In line with this, glutathione peroxidase (GPX1) and NAD(P)H dehydrogenase [quinone] 1 (NQO1) were up-regulated in HL-60 cells. The enzyme GPX1 detoxifies the hydrogen peroxide (H2O2) generated by superoxide dismutase (Arthur, 2001), while NQO1 reduces quinones to hydroquinones, preventing the generation of radical oxygen species (Ross and Siegel, 2021). Notably, AML cells have a reduced spare respiratory capacity in comparison with normal hematopoietic cells, and increasing electron flux through the respiratory chain preferentially promotes oxidative stress and induces cell death (Sriskanthadevan et al., 2015). Accordingly, we demonstrated that the reduction of intracellular ROS production by NAC anti-oxidant was accompanied by a reduced percentage of HL-60 cells undergoing apoptosis following treatment with CIGB-300. Thus, the modulation of proteins related to oxidative phosphorylation could mediate the antileukemic effect of CIGB-300 and promote apoptosis in HL-60 cells. Nevertheless, the addition of the anti-oxidant does not completely abrogate the pro-apoptotic effect of CIGB-300, evidencing that other molecular mechanisms different from intracellular ROS production could also be responsible for the induction of apoptosis in HL-60 cells. The foregoing is confirmed by the induction of apoptosis observed in OCI-AML3 cells (Rosales et al., 2021a), in spite of the absence of ROS accumulation when treated with CIGB-300.
Altogether, our proteomic analysis supports previous results evidencing that the proapoptotic effect and the impact of CIGB-300 over cell cycle regulation and transcriptional/translational processes are a common denominator for CK2 inhibition in AML cells (Rosales et al., 2021a). Conversely, modulation of proteins involved in redox homeostasis was only observed in HL-60 cells. Such findings not only provide fresh clues related to CIGB-300 antileukemic effect but also highlight that CK2 inhibition with the CIGB-300 triggered common and tailored response patterns in different AML backgrounds.
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Specific de novo mutations in the CSNK2A1 gene, which encodes CK2α, the catalytic subunit of protein kinase CK2, are considered as causative for the Okur-Chung neurodevelopmental syndrome (OCNDS). OCNDS is a rare congenital disease with a high phenotypic diversity ranging from neurodevelopmental disabilities to multi-systemic problems and characteristic facial features. A frequent OCNDS mutation is the exchange of Lys198 to Arg at the center of CK2α′s P+1 loop, a key element of substrate recognition. According to preliminary data recently made available, this mutation causes a significant shift of the substrate specificity of the enzyme. We expressed the CK2αLys198Arg recombinantly and characterized it biophysically and structurally. Using isothermal titration calorimetry (ITC), fluorescence quenching and differential scanning fluorimetry (Thermofluor), we found that the mutation does not affect the interaction with CK2β, the non-catalytic CK2 subunit, and that the thermal stability of the protein is even slightly increased. However, a CK2αLys198Arg crystal structure and its comparison with wild-type structures revealed a significant shift of the anion binding site harboured by the P+1 loop. This observation supports the notion that the Lys198Arg mutation causes an alteration of substrate specificity which we underpinned here with enzymological data.
Keywords: okur-chung neurodevelopmental syndrome (OCNDS), protein kinase CK2, casein kinase 2, CSNK2A1 gene, acidophilic substrate specificity, substrate recognition, P+1 loop, anion binding site
INTRODUCTION
The serine/threonine kinase CK2, a member of the CMGC branch within the superfamily of eukaryotic protein kinases (EPKs) (Manning et al., 2002), is a heterotetrametric holoenzyme consisting of a central dimer of non-catalytic subunits (CK2β) to which two separate catalytic subunits (CK2α or CK2α’ encoded in Homo sapiens by the genes CSNK2A1 or CSNK2A2, respectively) are attached (Niefind et al., 2001). Unlike many other EPKs—in particular its closest relatives within the CMGC family—, CK2 it is constitutively active (Niefind et al., 2007) in the sense that it does not require a phosphorylation or any other posttranslational modification for activation; alternatively, salt- and polycation-dependent self-interactions of CK2α2β2 holoenzyme complexes were proposed as a regulatory mechanism (Niefind and Issinger, 2005; Poole et al., 2005; Schnitzler et al., 2014) and experimental evidence of such interactions in the cell was provided (Hübner et al., 2014).
CK2 is involved in important cellular processes such as pro-survival signaling (St-Denis and Litchfield, 2009; Zheng et al., 2013; Castello et al., 2017), cell proliferation (Lebrin et al., 2001; St-Denis and Litchfield, 2009) and DNA-damage repair (Loizou et al., 2004; Montenarh, 2016). CK2 is extremely pleiotropic with more than 300 protein substrates reported already in 2003 (Meggio and Pinna, 2003). From these substrates as well as from peptide studies (Marchiori et al., 1988; Sarno et al., 1997), the consensus sequence S/T-D/E-X-D/E for CK2 substrate recognition was derived. The extraordinary pleiotropy of CK2 was emphasized later by Salvi et al. (2009) who extracted 2,275 potential CK2 sites out of 10,899 phospho sites altogether in a database analysis and validated some of the newly detected CK2 sites experimentally. In a review of phosphoproteomic studies, Needham at al. (2019) collected even 671 substrate proteins of CK2α or CK2α’, 445 of them being functionally annotated.
CK2 is expressed in various tissues (Faust and Montenarh, 2000) and particularly highly in the mammalian brain (Blanquet, 2000; Castello et al., 2017). Fitting to this, it was linked to neurodegenerative disorders such as Parkinson’s disease (Ryu et al., 2008; Borgo et al., 2021) and Alzheimer’s disease (Greenwood et al., 1994; Rosenberger et al., 2016) as well as to brain tumours like glioblastoma (Nitta et al., 2015; Rowse et al., 2017). The Okur-Chung neurodevelopmental syndrome (OCNDS) is a recent addition to CK2-associated pathologies of the nervous system. OCNDS is a rare disease observed predominantly in children and affects the patients’ behavior, facial structures, physical, intellectual and psychological development as well as their overall health status (Okur et al., 2016; Trinh et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Nakashima et al., 2019; Xu et al., 2020). Currently, about 120 OCNDS patients are known worldwide (https://www.csnk2a1foundation.org/, retrieved at 21st of June 2021).
OCNDS is considered as linked to de novo mutations in one allele of the CSNK2A1 gene as revealed by whole exome sequencing (Okur et al., 2016; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Nakashima et al., 2019; Xu et al., 2020). In a recent review, 35 different CSNK2A1 mutations relevant for OCNDS are listed (Wu et al., 2021), among them the most common one, which is Lys198Arg (Nakashima et al., 2019). Lys198 is located in the P+1 loop, the C-terminal part of the activation segment. The P+1 loop is typically used in EPKs for substrate recognition. In CK2α, Lys198 plus two further basic residues (Arg191 and Arg195) impart a positively charged character to the P+1 loop fitting to the enzyme’s preference for a negatively charged side chain one position downstream from the phosphorylated substrate residue. This functionality of CK2α′s P+1 loop was disclosed by a mutational study (Sarno et al., 1997); its structural basis was revealed by crystal structures of human CK2α with two sulfate ions (one of them harboured at the P+1 loop) (Niefind et al., 2007) and with the polyanionic substrate-competitive inhibitor heparin (Schnitzler and Niefind, 2021).
Typically, the CK2α mutations occurring in OCNDS are mentioned in clinical reports together with phenotypic features (Trinh et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Xu et al., 2020), while investigations on the protein level are rare so far. Recently, Dominguez et al. (2021) observed a general loss of catalytic activity for 15 OCNDS-found CK2α mutants (among them CK2αLys198Arg) expressed as GST-fusion proteins in bacteria, however, only with a standard peptide substrate and without an enzymologically stringent distinction in KM- and kcat-values. Caefer et al. (2021) performed a sophisticated phosphoproteomics study in a bacterial system (Chou et al., 2012; Lubner et al., 2018) and published preliminary evidence that the critical effect of the Lys198Arg mutation might concern the substrate specificity of CK2α rather than the overall activity. To supplement these data and to attempt to resolve the discrepancy, we report here the results of a crystallographic, biophysical and enzymological investigation of the Lys198Arg mutant of CK2α.
MATERIALS AND METHODS
Preparation of CK2α and CK2β Variants
Synthetic genes for human CK2α, CK2α1-335, CK2αLys198Arg, and CK2α1-335,Lys198Arg embedded in pET-28a (+) plasmids and thus prepared to carry an N-terminal (His)6-tag were purchased from BioCat, Heidelberg; here, CK2α1-335 and CK2α1-335,Lys198Arg were included as backups because CK2α1-335—in contrast to the full-length enzyme—does not tend to degrade C-terminally (Niefind et al., 2000), but it is functionally fully competent with respect to catalytic activity (Ermakova et al., 2003) and interaction with CK2β (Raaf et al., 2008). Competent Escherichia coli BL21 (DE3) cells were transformed with those plasmids and plated onto agar plates containing 100 μg/ml kanamycin. Grown colonies were picked and used for precultures containing 100 ml of lysogeny broth (LB) medium (10 g/L yeast extract, 20 g/L tryptone, 20 g/L sodium chloride) endowed with 100 μg/ml kanamycin. The precultures were grown over night at 37°C under shaking at 180 rpm. They were used to inoculate main cultures of 5 L slightly modified terrific broth medium (10 g/L yeast extract, 20 g/L tryptone, 2 g/L potassium dihydrogen phosphate, 8 g/L di-potassium hydrogen phosphate and 0.4 g/L magnesium sulfate) supplemented with 100 μg/ml kanamycin.
Each main culture was shaken at 37°C with 180 rpm until an OD600 between 1.0 and 1.5 was reached. Then, gene expression was induced by adding IPTG (Anatrace) to a final concentration of 0.5 mM. After incubating overnight at 20°C, the cells were harvested by centrifugation at 6,200 x g and 4°C for 30 min. The resulting cell pellets were frozen at −80°C after washing once with 0.9% (w/v) NaCl. The cells were lysed by incubation in lysis buffer (500 mM NaCl, 25 mM TRIS/HCl, pH 8.5, 1 mg/ml lysozyme and 10 μg/ml DNaseI) for 30 min at 4°C and subsequent cautious sonification (2 min, 2 s on/2 s off, 4°C, 40% power). The cell lysate was centrifuged at 186,000 x g and 4°C for 30 min to remove cell debris. The supernatant was filtered and then applied onto Ni-NTA affinity chromatography column (HisTrap™ FF 5 ml, GE Healthcare) mounted on an ÄKTA Prime chromatography system. The buffer A for sample application and washing was composed of 500 mM NaCl, 25 mM TRIS/HCl, pH 8.5 and 40 mM imidazole while the buffer B for gradient elution contained 250 mM rather than 40 mM imidazole. The protein was eluted using a linear gradient of 15 column volumes. Fractions with high absorption at 280 nm were analyzed more precisely by TRIS-glycine SDS-PAGE; those containing the desired protein were pooled and then concentrated by ultrafiltration using AMICON® ultra tubes (cutoff 30 kDa). Simultaneously, the protein was rebuffered into its standard background and storage buffer (500 mM NaCl, 25 mM TRIS/HCl, pH 8.5).
Human CK2β was prepared as full-length protein and as a C-terminal truncation construct CK2β1-193 which can interact with CK2α to form a CK2α2β2 holoenzyme (Boldyreff et al., 1993; Raaf et al., 2008). The pT7-7 plasmid containing the gene for CK2β1–193 without any tag was transformed into Escherichia coli BL21 (DE3) cells. The expression, harvesting and lysing procedure was analogue to the CK2α variants with the exception that LB medium with 100 μg/ml ampicillin was used for the pre- and main culture and that at an OD600 of 0.7, IPTG was added to a final concentration of 0.5 mM. Recombinant CK2β1-193 was prepared with a two-step chromatographic protocol: anion exchange chromatography on a HiTrap Sepharose Q column (GE HealthCare) followed by affinity chromatography with a heparin column (GE HealthCare). For both chromatographic steps, the low-salt buffer contained 150 mM NaCl 25 mM TRIS/HCl, pH 8.5 and the high-salt buffer contained 1 M NaCl 25 mM TRIS/HCl, pH 8.5. The protocol for the chromatography, analysis of the fractions and rebuffering was analogous to the CK2α variants.
To determine enzymatic parameters, CK2α2β2 holoenzyme variants consisting of either CK2α or CK2αLys198Arg in complex with CK2β1-193 were prepared. For this, the mentioned pET-28a (+) vector with the CK2α and CK2αLys198Arg genes as well as a pT7-7 vector with the coding sequence for CK2β1-193 with an N-terminal (His)6-tag were used. Transformation of competent Escherichia coli BL21 (DE3) cells, expression, harvesting, and cell lysis were performed in a similar manner as described above. For the expression of CK2β1-193, ampicillin was substituted for carbenicillin as selection marker in bacterial culture. LB agar plates, 50 ml LB medium precultures and 0.5 L LB medium main cultures contained 50 μg/ml kanamycin or carbenicillin.
Gene expression was induced at an OD578 between 0.5 and 0.6 by adding IPTG to a final concentration of 1 mM. After incubation for 4 h at 30°C, cells were harvested by centrifugation at 5,000 x g and 4°C for 10 min. To constitute the respective CK2α2β2 holoenzyme variants upon cell lysis, cell pellets for either CK2α or CK2αLys198Arg plus such for CK2β1-193 were merged at a mass ratio of 1:1 and frozen at −80°C. Mixed cells were lysed in 30 ml lysis buffer (500 mM NaCl, 25 mM TRIS/HCl, pH 8.5, 1.3 mg/ml lysozyme, 13.3 μg/ml DNaseI, 2 mM PMSF, 0.5 μg/ml leupeptin, 0.7 μg/ml pepstatin A) and incubated for 30 min at 4°C before subsequent cautious sonification (6 cycles, 20 s on/20 s off, 4°C, 50% power). After centrifugation at 100,000 x g at 4°C for 30 min and filtration, the cleared lysate was applied to a Ni-NTA affinity chromatography column (self-packed, 2 ml). Subsequently, the column was washed first with 5 column volumes of 500 mM NaCl, 25 mM TRIS/HCl, pH 8.5, and then with 10 column volumes of 500 mM NaCl, 25 mM Tris/HCl, pH 8.5, 25 mM imidazole. Finally, bound protein was eluted by addition of 5 column volumes of 500 mM NaCl, 25 mM Tris/HCl, pH 8.5, 250 mM imidazole. Fractions of 1 ml were analysed by SDS-PAGE and those containing the expected CK2α2β2 holoenzyme variant were pooled and applied to a gel filtration column (Cytiva HiLoad™ 26/600 Superdex™ 200 pg, 320 ml, Thermo Fisher Scientific, Braunschweig, Germany) using an Äkta Start System (GE Healthcare Europe, Freiburg, Germany) to remove further impurities as well as excess CK2 subunits not incorporated in the CK2 holoenzyme. The gel filtration column was equilibrated in 500 mM NaCl, 25 mM Tris/HCl, pH 8.5, serving subsequently as storage buffer. Again, fractions were analyzed by SDS-PAGE and the fractions containing the CK2α2β2 holoenzyme variants were pooled and stored at −80°C.
Fluorescence-labelled CK2β1–193 was prepared to determine the CK2β interaction with either wild-type CK2α or CK2αLys198Arg by specific fluorescence quenching. For this purpose, the unnatural amino acid para-azidophenylalanine (pAzF) purchased from Bachem AG (Bubendorf, Switzerland) was incorporated at position 108 of CK2β1-193 following an adapted protocol described before for a CK2α-pAzF construct (Nienberg et al., 2016). The essential modification here was that a CK2β1–193 encoding DNA sequence within the plasmid pT7-7 was subjected to site-directed mutagenesis to obtain an amber stop codon at position 108. The resulting plasmid for CK2β1–193,Tyr108Stop and the plasmid pEVOL-pAzF (Chin et al., 2002), which encodes for the amber suppressor tRNA/aminoacyl-tRNA synthetase, were transformed into E. coli BL21 (DE3) cells to allow the incorporation of pAzF during translation. The details of the expression procedure were performed as described by Nienberg et al. (2016). Harvested cells were lysed and the lysate was centrifuged at 100,000 x g. The supernatant was filtered using a 0.22 µm filter to remove leftover cell debris and applied to a Ni-NTA affinity chromatography column (self-packed, 2 ml). The column was washed with 20 column volumes of 500 mM NaCl, 25 mM Tris/HCl, pH 8.5, 50 mM imidazole. Finally, CK2β1–193-pAzF was eluted by the addition of 5 column volumes of 500 mM NaCl, 25 mM Tris/HCl, pH 8.5, 250 mM imidazole. Fractions of 1 ml were dialyzed against standard storage buffer (500 mM NaCl, 25 mM Tris/HCl, pH 8.5) and analysed by SDS-PAGE. Those containing CK2β1–193-pAzF were pooled and labelled with dibenzylcyclooctyne-Sulfo-Cy5 (DBCO-Sulfo-Cy5) in a Strain Promoted Azide-Alkyne Cycloaddition (SPAAC) reaction as described before (Agard et al., 2006; Nienberg et al., 2016).
Isothermal Titration Calorimetry
The procedure previously described (Raaf et al., 2013) was a adapted to perform ITC measurements. In this work, C-terminally truncated variants of the CK2 subunits were used which previously had been demonstrated to be fully competent to perform the CK2α/CK2β interaction (Raaf et al., 2008). The standard background buffer (500 mM NaCl, 25 mM TRIS/HCl, pH 8.5) was used to dilute the stock solutions of either CK2α1–335 or the mutant CK2α1–335,Lys198Arg to a concentration of 7 µM and that of CK2β1–193 to 149 µM. The latter was filled into the injection syringe. The measurements were carried out using a VP-ITC (Microcal) at 35°C. In each run, 25 injections of CK2β1–193 solution with a volume of 2 µL for the first, and 10 µL for all subsequent injections were applied; the off-time between two single injections was 300 s. Three independent measurements were performed for the CK2α1–335/CK2β1–193 interaction and two for the CK2α1–335,Lys198Arg/CK2β1–193 interaction.
The raw ITC data were processed with ORIGIN (version 7), Origin Lab (OriginLab Corporation, Northampton, MA, United States), assuming a binding model of a single set of sites, and with the “ligand is present in the cell” option. For curve fitting, the stoichiometry between CK2α and CK2β was fixed to 1 according to the structure of the CK2α2β2 holoenzyme (Niefind et al., 2001).
Fluorescence-Based Assay for Determination of Dissociation Constant
A fluorescence-based assay was used to determine dissociation constants (KD values) for the interaction of either CK2α or CK2αLys198Arg with CK2β1–193-pAzF after coupling the latter with DBCO-Sulfo-Cy5. For detection of fluorescence, a Monolith NT.115 device (Nanotemper, München, Germany) was used. Increasing amounts of either CK2α or CK2αLys198Arg to give final concentrations from 0.3 nM to 5 µM were mixed to probes of CK2β1–193-DBCO-Sulfo-Cy5 with a constant concentration of 30 nM. Samples were dissolved in 500 mM NaCl, 25 mM TRIS/HCl, pH 8.5, 0.05% Tween®20. The fluorescence intensity was determined at 25°C by excitation with a LED-lamp (LED Power: 95%, DBCO-Sulfo-Cy5: λabs,max = 646 nm; λem,max = 661 nm). Based on the CK2α- or CK2αLys198Arg-dependent quenching of fluorescence, KD values were determined using the mode “initial fluorescence” in the software MO. Affinity Analysis v2.1.3 (Nanotemper, München, Germany).
Differential Scanning Fluorimetry
Differential scanning fluorimetry (DSF) (Niesen et al., 2007; Boivin et al., 2013) was applied to probe the effect of the Lys198Arg mutation on the thermal stability of monomeric (unbound) and CK2β-bound CK2α. For these studies, full-length as well as C-terminally truncated versions of CK2α were used together with CK2β1–193, the C-terminally truncated form of CK2β (Raaf et al., 2008).
20 µM stock solutions of four different CK2α variants (CK2α, CK2αLys198Arg, CK2α1–335, CK2α1–335,Lys198Arg) and a 50 µM stock solution of CK2β1–193 were prepared. In addition, 3 µL of the commercial dye solution 5,000X SYPRO Orange (Sigma Aldrich) were diluted with 237 µL water. For a DSF scan with an unbound subunit, 2 µL of the diluted dye solution was mixed with 21 µL standard buffer (500 mM NaCl, 25 mM TRIS/HCl, pH 8.5) and with 2 µL stock solution of either CK2β1–193 or one of the CK2α variants. To analyze the effect of the CK2α/CK2β interaction on thermostability via DSF, 2 µL CK2β1–193 stock solution were mixed with 2 µL stock solution of one of the CK2α variants; this mixture was then incubated for 5 min at room temperature and finally supplemented with 19 µL standard buffer and 2 µL diluted SYPRO Orange dye solution.
DSF measurements were performed with the BioRad CFX96™ RT-PCR system using a temperature gradient from 4 to 95 °C with a slope of 1°C per minute, an excitation wavelength of 485 nm, and an emission wavelength of 530 nm. All melting curves were measured as triplicates. Raw data were collected with the CFX Manager™ software (BioRad) and processed with OriginPro 2021 (OriginLab Corporation, Northampton, MA, United States). To determine the inflection points of the direct melting curves (defined as the melting temperatures Tm), we calculated their first derivatives, modelled the derivative curves with the Gauss-Fit option of OriginPro 2021 and calculated their minima.
Crystallization and Crystal Structure Determination
Protein crystallization experiments were performed at 20°C using the sitting-drop variant of the vapour diffusion technique. Crystallization conditions for CK2αLys198Arg and CK2α1–335,Lys198Arg were searched with the “Index Screen” and the “Crystal Screen” collections purchased from Hampton Research. The most attractive crystals were found with the full-length construct CK2αLys198Arg and the condition G3 of the Index Screen. This combination was selected for subsequent optimization and macroseeding.
The final crystallization droplets were composed of a 1:1 mixture of protein solution (5 mg/ml CK2αLys198Arg in 500 mM NaCl, 25 mM TRIS/HCl, pH 8.5) and of reservoir solution (0.2 M lithium sulfate, 25% w/v PEG 3350 and 0.1 M Bis-TRIS/HCl, pH 6.5); to these droplets, single crystals from the screening plates were transferred as macro seeds. After equilibration at 20°C, suitable crystals were harvested, shortly transferred to a cryoprotectant mixture composed of 70 µL reservoir solution and 30 µL ethylene glycol, and subsequently vitrified in liquid nitrogen.
X-ray diffraction data of the CK2αLys198Arg crystals were collected at beamline ID23-2 of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France) equipped with a PILATUS3 X 2M detector. The temperature of data collection was 100 K and the wavelength 0.8731 Å. The raw diffraction data were processed with the AutoPROC pipeline (Vonrhein et al., 2011) which utilized XDS (Kabsch, 2010), POINTLESS and AIMLESS (Evans and Murshudov, 2013) from the CCP4 suite (Winn et al., 2011) and finally STARANISO (Tickle et al., 2018) to improve the data set by anisotropy correction. The structure was solved by molecular replacement with PHASER (McCoy et al., 2007) integrated in the PHENIX package (Adams et al., 2010) and using the CK2α1–335 structure with PDB_ID 2PVR (Niefind et al., 2007) as a search model. The refinement was performed with the phenix. refine module (Afonine et al., 2012) of PHENIX (Adams et al., 2010) in combination with COOT (Emsley et al., 2010) for manual corrections.
Enzyme Kinetics
To determine enzymatic parameters (KM, kcat, kcat/KM) of the different enzyme variants, a capillary electrophoresis (CE) based kinase assay was performed (Gratz et al., 2010). Four different CK2 substrate peptides (RRRDDDSDDD, RRRDDDTDDD, RRRDDDSGGD, and RRREDEYDDD) were purchased from GenScript (Leiden, Netherlands). The enzyme reaction rate was determined with these substrates at varying concentrations from 50 to 750 µM. A constant concentration of 500 µM ATP was applied throughout all experiments. Phosphorylation of substrates was performed by addition of CK2α2β2 holoenzyme variants with a final concentration of either 18.5 nM for (CK2α)2(CK2β1–193)2, if the peptides RRRDDDSDDD or RRRDDDTDDD were the substrates, or 92.4 nM for (CK2α)2(CK2β1–193)2, if the peptides RRRDDDSGGD or RRRDDDYDDD were the substrates, as well as for all reactions with (CK2αLys198Arg)2(CK2β1–193)2. The significantly higher enzyme concentration for some of the reactions was chosen to compensate for low base activity and improve the detection limit. For each setup, the kinase reaction was performed at 37°C and samples for CE were taken at different time points (3, 6, 9, and 12 min). Initial reaction rates were determined by linear regression.
Substrate and product peptides were separated by CE on a ProteomeLab PA800 System (Beckman Coulter, Krefeld, Germany). For instrument control and analysing of the results the 32 karat 9.1 software (Beckman Coulter, Krefeld, Germany) was used. CE was performed with 2 M acetic acid (pH 2) as an electrolyte, a constant current of 30 µA and UV detection at 195 nm.
KM and vmax were determined from Lineweaver-Burk diagrams using GraphPad Prism 5 (GraphPad, La Jolla, CA, United States). Finally, turnover numbers kcat and catalytic efficiencies kcat/KM were calculated from these values.
RESULTS AND DISCUSSION
The Lys198Arg Mutation in CK2α Does Not Reduce the Affinity to CK2β
The CK2β interacting region of CK2α is located exclusively at the N-terminal lobe of the kinase domain (Niefind et al., 2001) with Leu41 and Phe54 being the interaction hotspots on the side of CK2α (Raaf et al., 2011). The P+1 loop of CK2α with Lys198 at its center is relatively far away from this region; therefore and because of the conservative nature of the mutation, we did not expect a significant loss of affinity as a consequence of the mutation.
To probe this quantitatively, we performed ITC experiments, in which CK2β1–193 was titrated against either CK2α1–335 (Figure 1A) or CK2α1–335,Lys198Arg (Figure 1B), and processed these data to obtain dissociation constants KD plus thermodynamic profiles (Figure 1C). The resulting KD value of 5.4 nM for the CK2α1–335/CK2β1–193 interaction is in a similar range as reported previously (Raaf et al., 2008; Bischoff et al., 2011; Raaf et al., 2011; Raaf et al., 2013). Significantly, the KD value of the CK2α1–335,Lys198Arg/CK2β1–193 interaction is nearly identical (6.1 nM). The same is true for the enthalpic and the entropic term of the thermodynamic profile (Figure 1C); in either case, the interaction is driven strongly enthalpically, partially balanced by enthalpy-entropy compensation.
[image: Figure 1]FIGURE 1 | ITC characterization of the effect of the Lys198Arg mutation on the CK2α/CK2β interaction. (A/B) Representative direct and integrated ITC curves for the interaction of CK2β1-193 with CK2α1-335 (A) and CK2α1-335,Lys198Arg (B) generated with ORIGIN. (C) Thermodynamic data after processing of ITC curves. The numbers represent mean values plus corresponding standard deviations for triplicate measurements.
To validate these CK2α/CK2β interaction results with an alternative method a fluorescence-based assay was used (Figure 2). Increasing amounts of CK2α, CK2αLys198Arg or the negative control protein BSA were mixed to fluorescently labelled CK2β1–193-DBCO-Sulfo-Cy5. The quenching of fluorescence proved specific binding for CK2α (Figure 2A) and for CK2αLys198Arg (Figure 2B) to the CK2β construct while for BSA no effect on fluorescence was detected (data not shown). Quantitative processing of these data resulted in KD values of 13.6 nM for the CK2α/CK2β1–193-DBCO-Sulfo-Cy5 interaction (Figure 2A) and 6.2 nM for the CK2αLys198Arg/CK2β1–193-DBCO-Sulfo-Cy5 interaction (Figure 2B) which were not significantly different from each other (p > 0.05, One-way-ANOVA). Furthermore, the KD values are in a similar range as those determined with ITC (Figure 1C) or reported for using Microscale thermophoresis (MST; 12 nM; (Pietsch et al., 2020). This indicates that measuring of fluorescence quenching of CK2β1–193-DBCO-Sulfo-Cy5 has the potential to become a novel methods to determine KD values of the interaction of CK2β with variants of CK2α.
[image: Figure 2]FIGURE 2 | Characterization of the effect of the Lys198Arg mutation on the CK2α/CK2β interaction using a fluorescence-based assay. The fluorescence of CK2β1-193-DBCO-Sulfo-Cy5 quenched by increasing concentrations of CK2α (A) or CK2αLys198Arg (B) in the range from 0.3 to 5,000 nM was measured. The binding curves were generated and processed using the software MO. Affinity Analysis v2.1.3 (Nanotemper, München, Germany). The KD values given in the graphs are averages from three independent experiments.
In summary, the CK2α/CK2β interaction data determined via ITC and fluorescence quenching are largely consistent with the expectation that the CK2α mutation Lys198Arg has no significant effect on the interaction with CK2β.
The Thermostability of CK2α and of the CK2α2β2 Holoenzyme Is Not Affected by the Lys198Arg Mutation
CK2β is not only significantly more thermostable than CK2α, but its interaction with the latter has also a strong stabilizing impact against thermal stress (Boldyreff et al., 1993; Raaf et al., 2008). These facts known from differential scanning calorimetry experiments (Raaf et al., 2008) could be confirmed here with DSF (Figure 3): the TM value of CK2β1–193 was determined as 58.2°C while the melting temperature of unbound CK2α was almost 14° lower (44.8°C), irrespective if the full-length versions of CK2α were tested (Figure 3A) or the C-terminally truncated constructs (Figure 3B). After binding to CK2β1–193, however, the TM values of the CK2α variants increased to 52°C (full-length CK2α) and to 53.2°C (CK2α1–335).
[image: Figure 3]FIGURE 3 | Differential scanning fluorimetry to determine the thermal stability of the CK2α variants of this study and its change by CK2β1-193. (A/B) Negative first derivatives of representative melting curves of either full-lengths CK2α variants (A) or C-terminally truncated CK2α variants (B) in the absence of CK2β1-193 (solid blue and red lines) and in the presence of CK2β1–193 (dashed blue and red lines). For comparison, the curve measured with unbound CK2β1–193 is drawn as black solid line in both panels. (C) Melting temperatures derived from DSF curves as visible in panels A and B. Averages and standard deviations of three independent measurements, respectively, are given.
A comparable thermostabilization effect by CK2β1–193 should exist if—as the ITC (Figure 1) and fluorescence quenching (Figure 3) data suggest—the CK2α mutation Lys198Arg does not impair the assembly of the CK2α2β2 holoenzyme. In fact, according to the DSF data, the TM value of CK2αLys198Arg increases from 46°C (unbound) to 53°C (CK2β1–193-bound) and the TM value of CK2α1-335,Lys198Arg from 46.4°C (unbound) to 53.9°C (CK2β1–193-bound). Thus, the ITC/fluorescence evidence that the Lys198Arg mutation of CK2α does not affect the CK2α/CK2β interaction is emphasized by the DSF results.
Noteworthy, the TM value of CK2αLys198Arg is about 1° higher than that of wild-type CK2α regardless whether CK2β1–193 is bound or not. A similar increase is visible if the C-terminally truncated variants are compared. Thus, the mutation Lys198Arg itself causes a slight, but significant thermostabilization of CK2α, an observation that is consistent with the conservative nature of the mutation.
The Lys198Arg Mutation in CK2α Causes a Shift of the Anion Binding Site at the P+1 Loop
The structure of CK2αLys198Arg was solved by molecular replacement and refined to a resolution of 1.77 Å (Table 1). The asymmetric unit of the tetragonal CK2αLys198Arg crystal contains two protein molecules. While their C-terminal segments were not visible in the electron density, both CK2αLys198Arg chains were largely well defined from residue 2 to 333 and in particular in the region of the P+1 loop, which contains the mutated position 198.
TABLE 1 | X-ray data and refinement statistics of a CK2αLys198Arg structure.
[image: Table 1]During structure refinement, a number of large and approximately tetrahedrally formed pieces of electron density emerged at positively charged surface areas of the enzyme molecules known to be relevant for substrate recognition. We filled them with sulfate ions because of the relatively high sulfate content in the crystallization solution (200 mM) and the absence of alternative anionic candidates (Figure 4A).
Sulfate ions are substrate-competitive CK2 inhibitors (Niefind et al., 2007). Some of the bound sulfate ions are coordinated by a part of the N-terminal kinase domain that receives its positive charge largely by a CK2α-typical, lysine-rich sequence motif K74KKKIKR80 located at the beginning of the helix αC (Figure 4B). This surface patch is referred to as “extended substrate-recognition region” in Figure 4A because it supports the binding of acidic substrates as demonstrated by mutational analyses (Sarno et al., 1995; Sarno et al., 1997) and by the identification of an interface to the substrate-competitive inhibitor heparin, a highly sulfated, negatively charged carbohydrate (Schnitzler and Niefind, 2021).
[image: Figure 4]FIGURE 4 | Crystal structure of CK2αLys198Arg. All depicted pieces of electron density were extracted from the final 2Fo-Fc map using a contouring level of 1 σ. The figure was prepared with PyMOL (2013). (A/B) Global overview of one CK2αLys198Arg protomer, illustrating either the electrostatic surface with bound sulfate ions (A) or the secondary structure elements (B). (C) Details of the anion binding sites at the activation loop (with bound P+3 sulfate) and at the P+1 loop. A substrate peptide modelled into the active site as described by Niefind et al. (2007) is shown with light-blue carbon atoms. Sulfate ions or a heparin sulfo group from several other wild-type-like CK2α structures (Niefind et al., 2007; Shibazaki et al., 2018; Schnitzler and Niefind, 2021) as well as the essential part of the P+1 loop in the MAP kinase p38γ (Bellon et al., 1999) were drawn for comparison. (D/E) The P+1 loop in chain A (D) or in chain B (E) of the CK2αLys198Arg structure; in both cases, the P+1 loop in the wild-type-like CK2α1-335 structure 2PVR (Niefind et al., 2007) plus the bound sulfate ion were drawn to illustrate changes in the backbone and the precise sulfate ion location.
In the context of this study, two sulfate ions located at the “central substrate-recognition region” (Figure 4A) are particularly relevant because their binding sites are the P+1 loop, which harbors the critical Lys198Arg mutation, and the activation loop (Figure 4B). At these two cavities, sulfate ions have been found several times before (Figure 4C) (Niefind et al., 2007; Shibazaki et al., 2018; Schnitzler and Niefind, 2021); in a recent high-resolution structure of a CK2α1–335/heparin complex, one of them—the P+1 loop site—even harbors a sulfo moiety of a heparin disulfo-glucosamine residue (Figure 4C) (Schnitzler and Niefind, 2021). The most striking feature of the CK2αLys198Arg/sulfate complex structure is that the position of the sulfate ion at the activation loop, which is designated as “P+3 sulfate” in Figure 4A/B/C for reasons explained below, is identical compared to the wild-type structures while the sulfate ion at the mutated P+1 loop was shifted by 3.5 Å in the direction of Arg195, one of the selectivity determinants of the P+1 loop (Figure 4C). Noteworthy, a similar displacement of the P+1 loop anion binding site was described previously when CK2α was structurally compared with its closest relatives in the CMGC kinase family (Niefind et al., 2007); it is illustrated in Figure 4C for p38γ which like other MAP kinases requires two phosphorylations for activation and harbors the resulting terminal anionic phospho groups at the activation loop and the P+1 loop (see phospho-Tyr185 of p38γ in Figure 4C) (Bellon et al., 1999). Significantly, p38γ such as most CMGC kinases possesses an arginine at the center of the P+1 loop, meaning equivalent to Lys198 of CK2α; this arginine residue is so typical that it was entitled “CMGC arginine” in a comprehensive evolutionary study (Kannan and Neuwald, 2004). Thus, an arginine at the centre of the P+1 loop can be canonically present as in most CMGC kinases or it can be the result of a mutation as in CK2αLys198Arg, but in both cases it shifts the binding site for anionic moieties within the P+1 loop significantly compared to wild-type CK2α.
The relocation of the P+1 sulfate ion is visible in both protomers of the CK2αLys198Arg structure (Figure 4D/E). It is accompanied by an evasion of the Asn238 side chain and additionally in chain A (but not in chain B) by a flip of the peptide group linking Val192 and Ala193 (Figure 4D). The latter detail was never observed before: normally in CK2α structures, this peptide group is turned in such a way that a close hydrogen bond between the carbonyl O-atom of Val192 and the terminal amino group of Lys198 can be formed (depicted as green dotted line in Figure 4D/E) with the consequence of structural tension in the peptide backbone at Ala193, indicated by an unfavourable φ/ψ-combination in a Ramachandran graph (Niefind et al., 2007), but released by a peptide flip as visible in chain A. Thus, the tendency to turn the Val192/Ala193 peptide to a relaxed conformation leads to less backbone strain in the P+1 loop of CK2αLys198Arg compared to wild-type CK2α, an observation that fits to the gain of thermostability mentioned above (Figure 3C).
Relation to Substrate Specificity and Cushing’s Syndrome
The question arises what the relocation of the P+1 sulfate visible in Figures 4C–E could mean in a functional sense. For the wild-type construct CK2α1-335, the binding sites for sulfate ions at the P+1 loop and the activation loop were functionally interpreted by Niefind et al. (2007) who modelled—due to the absence of an experimental CK2α/substrate peptide complex structure—a short CK2 substrate peptide (sequence DSDDD) into the active site of CK2α. The structure of the CK2α-relative cyclin-dependent kinase 2 in complex with cyclin A plus a peptide substrate (Brown et al., 1999) served as a template for this in silico modelling. Significantly, the side chain carboxylates of Asp1 and Asp3 of the modelled peptide, which represent the positions P+1 and P+3 of typical CK2 substrates (consensus sequence for substrate recognition: S/T-D/E-X-D/E), coincide well with the two sulfate ions as visible in Figure 4C.
If this overlap is compromised as for the P+1 loop of CK2αLys198Arg, no complete loss of function should be expected, but a disturbance of the canonical substrate recognition. The sulfate shift of 3.5 Å illustrated in Figure 4C suggests that CK2αLys198Arg still favours substrates with an acidic P+1 residue, but that glutamate with its longer side chain should be boosted compared to aspartate. The preliminary data of Caefer et al. (2021), for which bacterial phosphoproteomes were artificially established by the Proteomic Peptide Library (ProPeL) approach of Lubner et al. (2018), indicate a decreased preference of CK2αLys198Arg for acidic residues at the P+1 position of substrates, but a detailed analysis of the identified phosphopeptide motifs shows a more differentiated picture: 699 motifs found exclusively with wild-type CK2α disclose a pronounced specificity for aspartate (but not glutamate) at the P+1 position. In 373 motifs unique for CK2αLys198Arg, glycine followed at a clear distance by alanine and leucine is the preferred P+1 residue while acidic residues are no longer represented significantly. In a subset of 651 overlapping motifs (found with wild-type CK2α as well as CK2αLys198Arg), aspartate is the most frequent P+1 residue closely followed by glutamate. Insofar, a selectivity shift at the P+1 position of substrates from aspartate to glutamate, which is consistent with our structural data, is indeed visible from the preliminary results of Caefer et al. (2021). Simultaneously, however, the Lys198Arg mutation seems to be accompanied by an overall decrease of P+1 preference for acidic residues and a general loss of relevance of the P+1 loop for substrate recognition. These tendencies are not apparent from the CK2αLys198Arg/sulfate structure presented here. Crystal structures of CK2α and CK2αLys198Arg in complex with substrate peptides are required in the future to explain these changes of substrate specificity.
Interestingly, the ProPeL method was also applied to investigate the mutation Leu205Arg of protein kinase A (PKA) (Lubner et al., 2017) which is a central driver of Cushing’s syndrome caused by cortisol-secreting adenomas (Cao et al., 2014; Berthon et al., 2015; Walker et al., 2019). Leu205 of PKA is equivalent to Lys198 of CK2α, meaning it is the central residue of the P+1 loop in PKA and one of determinants of the enzyme’s preference for hydrophobic residues like Phe, Leu, Ile or Val at the P+1 position of substrates. For PKALeu205Arg, Lubner et al. (2017) determined still a certain P+1 preference for Leu, but Asp, Asn and Gln emerged as new strongly acceptable P+1 residues in substrate proteins. Thus, again a subtle shift of protein kinase selectivity—caused by a mutation in the P+1 loop—rather than a loss of function seems to be a genetic background of a protein kinase-linked disease.
Michaelis-Menten Kinetics
Potential selectivity changes caused by the Lys198Arg mutation were examined. To this end, we performed comparative Michaelis-Menten kinetics to determine KM- and kcat-values (and out of them catalytic efficiencies) of CK2α2β2-holoenzyme complexes with either wild-type CK2α or CK2αLys198Arg for the phosphorylation of four different peptide substrates (Figure 5). An established CK2 standard substrate with the sequence RRRDDDSDDD served as positive control (Figure 5A/B). The other substrate peptides with sequences RRRDDDSGGD (Figure 5C/D), RRRDDDTDDD (Figure 5E/F), and RRREDEYDDD were inspired by the preliminary results of Caefer et al. (2021). With CK2αLys198Arg, these authors had observed selectivity changes at the P+1 position as mentioned above and a decreased preference for Thr phosphorylation, but an increased propensity for phosphorylation at Tyr, in particular if the Tyr phosphorylation site is preceded by acidic residues at the P-2 and the P-1 position.
[image: Figure 5]FIGURE 5 | Michaelis-Menten kinetics with varying substrate concentrations to examine changes in substrate specificity caused by the CK2α mutation Lys198Arg. |(A/C/E) Lineweaver-Burk plots for wild-type (CK2α)2(CK2β)2 and the substrates RRRDDDSDDD (A), RRRDDDSGGD (C), or RRRDDDTDDD (E). (B/D/F) Lineweaver-Burk plots for the mutant (CK2αLys198Arg)2(CK2β)2 and the substrates RRRDDDSDDD (B), RRRDDDSGGD (D), or RRRDDDTDDD (F). (G) Overview of the enzymological data derived from the Lineweaver-Burk plots in panels (A–F). The catalytic efficiency values (kcat/KM) are highlighted in red colour.
With the peptide RRREDEYDDD, we could not detect any significant tyrosine phosphorylation, either with the wild-type CK2α2β2 holoenzyme or with the mutant (CK2αLys198Arg)2(CK2β)2. Thus, no conclusions concerning changes in phosphoacceptor specificity and no comparison with the corresponding preliminary results of Caefer et al. (2021) can be drawn. Possible reasons for this failure are the nature of the peptide or the limited sensitivity of the assay read-out (or a combination of both). According to an early in vitro study by Marin et al. (1999) with various substrates peptides, the Tyr phosphorylation of CK2 depends extremely on the sequence environment; for instance, the peptides RRRADDYDDDDD, EEEEEYEEEEEEE, and PEGDYEEELE remained completely unphosphorylated in spite of acidic residues at the P+1 and P+3 positions, and even for peptides with detectable Tyr phosphorylation by CK2, the catalytic efficiencies for the phosphorylation of equivalent Ser peptides were higher by a factor of at least 10,000 (Marin et al., 1999).
In contrast to an increased propensity for Tyr phosphorylation, other tendencies mentioned in the preliminary report of Caefer et al. (2021) are confirmed by the enzymological data summarized in Figure 5G. For the standard peptide RRRDDDSDDD (Figure 5A/B), the Lys198Arg mutation decreased the catalytic efficiency by a factor of 5.7, but for Thr phosphorylation (peptide RRRDDDTDDD; Figure 5E/F), the loss of catalytic efficiency is even higher (factor 10.2). Thus, the phosphoacceptor propensity of Thr compared to Ser is reduced by the Lys198Arg mutation as found by Caefer et al. (2021).
Likewise, the catalytic efficiencies we determined for the peptide RRRDDDSGGD (Figure 5C/D/G) are consistent with the preliminary data of Caefer et al. (2021). As mentioned above, these authors reported an increase of phosphopeptide motifs with glycine at the P+1 position when CK2αLys198Arg rather than the wild-type was used to generate a bacterial phosphoproteome. In line with this, we observed no loss of catalytic efficiency by the Lys198Arg mutation for peptide RRRDDDSGGD in contrast to RRRDDDSDDD, but even a slight, albeit statistically not significant increase from 0.009 μM−1 min−1 to 0.014 μM−1 min−1 (factor 1.6). This shows that glycine is in fact a preferred P+1 residue in substrates of CK2αLys198Arg, and it supports the notion of Caefer et al. (2021) that CK2αLys198Arg might have decidedly new and unique substrate proteins not phosphorylated under the catalysis of wild-type CK2.
CONCLUSION
In summary, the enzymological data of this work fit to its central structural finding that the Lys198Arg mutation causes a shift of the anion binding site at the P+1 loop. Furthermore, they support the conclusion drawn in the preliminary report of Caefer et al. (2021) that the CK2α mutant Lys198Arg does not primarily lead to a loss of function, but to alterations of the phosphoacceptor preference and the substrate specificity. Taylor et al. (2012) emphasized that EPKs principally differ from metabolic enzymes because they are not evolutionarily optimized for substrate turnover and because the physiological concentrations of their protein substrates are typically low and often in the same range as the enzyme concentrations themselves. Insofar, the general reduction of the catalytic activity of an EPK is perhaps less detrimental than subtle changes in substrate specificity which disturb regulatory networks. Since OCNDS is a neurodevelopmental disease and Lys198Arg the most frequent OCNDS mutation (Nakashima et al., 2019), specific proteins of the nervous system are probably differentially phosphorylated by CK2α and the mutant CK2αLys198Arg. Caefer et al. (2021) predicted a number of ion channels localized in the axon of neurons as candidates for such a differential phosphorylation. It remains to be shown if these predictions are valid, which other changes of the CK2-dependent phosphoproteome (in particular in neurons) are caused by the mutation Lys198Arg and how these are linked to neurodevelopmental processes leading to the OCNDS phenotype. Such an understanding of the molecular basis of OCDNS may finally result in translational approaches and therapies.
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Okur-Chung Neurodevelopmental Syndrome (OCNDS) is caused by heterozygous mutations to the CSNK2A1 gene, which encodes the alpha subunit of protein kinase CK2. The most frequently occurring mutation is lysine 198 to arginine (K198R). To investigate the impact of this mutation, we first generated a high-resolution phosphorylation motif of CK2WT, including the first characterization of specificity for tyrosine phosphorylation activity. A second high resolution motif representing CK2K198R substrate specificity was also generated. Here we report the impact of the OCNDS associated CK2K198R mutation. Contrary to prior speculation, the mutation does not result in a complete loss of function, but rather shifts the substrate specificity of the kinase. Broadly speaking the mutation leads to 1) a decreased preference for acidic residues in the +1 position, 2) a decreased preference for threonine phosphorylation, 3) an increased preference for tyrosine phosphorylation, and 4) an alteration of the tyrosine phosphorylation specificity motif. To further investigate the result of this mutation we have developed a probability-based scoring method, allowing us to predict shifts in phosphorylation in the K198R mutant relative to the wild type kinase. As an initial step we have applied the methodology to the set of axonally localized ion channels in an effort to uncover potential alterations of the phosphoproteome associated with the OCNDS disease condition.
Keywords: CK2, Okur-Chung neurodevelopmental syndrome, kinase specificity, proteomics, ProPeL, phosphorylation, mass spectrometry
INTRODUCTION
Okur-Chung Neurodevelopmental Syndrome (OCNDS) is broadly characterized by delayed psychomotor development and intellectual disability (Okur et al., 2016). The disorder has been linked to various heterozygous mutations on the CSNK2A1 gene, which encodes the alpha subunit of protein kinase CK2, a well-characterized and conserved serine/threonine protein kinase (Pinna, 1990, 2003; Meggio and Pinna, 2003). Of the mutations associated with OCNDS, the mutation of lysine-198 to arginine (K198R) has been most frequently observed. The K198R mutation has been speculated to result in a loss of kinase function (Chiu et al., 2018), and this speculation was more recently thought to be confirmed (Dominguez et al., 2021). Interestingly however, lysine-198 is located in the activation segment of CK2 and had been previously implicated in the acidic residue preference of CK2 at the +1 position relative to the phosphoacceptor (Sarno et al., 1997). Furthermore, Sarno et al. demonstrated that while the K198A mutation reduced phosphorylation of substrates with a +1 acidic residue, it allowed for efficient phosphorylation of substrates with a +1 alanine (Sarno et al., 1996). Taken together, we posited that the CK2K198R mutation may not result in a complete loss of kinase activity, but rather a shift in substrate specificity. To determine the impact on specificity of the CK2K198R mutation we implemented the ProPeL method (Lubner et al., 2018) to generate a high-resolution motif of CK2WT and CK2K198R. Additionally, we utilized a probabilistic strategy to determine the differential likelihood of modification for serine, threonine, and tyrosine residues on axonally localized ion channels under wild type and mutant kinase conditions.
MATERIALS AND METHODS
Plasmids
For bacterial expression, a plasmid containing the human CSNK2A1 gene in an Invitrogen Gateway donor vector (pDONR223) was provided by The Broad Institute and was transferred to the pDEST17 backbone following the standard Gateway Protocol (Life Technologies). Generation of the CK2K198R mutant was done using the Q5® Site-Directed Mutagenesis Kit (New England BioLabs).
ProPeL Experiments for Motif Determination
The Proteomic Peptide Library (ProPeL) approach is a mass spectrometry-based method to experimentally determine high-resolution kinase specificity motifs. In this method, an exogenous kinase of interest is expressed in Escherichia coli and phosphorylates the endogenous proteome according to its native substrate preferences. These phosphorylated proteins can then be identified by LC-MS/MS to create a list of phosphorylation sites to be used to visualize substrate specificity. ProPeL experiments were carried out as previously described (Chou et al., 2012; Lubner et al., 2018) with the following conditions for in vivo proteome phosphorylation: all CK2 constructs were expressed in E. coli OverExpress C43 (DE3) cells (Lucigen) by IPTG induction. Optimal expression conditions were determined to be mid-log induction followed by expression for 24 h at 37°C in TB media (data not shown).
Western Blotting
Comparable expression of CK2WT and CK2K198R was confirmed by western blotting using the primary antibody Anti-CSNK2A1 antibody (Abcam ab10466) at a 1/5,000 dilution and the secondary antibody IRDye® 680RD Donkey anti-Rabbit IgG at a 1/5,000 dilution.
Untargeted Protein Identification via Tandem Mass Spectrometry
Peptide samples were subjected to mass analysis using a Thermo Scientific Ultimate 3000 RSLCnano ultra-high performance liquid chromatography (UPLC) system coupled to a high-resolution Thermo Scientific Q Exactive HF mass spectrometer. An aliquot of each peptide preparation in Solvent A (0.1% formic acid in H2O) was injected onto a Waters nanoEase M/Z Peptide BEH C18 analytical column (130Å, 1.7 μm, 75 μm × 250 mm) and separated by reversed-phase UPLC using a gradient of 4–30% Solvent B (0.1% formic acid in acetonitrile) over a 100- min gradient at 300 nL/min flow. Peptides were eluted directly into the Q Exactive HF using positive mode nanoflow electrospray ionization and 1.5 kV capillary voltage. MS scan acquisition parameters included 60,000 resolution, 1e6 AGC target, maximum inject time of 60 ms, and a 300–1800 m/z mass range. Data-dependent MS/MS scan acquisition parameters included 15,000 resolution, 1e5 AGC target, maximum ion time of 40 ms, loop count of 15, isolation window of 2.0 m/z, dynamic exclusion window of 30 s, normalized collision energy of 27, and charge exclusion “on” for all unassigned, +1, and >+8 charged species.
Peptides were identified using MaxQuant (v1.6.10.43) and the embedded Andromeda search engine (Cox and Mann, 2008). The raw data was searched against three databases: an in-house-generated protein database consisting of 6xHis-tagged CK2 wildtype and mutant sequences, the complete UniProt E. coli reference proteome (identifier UP0000068040, accessed 11 September 2020), and the MaxQuant contaminants database. Variable modifications were oxidation of Met, acetylation of protein N- termini, deamidation of Asn/Gln, and for enriched samples, phosphorylation of Ser/Thr/Tyr. Carbamidomethylation of Cys was set as a fixed modification. Protease specificity was set to trypsin, allowing a maximum of two missed cleavages. LFQ quantification was enabled. All results were filtered to a 1% false discovery rate at the peptide spectrum match and protein levels; all other parameters were kept at default values. MaxQuant-derived output was further analyzed in accordance with the ProPeL method (Chou et al., 2012).
Probability-Based Prediction of CK2WT and CK2K198R Phosphorylation Sites
Given that the ProPeL methodology for kinase motif determination is carried out in the context of a closed system (the E. coli expressed proteome) the scoring of phosphorylated and unphosphorylated serine, threonine, and tyrosine residues in E. coli could be used to convert motif scores to probabilities of modification. Specifically, phosphorylated 15mers (for either the wild type or K198R data set) were mapped back onto the UniProt reference K12 E. coli proteome to generate a list of expressed proteins phosphorylated by CK2 in E. coli. These proteins were then subjected to a full trypsin digestion in silico and resultant peptides with a length up to 50 residues were retained to generate a list of all potential phosphorylation sites that could have been hypothetically observed in our experiments. Seven residues upstream and downstream from each serine, threonine, and tyrosine residue in these peptides was extracted to create a complete list of serine, threonine, and tyrosine-centered 15mers. Each 15mer was labeled as either positive or negative depending on whether it was observed to be phosphorylated in our ProPeL experiments, resulting in 1,350 positive (phosphorylated) and 26,331 negative (not observed to be phosphorylated) 15mers in the CK2WT data set, and 1,024 positive and 20,083 negative 15mers in the CK2K198R data set. Every peptide was scored using the appropriate wild type or K198R serine, threonine, or tyrosine-centered position weight matrix derived from the log-odds binomial probabilities observed in the corresponding serine, threonine, or tyrosine-centered pLogo, as we have shown previously (Schwartz et al., 2009). Note, the value for the central phosphorylated residue was derived from pLogo containing phosphorylated serine, threonine, and tyrosine-centered 15mers relative to presumed unphosphorylated serine, threonine, and tyrosine-centered 15mers (i.e., the pLogo with the unfixed central residue, see Figure 1). The complete set of scored 15mers was sorted in descending order and was used as a reference table to determine probabilities of modification based on score - specifically by taking the number of positive peptides above a score threshold divided by the total number of positive and negative peptides above a score threshold. Complete reference tables for CK2WT and CK2K198R are available in Supplementary Tables S5, S6. This methodology was utilized to score and assign probabilities of modification to all serine, threonine, and tyrosine residues in human axonally localized ion channels (see Table 1, Supplementary Table S7).
[image: Figure 1]FIGURE 1 | CK2K198R mutation shifts overall specificity motif. Substrate specificity of CK2WT (A) and CK2K198R (B). The CK2 K198R mutation results in a decreased preference for acidic (D/E) residues in the +1 position as well as a reordering of phosphoacceptor preference. In CK2K198R, a decreased preference for threonine is paired with an increase in preference for tyrosine.
TABLE 1 | Top ten phosphorylation sites predicted to be most differentially phosphorylated by CK2WT and CK2K198R in axonally localized human ion channels.
[image: Table 1]RESULTS
CK2K198R is an Active Kinase
To obtain a higher resolution motif than we previously published in 2012 (Chou et al., 2012) for CK2WT, several new ProPeL experiments were carried out utilizing more sensitive instrumentation that allowed confident identification of low abundance phosphorylated peptides that escaped identification previously. Experiments with CK2WT identified 3,894 tryptic phosphopeptides (Supplementary Table S1) with 2,845 phosphopeptides classified as high confidence (i.e., containing at least one phosphorylation site with greater than 0.9 probability of localization determined by MaxQuant/Andromeda). Parallel ProPeL experiments with CK2K198R identified 3,322 (Supplementary Table S2) tryptic phosphopeptides with 2,439 phosphopeptides classified as high confidence. Each high confidence phosphorylation site was mapped back to the UniProt reference K12 E. coli proteome and extended to create lists of unique 15mers as previously described (Lubner et al., 2018). Finally, 312 phosphorylation sites detected by our group and others as endogenous to E. coli (Macek et al., 2008; Chou et al., 2012; Soares et al., 2013; Lubner et al., 2016) were removed from each list prior to motif analysis. This process yielded a data set comprised of 1,350 unique phosphorylation sites (818 pS, 422 pT, 110 pY) for CK2WT (Supplementary Table S3) and 1,024 unique phosphorylation sites (619 pS, 251 pT, 154 pY) for CK2K198R (Supplementary Table S4). Taken together these results indicate that CK2K198R is an active kinase able to phosphorylate substrates under in vivo conditions. Furthermore, given that the CK2WT and CK2K198R ProPeL experiments were carried out under identical conditions, and western blotting revealed comparable levels of protein expression (Supplementary Figure S1), the number of non-unique phosphorylation sites identified could be used as a proxy for kinase activity. We identified 5,362 non-unique phosphorylation sites attributed to CK2WT and 4,146 non-unique phosphorylation sites attributed to CK2K198R. When considering the total amount of material analyzed by LC-MS/MS for each kinase (1570 ng for CK2WT, 1430 ng for CK2K198R) the overall kinase activity of CK2K198R can be approximated at 85% of CK2WT, thus suggesting that the OCNDS CK2K198R mutation results in only a slight decrease in kinase activity relative to wild type CK2. This observed activity of CK2K198R stands in contrast to previous results indicating that the mutation results in a loss of activity (Dominguez et al., 2021).
CK2K198R Exhibits an Altered Substrate Specificity
The generation of pLogos (O’Shea et al., 2013) provides a visual representation of the relative statistical significance of amino acids (represented by single letter abbreviations) at positions within a 15-residue window of a central phosphoacceptor residue. Amino acid preferences at each position are stacked and sized according to significance relative to the background data set. The most significant residues are displayed with the largest size and are positioned closest to the x-axis. Background data sets representing unphosphorylated residues were created independently for CK2WT and CK2K198R. Each background was generated through the in silico tryptic digestion of proteins identified by the presence of at least one phosphorylated peptide in either the CK2WT or CK2K198R experiments. Background lists included serine, threonine, and tyrosine sites in proteins known to be expressed that could potentially have been observed via MS/MS but were never detected in a phosphorylated state. These sites were subsequently extended seven amino acids upstream and downstream of each phosphorylatable residue to generate two unique background lists for use in pLogo generation.
The overall pLogo generated with the current CK2WT data set (Figure 1A) recapitulated our previously published CK2WT pLogo (Chou et al., 2012); namely a strong preference for acidic residues (D/E) at the +1 and +3 positions with the +1 position being the most statistically significant position in the pLogo overall. Consistent with our prior hypothesis that the K198R mutation would impact the specificity of the +1 position, the pLogo generated for CK2K198R indicated a massively decreased preference for acidic (D/E) residues in the +1 position, as well as an increased preference for both glycine and alanine, with glycine superseding aspartate to become the most statistically significant residue at the +1 position (Figure 1B). Interestingly, the reduction in significance was limited to the +1 position, as the preference for acidic residues at the +3 position was maintained at nearly identical levels (compare Figures 1A,B).
Further comparison of the CK2WT and CK2K198R derived pLogos indicated an unexpected reordering of phosphoacceptor preference. Though both mutant and wild type CK2 strongly favored serine phosphorylation over threonine or tyrosine phosphorylation, CK2WT strongly disfavored tyrosine as a phosphoacceptor and was relatively neutral towards threonine as a phosphoacceptor (Figure 1A), while CK2K198R strongly disfavored threonine as a phosphoacceptor and was relatively neutral towards tyrosine as a phosphoacceptor. It is important to note that although CK2K198R did not display a preference for tyrosine phosphorylation (i.e., it was not phosphorylated by CK2K198R at a level greater than its relative frequency among phosphorylatable residues), its shift is significant as it represents a near doubling of the proportion of phosphorylated tyrosine residues in the K198R data set (15%) relative to wild type (8.1%).
CK2K198R Exhibits Altered Substrate Specificity at the Phosphoacceptor Level
We next investigated whether the decreased preference for acidic residues at the +1 position observed in the overall CK2K198R pLogo was consistent among each individual phosphoacceptor. To investigate this question, we fixed each central residue (serine, threonine, and tyrosine) to generate phosphoacceptor specific pLogos as shown in Figure 2. As was observed in the overall pLogo, the serine and threonine centered CK2WT pLogos indicated a preference for acidic residues at the +1 and +3 positions (Figures 2A,B). The preference for acidic residues was only significant at the +1 position of the tyrosine centered pLogo (Figure 2C). In the CK2K198R serine, threonine, and tyrosine centered pLogos (Figures 2D–F), the decreased preference for acidic residues at the +1 position was preserved. Interestingly however, the tyrosine centered pLogo suggested a modest increased preference for acidic residues at the –1 and –2 positions (Figure 2F). Importantly, the pLogos shown in Figures 2C,F represent the first-ever documentation of a tyrosine motif specificity for CK2.
[image: Figure 2]FIGURE 2 | CK2 K198R exhibits altered +1 substrate specificity. Substrate specificity of CK2WT (A–C) and CK2K198R (D–F). The CK2 K198R mutation results in a decreased preference for acidic (D/E) residues in the +1 position for S and T centered phosphorylation sites. For Y centered phosphorylation sites, the preference for acidic residues is shifted to the –2 and –1 positions.
CK2K198R Mutation Substantially Alters the Landscape of CK2 Phosphorylation at the Site Level
The ProPeL methodology, carried out in living E. coli, provided a unique opportunity to explore the gain/loss of CK2WT and CK2K198R substrates at the site level. Specifically, we were interested in investigating whether our observed decreased preference for acidic residues at the +1 position in CK2K198R resulted from the loss of existing E. coli substrates, the addition of completely new substrates, or a combination of the two. Figure 3A shows a Venn diagram representing phosphorylation site overlap between CK2WT and CK2K198R indicating the latter; namely, approximately half of the CK2WT sites were detected in the CK2K198R mutant, yet over a third of the sites detected in the K198R mutant were not observed in the wild type kinase data set.
[image: Figure 3]FIGURE 3 | CK2 K198R phosphorylates an expanded complement of substrates. Venn diagram representing the overlap of phosphorylation sites identified in CK2WT and CK2K198R ProPeL experiments (A). Motifs of phosphopeptides identified only in CK2WT (B), both CK2WT and CK2K198R (C) or only in CK2K198R (D) ProPeL experiments. Phosphopeptides identified in both CK2WT and CK2K198R experiments tend to reflect the canonical CK2WT motif. Those identified only in CK2K198R experiments have a much wider complement of amino acids in the +1 position, indicating increased promiscuity in this position. The phosphoacceptor abundance is also altered, reflecting an increased preference for tyrosine in the K198R mutant.
To further explore motif differences between the three subsets noted in the Venn diagram, pLogos were generated for each subset (Figures 3B–D). The pLogo generated from the set of phosphorylation sites unique to CK2WT included a highly pronounced +1 aspartate specificity that became more attenuated in the overlapping data set and was entirely replaced by glycine (and to a lesser extent, alanine and leucine) in the sites unique to CK2K198R. The +3 acidic residues were similarly attenuated in the mutant kinase data set. Finally, with regard to the phosphoacceptor residue, the phosphorylation sites unique to CK2WT showed a highly significant disfavoring of tyrosine residues relative to serine residues that was lost in the CK2K198R mutant (which displayed a general neutrality to the phosphoacceptor residue).
Taken together these results point to a significant shift at the substrate level for the K198R mutant kinase, whereby the most canonical wild type CK2 phosphorylation sites are either lost or phosphorylated with decreased efficiency, coupled with a large increase in previously unphosphorylated sites.
Predictions of CK2WT and CK2K198R Phosphorylation Sites
CK2K198R is the most frequently occurring mutation in patients with OCNDS (Chiu et al., 2018; Owen et al., 2018). Substrate rewiring in this mutant, indicated by our specificity and E. coli substrate analyses, is likely to contribute to the etiology of OCNDS. In an effort to offer a potential mechanism for the role of CK2K198R in OCNDS pathology we developed a predictive strategy for determining CK2WT and CK2K198R phosphorylation sites on human proteins based on our prior scan-x post-translational modification predictor (Schwartz et al., 2009), but with the advantage of calculated probabilities of modification (see Methods). Due to the neurodevelopmental nature of OCNDS, in the present study we focused our predictions of potential CK2WT and CK2K198R phosphorylation sites to ion channels localized to the axon. The top ten predicted sites (from a list of over 3,000 total sites) with the greatest change in probability between CK2WT and CK2K198R are listed in Table 1 (a complete list of predicted sites is available in Supplementary Table S7). Of the sites listed, two have an increased probability of modification by CK2K198R and the remaining eight are less likely to be phosphorylated by CK2K198R. Additionally, four of the ten sites included in Table 1 have been previously shown to be phosphorylated (with two additional sites being paralogs of phosphorylation sites). We have created a website Located at https://okurchung.com that provides users with an interactive view of our predictive results.
DISCUSSION
Contrary to prior speculation and findings, it is clear from our experiments that the CK2K198R mutation does not simply cause a loss of function, or an inability to recognize substrates (Chiu et al., 2018; Dominguez et al., 2021). We demonstrate that the K198R mutation results in a substantial shift in specificity by reducing the overall preference for acidic (D/E) residues at the +1 position, and by increasing preference for glycine residues at the same position. Differences from prior results (Dominguez et al., 2021) can be attributed to the approach used. In Dominguez et al. the authors utilized a single peptide, RRRADDSDDDDD, to assay the activity of CK2 and its mutant form. Though the peptide would be readily phosphorylated by CK2WT, our results predict significantly reduced phosphorylation by CK2K198R. Our findings highlight the limitations of individual peptide based approaches to assessing kinase activity, and the importance of implementing unbiased methods such as ProPeL in the study of kinase mutations to gain a more complete understanding of their impact.
While wild type CK2 has previously been shown to be capable of phosphorylating tyrosine residues (Marin et al., 1999; Vilk et al., 2008; Basnet et al., 2014) the study also marks the first time a tyrosine phosphorylation motif has been identified for CK2, and, to our knowledge, the first time that a tyrosine phosphorylation motif has been identified for any kinase previously characterized as primarily phosphorylating serine and threonine residues. Interestingly, our study also revealed a highly significant shift in phosphoacceptor preference, with tyrosine residues being shifted from a disfavored state in CK2WT to a neutral state in the CK2K198R mutant, while threonine residues move in the precise opposite direction. Though the detection of a tyrosine phosphorylation motif for a kinase that disfavors tyrosine phosphoacceptors may appear to be a contradiction, it is important to note that the favoring and/or disfavoring of residues is calculated in the context of the background frequency of those residues. Thus, a phosphoacceptor may still experience significant phosphorylation, while being at a level far below what one would expect due to chance if all phosphoacceptors were phosphorylated at their expected background frequencies. Finally, our work highlights the importance of assessing phosphoacceptor specificity independently, as the shift in the specificity motif from CK2WT to CK2K198R differed between serine/threonine (both of which exhibited similar changes) and tyrosine, which added additional preferences for acidic residues upstream of the modification site in the mutant.
Among the advantages of our ProPeL methodology in assessing kinase specificity over alternate approaches is the fact that the method is carried out under physiological conditions in E. coli, thus allowing researchers to assess shifts in phosphorylation at the site level between kinases bearing different characteristics and/or mutations. Utilizing this strategy here we have shown that there exists overlap between CK2WT to CK2K198R at the substrate level, as well as considerable extension to new atypical CK2 substrates by the mutant kinase. Another advantage of ProPeL in the present study is that the closed and finite system (i.e., living bacterial proteomes) allowed us to readily associate scan-x phosphorylation scores (Schwartz et al., 2009) with actual probabilities of modification based on the observed modification state of all phosphorylatable residues in E. coli. Thus, for any score obtained for any peptide sequence, we could utilize the E. coli expressed proteome as a lookup table to correlate scores with probabilities. It is important to note that probabilities obtained utilizing this strategy represent an approximate lower bound on the probability as it is likely that many phosphorylatable sites in the E. coli lookup table are considered “negative” when they are indeed phosphorylated, while the converse is unlikely to be true due to our use of conservative peptide identification thresholds (i.e., “absence of proof is not proof of absence”). Most kinases have multiple substrates throughout the cell, only a few of which will directly relate to a phenotype of interest. To investigate signaling changes that may underlie neurodevelopmental phenotypes associated with OCNDS, we focused on neuronal signaling in axonally localized ion channels, as CK2 has been shown to be highly enriched in the axon (Bréchet et al., 2008) and is known to interact with axonal sodium and potassium channels (Hien et al., 2014; Kang et al., 2014; Xu and Cooper, 2015). Further, these ion channels are found to be frequently mutated in both epilepsies and neurodevelopmental disorders (Allen et al., 2020; Malerba et al., 2020), with one recent study reporting 5% of 8,565 participants carrying a mutation in axonally localized voltage gated sodium channels (Lindy et al., 2018; Brunklaus and Lal, 2020). Of 3,000+ sites predicted be differentially phosphorylated by CK2WT and CK2K198R, the ten sites with the greatest differences present several interesting candidates for hypothesis generation. One site of particular interest is S839 on KCNQ2, as this site falls in the ankyrin-G (AnkG) binding motif, and is a known CK2 phosphorylation site (Xu and Cooper, 2015). Our predictions indicate that CK2K198R is 36% less likely to phosphorylate S839 than CK2WT. Phosphorylation of S839 by CK2 is essential for the accumulation of KCNQ2 in the axon through interaction with AnkG (Kang et al., 2014; Xu and Cooper, 2015) and a loss of this accumulation could be relevant to the pathology of OCNDS patients possessing the CK2K198R mutation. Additional investigation of the interaction between CK2K198R and KCNQ2 is clearly warranted. Though we have produced a website at https://okurchung.com that highlights our predictive results on axonally localized ion channels, it is our intention to eventually make publicly available a global proteomic CK2K198R versus CK2WT phosphorylation predictor, as the underlying mechanism by which OCNDS leads to disease is almost certain to be multifactorial given the phenotype is not limited to the central nervous system (Okur et al., 2016; Chiu et al., 2018; Owen et al., 2018).
It is worth noting that while the work presented here demonstrates the impact of the CK2K198R mutation, the most frequently observed mutation in OCDNS patients, to date more than 20 additional OCNDS-associated mutations identified in patients have been described in literature, including both splice variants (Okur et al., 2016; Colavito et al., 2018) and nonsense variants (Nakashima et al., 2019), many of which likely result in a reduction of functional CK2 protein. Though our results present evidence that the CK2K198R mutation results in an active kinase, there is still a potential shared mechanism amongst these variants. Both loss-of-function CK2 mutations and the rewiring of substrate specificity caused by the CK2K198R mutation could lead to the reduced phosphorylation of essential CK2 phosphorylation sites (particularly those where threonine is the phosphoacceptor or an acidic (D/E) residue is present in the +1 position). The additional effects of the CK2K198R mutation, namely increased tyrosine phosphorylation and increased promiscuity towards the +1 position, could contribute in part to the heterogeneity observed in symptoms of OCNDS patients.
Finally, as our group and others previously demonstrated that the Cushing’s Syndrome mutation PKAL205R results in altered substrate specificity (Lubner et al., 2017; Bathon et al., 2019; Walker et al., 2019), the present study provides another data point to suggest that there exists a subset of disease-linked kinase mutations whose deleterious effects can be traced to subtle shifts in substrate specificity rather than broad alterations of kinase activity. The genomic revolution is likely to reveal that we are only at the tip of the proverbial iceberg, as patients with novel mutations are more frequently being identified. By coupling simple experimental strategies for kinase specificity determination with computational approaches to predict substrates, our hope is to generate testable hypotheses regarding underlying mechanisms of disease that can lead us to potential therapeutics faster than ever before.
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In recent years, variants in the catalytic and regulatory subunits of the kinase CK2 have been found to underlie two different, yet symptomatically overlapping neurodevelopmental disorders, termed Okur-Chung neurodevelopmental syndrome (OCNDS) and Poirier-Bienvenu neurodevelopmental syndrome (POBINDS). Both conditions are predominantly caused by de novo missense or nonsense mono-allelic variants. They are characterized by a generalized developmental delay, intellectual disability, behavioral problems (hyperactivity, repetitive movements and social interaction deficits), hypotonia, motricity and verbalization deficits. One of the main features of POBINDS is epilepsies, which are present with much lower prevalence in patients with OCNDS. While a role for CK2 in brain functioning and development is well acknowledged, these findings for the first time clearly link CK2 to defined brain disorders. Our review will bring together patient data for both syndromes, aiming to link symptoms with genotypes, and to rationalize the symptoms through known cellular functions of CK2 that have been identified in preclinical and biochemical contexts. We will also compare the symptomatology and elaborate the specificities that distinguish the two syndromes.
Keywords: OCNDS, POBINDS, NDD-neurodevelopmental disorder, CK2 (casein kinase II), autism-spectrum disorders (ASD)
INTRODUCTION
Nearly 15% of children in industrialized countries are affected by neurodevelopmental disorders (NDDs) as estimated by the World Health Organization (World Health Organization, 2013). NDDs are a group of conditions characterized by delayed or impaired functions and maturation of the central nervous system, including disorders such as autism spectrum disorder (ASD), intellectual disability (ID) and learning disorders (LD) (Gilissen et al., 2014). Even though some cases have been linked to environmental exposures (Dietrich et al., 2005), most NDDs likely result from the combination of genetic and environmental risk factors; and the role of genetics, especially of single-gene variants, has gathered the attention (Soden et al., 2014). Until recently, diagnoses have been mainly phenotype-driven, however, enhanced use of sequencing technologies such as targeted gene panels, whole-exome (WES) and whole-genome sequencing (WGS) have enabled an unbiased genotype-driven diagnosis (Aronson and Rehm, 2015; Fitzgerald et al., 2015).
WES analysis linked several de novo variants in the gene CSNK2A1, located on chromosome 20 (20p13), which encodes for the catalytic subunit of CK2 (CK2α) to a novel neurodevelopmental syndrome, now termed Okur-Chung Neurodevelopmental Syndrome (OCNDS) (Okur et al., 2016; OMIM #617062), characterized by developmental delay, intellectual disability, hypotonia, behavioral problems (social interaction deficits, hyperactivity, and repetitive movements), language/verbalization deficits, and, in some cases, epilepsy (Trinh et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Colavito et al., 2018; Owen et al., 2018; Nakashima et al., 2019; Martinez-Monseny et al., 2020; Xu et al., 2020; Wu et al., 2021). To date, 35 cases are described in the literature. Shortly after the first report of OCNDS, Poirier et al. linked variants of the regulatory subunit of CK2 (CSNK2B) to a neurodevelopmental disorder characterized by early-onset seizures, mainly generalized tonic-clonic seizures (GTCS), and ID, growth retardation and other clinical features (Poirier et al., 2017; OMIM #618732). This syndrome, linked to the CSNK2B gene located on chromosome 6 (6p21.33), now termed the Poirier-Bienvenu Neurodevelopmental Syndrome (POBINDS), has been described in 51 patients (Sakaguchi et al., 2017; Li et al., 2019; Nakashima et al., 2019; Bonanni et al., 2021; Ernst et al., 2021; Wilke et al., 2022).
Casein kinase 2 (CK2) is a ubiquitous, highly conserved and constitutively active serine/threonine protein kinase which can utilize ATP or GTP as phosphate donor (Niefind et al., 1999). In eukaryotic cells, CK2 is a tetrameric complex composed of two α and/or α’ and two β subunits, all of which are encoded by different genes (Niefind et al., 2001). In the brain, CK2α is more abundant than in other tissues, with a predominance of the α subunit over α’ (Ceglia et al., 2011). CK2 is localized in different cellular compartments, is involved in diverse processes such signal transduction, replication, translation, and metabolism (Roffey and Litchfield, 2021), as well as roles in angiogenesis (Montenarh, 2014), development and differentiation (Götz and Montenarh, 2017), and the immune system (Hong and Benveniste, 2021). Moreover, it is upregulated in many cancers (Ahmad et al., 2005; Ruzzene and Pinna, 2010; Rowse et al., 2017). Interestingly, CK2 has been implicated in SARS-Cov2 infection since mass spectrometric analysis revealed an upregulation of CK2 mediated phosphorylation events in response to virus infection in Vero E6 kidney cells (Bouhaddou et al., 2020).
Various mouse models with altered CK2 expression attest to the indispensability of this kinase in mammalian brain development and function: CK2α−/− mice are not viable and die at E11.5 due to heart and brain maldevelopment, while CK2α+/− mice did not show any overt gross phenotype (Lou et al., 2008; Seldin et al., 2008). Mice with a conditional CK2α KO in dopamine D1 receptor (D1R) expressing neurons, exhibit hyperlocomotion and motor deficiencies which were linked to elevated D1R activity (Rebholz et al., 2013). Loss of CK2β has an even more deleterious effect on survival since CK2β−/− embryos are absorbed very early during embryogenesis, at E7.5 (Buchou et al., 2003). Heterozygous CK2β mice are generally healthy and reproductive, however they are born at a lower-than-expected ratio, with a 30% reduction of heterozygous live offspring and 20% of live mice exhibiting stunted growth and malformations (Blond et al., 2005).
COMPARISON OF SYMPTOM PROFILE
Being classified as NDDs, it is not surprising that both, OCNDS and POBINDS, share many phenotypic similarities with other NDDs and between themselves. Indeed, around 80% of OCNDS and POBINDS patients present growth deficits, in terms of microcephaly, stature and weight, and a high prevalence of dysmorphic features (Table 1). In both syndromes, this is accompanied by developmental delay in terms of motor and speech milestones; however, while POBINDS patients achieve walking and talking on average around the second year of life (22.5 and 24.5 months, respectively), these milestones are more delayed in OCNDS patients, with walking achieved on average at 27.6 months and talking at 42.9 months (Table 1). Moreover, intellectual disability seems to be more prominent in OCNDS compared to POBINDS patients, with 94 and 85% of patients affected, respectively. Patients from both syndromes present neurological and behavioral problems with similar prevalence: hypotonia (77% for both OCDNS and POBINDS) and autistic features (55 and 56%, for OCDNS and POBINDs, respectively); hyperactivity (17% compared to 13% of POBINDS), or ADHD-like features (38 and 44%). 58% of OCNDS patients present stereotyped movements, a phenotype that was not noticed in POBINDS patients (based on seven cases where this symptom was specifically addressed). The most striking phenotypic difference clearly is epilepsy. While only 38% of OCNDS patients suffer from seizures, mainly absences or febrile types, 90% of POBINDS patients present epilepsy and 42% of those suffer from generalized tonic-clonic seizures (GTCS). This correlates well with 60% of POBINDS patients having an abnormal EEG, while MRI anomalies were more prominent in OCNDS patients (52% compared to 37%). Notably, 31% of OCDNS patients of whom MRI was undertaken, exhibit anomalies in the pituitary gland. Interestingly, 77 and 58% of OCNDS patients were reported having sleeping and gastrointestinal problems (i.e., feeding difficulties, constipation), respectively, which were not reported by parents of POBINDS patients.
TABLE 1 | Comparison of OCNDS and POBINDS: types of variants and symptoms.
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The CK2α protein consists of 391 amino acids (AA) and contains five main regions of interest, all located within the kinase domain: the N-terminal domain (AA 1–38) (Niefind et al., 1998, 2001; Sarno et al., 2002), the ATP/GTP binding loop (AA 45–53) (Jakobi and Traugh, 1992; Niefind et al., 1998), basic cluster (AA 68–80) (Sarno et al., 1996; Niefind et al., 1998), active site (D156) (Niefind et al., 1998), and activation segment (AA 175–201) (Niefind et al., 1998) (Supplementary Table S1).
OCDNS-linked CSNK2A1 variants can be found along the whole amino acid sequence and along the whole kinase domain with the exception of β4/β5 region that is located between the basic cluster and the active site, and the extreme C-terminus. The lack of variants in these regions could either indicate that the variants have a more deleterious effect on protein function or more probably have no impact. Indeed, variants in the C-terminus exist, but were designated as benign or of uncertain significance (GnomAD.broadinstitute.org). Furthermore, a C-terminally deleted CK2α protein is fully functional in vitro (Olsen et al., 2008). For almost all patients, variants are de novo missense and mono-allelic. One case of a patient with a full CSNK2A1 gene deletion is known (https://www.sfari.org). The N-terminal domain (AA 1–38) of CK2α closely interacts with the activation segment and contributes to its activity (Niefind et al., 1998; Niefind et al., 2001; Sarno et al., 2002). One patient has a missense variant p.(E27K) in this domain. Eight children carry variants in the ATP/GTP binding domain: three patients with p.(R47Q), three patients with variants at AA position 50 [p.(Y50C) or p.(Y50S)] and two at AA position 51 [p.(S51R) or p.(S51N)]. All variants in this domain were associated with delays in growth, motor and speech development and, in general, patients had dysmorphic features and hypotonia. A short basic cluster (AA 74–80) interacts with the N-terminal region and the activation segment and is known as the substrate recognition site (Niefind et al., 1998). Variants in two positions in three patients, in or adjacent to this region, have been found at positions 73 and 80 [p.(V73E), p.(R80C), p.(R80H)] leading to different degrees of symptom severity. Interestingly, one patient exhibits a variant in the active site, p.(D156H). He has microcephaly and brachycephaly, and delayed motor development and ID. The activation segment (AA 175–201) contains the basic “p + 1 loop” that helps to recognize acidic residues of the substrate. Two patients carry the p.(D175G) variant in the “p + 1 loop”. Despite an identical amino acid change, the symptomatology and severity differ between the two patients (Table 2A and Supplementary Table S1). 12 other patients had a variant in the “p + 1 loop” of which the p.(K198R) is the most commonly described thus far (nine patients). Maybe these patients exemplify best the variability in terms of symptoms: while they share abnormalities such as delayed growth, motor and speech development, and dysmorphic features, only four had ID, six had hypotonia, three experienced seizures, one sleep apnea and one needed a G-tube and had severe gastroesophageal reflux disease (GERD). Such clinical heterogeneity clearly highlights the complexity of genotype–phenotype correlations and may point towards unknown additional modifiers that are either environmental or genetic, such as expression level variations of the different isoforms. Indeed, five different CSNK2A1 isoforms have been identified: NM_001895.4 (13 exons, 12 coding and one uncoding exon), NM_177559.3 (12 exons with initiation codon in exon 5) that could lead to a difference of phenotype between patients carrying variants before or after exon 5, NM_0013627770.2 (14 exons with an additional exon 15), NM_001362771.2 (15 exons with an additional uncoding exon 2 and uncoding exon 15), and NM_177560.3 (14 exons with an additional uncoding exon 2). Two pathogenic variants also exist at the C-terminal end of the kinase domain: R312Q and R312W. When proteins carrying these variants are expressed in mammalian cells, they express a punctuate pattern within the cytosol, unlike other OCNDS-linked CK2α mutants and wild type CK2α. Furthermore, they are expressed at significantly lower levels than wild type CK2α (Dominguez et al., 2021). Another variant that is expressed at lower protein levels compared to wild type is the CK2α p.(R47Q), while the p.(R47G) (patient not published) expresses normally (Dominguez et al., 2021). These findings of altered expression and localization indicate that the heterogeneity of the condition may in part be caused by different variants, which may trigger different cellular responses that may participate in disease etiology. However, as described above, even when patients share the exact same variants, there is clinical heterogeneity. The C-terminus of CK2α, starting at AA 351, is phosphorylated in a cell cycle-dependent manner by Cdk1 (St-Denis et al., 2009), however, no mutants were described thus far in this domain.
TABLE 2A | OCNDS patients and their symptom profiles.
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POBINDS-linked variants in CSNK2B can be found along the exonic as well as intronic sequences, and no clear variant hotspots can be identified. While for CK2α the predominant type of variant was missense (91%), for CK2β, various variant types are present: eight splicing site variants were thus far identified, compared to only two in OCNDS. Generally, such variants may lead to retention of large segments of intronic DNA, or to entire exons being spliced out of the mRNA, resulting in the production of a nonfunctional protein. Three POBINDS and one OCNDS patients have start loss variants, resulting either in loss of the protein entirely or a N-terminally truncated protein if an alternative start codon is used. Interestingly, while two of these patients suffered from seizures, none of them suffered from GTCS.
The CK2β protein consists of 215 AA and contains three major domains: the Asp/Glu-rich acidic domain (AA 54–64) (Li et al., 1996; Litchfield et al., 1996), metal binding (zinc finger domain) (AA 105–146) (Chantalat, 1999), and C-terminal alpha subunit interaction domain (AA 171-end) (Marin et al., 1997; Chantalat, 1999; Sarno et al., 1999) (Supplementary Table S1).
Several nonsense variants are predicted to lead to an early termination after amino acids 5, 9, 20, 47, 61 or 101. Like with OCNDS, there is heterogeneity in the clinical phenotypes. No CSNK2B full gene deletion mutant has yet been described. Missense and other in-frame variants are found along the whole protein sequence: one patient carries an in-frame duplication p.(G27D28dup) in the highly acidic N-terminal domain of CK2β (AA 1–104) which contains docking sites for various proteins (Bojanowski et al., 1993; Appel et al., 1995; Li et al., 1997; Romero-Oliva and Allende, 2001; Theis-Febvre et al., 2003; Tapia et al., 2004). The patient has mild ID and GTCS seizures (Table 2B and Supplementary Table S2). Seven patients were described having variants in the KEN box, a sequence motif with the consensus KENxxxN (AA 32–40) that is targeted by the ubiquitin protein ligase APC (Pfleger and Kirschner, 2000). All of them presented with delayed speech, dysmorphic features and mild/moderate ID, four with seizures, but none of them with GTCS (Table 2B and Supplementary Table S2). Another motif, the D- or destruction box-like motif analogous to sequences found in cyclins (AA 47–55), that is recognized by the ubiquitin proteolysis machinery (Allende and Allende, 1995), was the location of variants in two POBINDS cases (Table 2B and Supplementary Table S2). However, the variants are predicted to lead to premature termination of the polypeptide chain, and therefore the phenotype of the patients cannot inform us about the functional effect of a D-box variant. The acidic loop (AA 55–64) can bind to the basic cluster of the CK2α subunit that it important for substrate binding and recognition. Thus, the acidic loop could be seen as pseudo-substrate region, that competitively hinders the access of negatively charged substrates to the active site, thereby essentially down-regulating CK2 activity (Boldyreff et al., 1994; Marin et al., 1997). The acidic loop is also necessary for the creation of inactive supramolecular structures of CK2 (Lolli et al., 2017). One de novo nonsense variant p.(E61*) has been described in the acidic loop resulting in the insertion of a premature stop codon at p.61. Four missense variants were described further C-terminal, in a region that has been shown to interact with Topoisomerase II (AA 51–110) (Leroy et al., 1999), with clinical phenotypes varying from mild to severe, from absence to presence of GTCS.
TABLE 2B | POBINDS patients and their symptom profiles.
[image: Table 2B]The central part of CK2β protein consists of the juxta-dimer interface region, which contains the zinc-finger region (AA 105–146). Four conserved cysteine residues (C109, C114, C137 and C140) coordinate Zn2+ ions, which are necessary for β-β subunit dimerization (Chantalat, 1999). Nine patients exhibit variants in this region. Variant at position C137 is present in four patients and thus could be considered a variant hotspot (Table 2B and Supplementary Table S2). The clinical phenotype is relatively homogeneous: 8/9 patients were reported with delayed growth, and 7/9 with various degrees of motor and speech development delay, 4/9 with mild dysmorphic features and 6/9 with mild ID. All nine patients have seizures, with 7/9 presenting GTCS. Two patients with the missense variant p.(R111P) (Li et al., 2019) were diagnosed with motor and speech delay, ID and GTCS. The C-terminal region (starting at AA 171), containing the positive regulatory region, contributes to CK2β dimerization but is also necessary for interaction with CK2α/α’ (Meggio et al., 1995; Marin et al., 1997; Chantalat 1999; Sarno et al., 1999; Niefind et al., 2001). The crystal structure of the holoenzyme indicates that the C-terminus of CK2β is in direct contact with the CK2α, stabilizes the β/β and α/β contacts and points away from the enzyme body and also stimulates kinase activity. However, in the β dimer (CK2α absent) it acts in a destabilizing manner (Niefind et al., 2001). One can therefore hypothesize that variants in the C-terminal region affect formation of a stable holoenzyme, somewhat like a variant in the zinc finger domain would do. Interestingly, all seven patients with variants in this region had ID and suffered from epilepsy, with 5/7 having GTCS. One may speculate that a deleterious effect on β/β dimerization will negatively impact on holoenzyme formation and that reduced amount of holoenzyme has a striking effect on the appearance of GTCS.
Ten patients carry seven nonsense variants [p.(G5*), p.(W9*), p.(E20*), p.(Q42*), p.(R47*), p.(E61*) and p.(Y101*)] predicted to ablate the formation of full length CK2β protein. The patients present delayed growth, motor development and speech, with two patients being nonverbal. 8/10 present ID, with three of these eight having profound ID, and 4/10 present dysmorphic features. Half of the patients present hypotonia and autistic features, and all of them suffer from epilepsy, with 3/10 having GTCS and other three presenting myotonic-atonic seizures. Interestingly, four patients present eating/gastrointestinal issues, symptoms that are more often found in OCNDS patients.
EFFECT OF VARIANTS ON CK2 ACTIVITY
The most obvious result of any pathogenic variant in all CK2 subunits that does not abolish protein expression/translation, is to alter the activity of an enzyme, either by enhancing or, more probably, reducing it. Our group has studied the in vitro activity of 16 different CSNK2A1 missense mutants and found that the activity towards a consensus peptide is significantly reduced for all. This is the case when CK2α proteins are bacterially expressed, purified, and tested in the presence and absence of purified CK2β, or when mutants are overexpressed in mammalian cells and immunoprecipitated (Dominguez et al., 2021). However, it has been recently suggested that the CSNK2A1 p.(K198R) variant does not lead to a generic reduction in overall activity, but to a change in substrate specificity towards reduced preference for acidic residues at position +1, for T as phosphoacceptor and a novel preference for Y (Caefer et al., 2021). This hypothesis, generated on the basis of mass spectrometry of bacterial lysates expressing the CK2 mutant, however, awaits confirmation in mammalian cells since the bacterial phosphoproteome may not correctly reflect the situation in mammalian cells, where several levels of CK2 activity regulation exist, starting from holoenzyme and multi-protein-complex formation, substrate recruitment, compartmentalization within a cell, and, in particular, post-translational modifications, such as hierarchical phosphorylation.
It is very surprising to observe no loss-of-function variant such as nonsense, frameshift and only two splice site consensus variants. However, taking into consideration the one OCNDS patient with full gene loss and one patient with pathogenic variant of the active site p.(D156H), it is plausible that a loss-of-function rather than a gain-of-function mechanism is present.
Whether missense variants could act in a dominant-negative manner, by competitively binding to in vivo substrates, or by preventing the formation of an active holoenzyme, or whether a haplo-insufficient effect underlies the phenotypes whereby the reduced amount of active wildtype CK2α is insufficient, cannot be clearly stated at this point. It is also possible that both mechanisms are at play, and even that different mutants exert their effects through either mechanism.
Could there be compensatory upregulation of wild type CK2α, CK2α’ or CK2β in OCNDS and POBINDS? We have tested the expression of both catalytic isoforms in OCNDS patient-derived fibroblasts [CK2α p.(R47G), p.(D156E) and p.(K198R)] and have not detected enhanced amounts of CK2α or α’ in patient fibroblasts compared to parental control lines. In contrast, we found that CK2β protein is upregulated in these lines (Dominguez et al., 2021). Such regulation however could be cell-type dependent and thus further studies should shed light on this question.
CK2β-dependent Mechanisms
CK2β modulates CK2’s biological functions through enabling the formation of a holotetramer (Boldyreff et al., 1996) (1), formation of higher-order multimers (Lolli et al., 2012) (2), recruitment of substrates (Guerra and Issinger, 1999) (3) and modulation of activity towards certain substrates (Meggio et al., 1992) (4). Finally, it is important to note that CK2β also has roles in the cell that are independent of CK2α (Guerra and Issinger, 1999) (5).
1) The zinc finger domain mediates β-β dimerization which can occur in the absence of CK2α and is a prerequisite for the incorporation of catalytic CK2 subunits into tetrameric complexes (Niefind and Issinger 2005). The CK2β homodimer is the building block for the holoenzyme, by bridging the two catalytic subunits. Thus, CK2β missense variants within the zinc finger motif, especially the conserved cysteines, may result in loss of CK2β dimers and ultimately, CK2 heterotetramers. The importance of CK2β dimerization was demonstrated in Drosophila by expression of mutagenized CK2β transgenes in a CK2β null mutant background. Variants of either cysteine residue pair (109/114 or 137/140) resulted in a CK2β protein which was unable to rescue the lethality of the CK2β null mutant (Canton et al., 2001). Generally, in POBINDS patients, variants in the zinc finger domain and/or the C-terminal domain seem to have a severe phenotype. Some variants in the more N-terminal region do not show ID and/or epilepsy. For example, 100% of the patients with missense variants in the acidic loop or more N-terminal to it, do not exhibit GTCS (Supplementary Table S2). However, variants in the more central region, within the Topoisomerase interaction region, or more or C-terminal to it are generally characterized by seizures, mainly of GTCS type (Supplementary Table S2).
2) Supramolecular assemblies of CK2 that are driven by inter-molecular interactions between the acidic loop of CK2β and the p+1 loop of CK2α of two different holoenzymes (Lolli et al., 2012) were identified. They are thought to be inactive forms that, when needed, can disassemble into the active tetrameric form of CK2. These oligomers form in vitro at low salt concentrations in linear or circular organization complexes (Niefind and Issinger, 2005), but also in E. coli as shown by native mass spectrometry (Seetoh et al., 2016). 12 patients with variants in the CK2α p+1 loop are described in the literature [9 of which have the p.(K198R) variant], and it would be interesting to determine in patient-derived cells whether the formation of CK2 multimers is present and altered.
3) CK2β confers to the holoenzyme the ability to interact with certain substrates, such as p53 (Appel et al., 1995) and topoisomerase II (Bojanowski et al., 1993). The purified isolated CK2α subunit by itself is unable to bind to both enzymes, thus the CK2β subunit mediates the recruitment, which, for interaction with p53 has been narrowed down to CK2β AA 72-149 and for topoisomerase II to AA 51-110, a region in which several POBINDS-linked variants are present. Phosphorylation of p53 at position serine 392 by CK2 activates the site-specific DNA-binding function and tetramerization of p53. Mice expressing p53 proteins p.(S389A), the mouse equivalent of human S392 exhibit susceptibility to various tumors (Meek and Cox, 2011). A KSSR motif (AA 147–150), located at the interface of the β-β dimer, has been shown to be required for two other CK2 substrates, the Epstein-Barr virus EBNA1 protein and C18orf25/ARKL1 (Cao et al., 2014), however no such variants have been identified in POBINDS patients.
Another relevant example of CK2β dependent substrate recruitment is the transcription factor Olig2 in the developing mouse brain (Xu et al., 2020). Disruption of CK2β leads to inhibition of neuronal stem cell proliferation and loss of differentiation in oligodendrocyte precursor cells (OPCs) in mice. Olig2 is required for OPCs development and was identified in vitro as a strict CK2β-dependent CK2 substrate (Huillard et al., 2010). Other binding partners of CK2 that are recruited via the β isoform are discussed in the review by Bibby and Litchfield (Bibby and Litchfield, 2005).
4) CK2β modulates kinase specificity towards CK2 substrates. In vitro studies, performed in the presence or absence of CK2β, generally showed that some substrates are phosphorylated equally with or without CK2β while others are less phosphorylated in the absence of CK2β (Meggio et al., 1992). Only a limited number of protein substrates are phosphorylated by CK2α alone but not the holoenzyme, such as Calmodulin (Meggio et al., 1992). Presumably, in these instances, the β subunit does not turn off catalytic activity, since CK2 is constitutively “on”, but mediates its effect through specific interactions with the protein substrates (Pinna, 2002). Phosphorylation of Calmodulin by CK2 alters the interaction with various downstream effectors such as CaM-dependent cyclic nucleotide phosphodiesterase, Ca2+-ATPase, Ca2+/CaM-dependent protein kinase II, myosin light chain kinase, and NO synthase (Arrigoni et al., 2004). It could be hypothesized that POBINDS mutants that are expected to prevent holoenzyme formation, will elevate the proportion of CK2α monomers over the holoenzyme and alter CaM phosphorylation and its function. This may have an impact on several neural processes, such as synaptic plasticity via glutamate receptor homeostasis (Sanz-Clemente et al., 2013).
5) Recently, muscle cell clones (C2C12) that are devoid of either α, α’ or β subunits were generated, and phosphoproteomic analysis revealed that lack of the β subunit affected grossly the same phosphosites than knockout of CK2α/α′, however many phosphosites that do not conform to the CK2 consensus were also altered, strengthening the argumentation for roles of CK2β that are independent of CK2 activity (Borgo et al., 2019). CK2β dimers, in the absence of CK2α, were found in mouse testis and brain (Guerra and Issinger, 1999) and appear to have regulatory function on several other protein kinases, such as A-Raf (Hagemann et al., 1997), c-Mos (Chen et al., 1997) and Chk1 (Guerra et al., 2003). A-Raf belongs to a family of cytoplasmic S/T protein kinases within the MAPK pathway (Chong et al., 2003). In two independent yeast screens (Boldyreff et al., 1996; Hagemann et al., 1997), CK2β was found to specifically interact with A-Raf, which resulted in a 10-fold enhancement of its activity towards MEK in co-expression studies in insect cells. Interestingly, expression of CK2α results in abolished MEK activation observed in the presence of CK2β, suggesting that CK2α might be competing with A-Raf for binding to CK2β (Hagemann et al., 1997). CK2β, by direct binding, inhibits Mos, an activator of MAPK, that is highly expressed in germ cells (Sagata et al., 1988). CK2β binds Mos via its C-terminus, leading to reduced MAPK activation (Chen et al., 1997; Lieberman and Ruderman, 2004). It was suggested that regulation of Mos activity by CK2β occurs during early stages of Xenopus oocyte maturation, and that, during later developmental stages this inhibition abates due to upregulated expression of Mos molecules that outnumber CK2β molecules (Chen et al., 1997). ChK1 is a cell cycle checkpoint kinase (G2) that is required for ES cell viability (Takai et al., 2000). CK2β binds ChK1 via its C-terminus in vitro and in vivo, to activate ChK1 activity (Guerra et al., 2003).
CK2-DEPENDENT BIOLOGICAL PROCESSES THAT MAY UNDERLIE SYMPTOMS
Based on our mass spectrometry results using patient fibroblasts (Dominguez et al., 2021), we hypothesize that OCNDS-linked variants will lead to overall reduced phosphorylation of in vivo substrates, of which several have been linked to functions such as synaptic transmission and plasticity, neuritogenesis which are crucial for neural development and homeostasis, as reviewed (Blanquet, 2000; Castello et al., 2018). In this section, we will discuss pathways that involve CK2 activity and appear most pertinent in respect to patient symptoms.
1) Changes in cell growth and apoptosis pathways affect growth and morphogenesis
CK2 is implicated in the Akt/GSK3β pathway, an anti-apoptotic, pro-survival pathway that is important in tumorigenesis and tumor growth by directly phosphorylating Akt at position S129 in immortalized mammalian cells (Di Maira et al., 2005). Recently CK2, especially the CK2β and α’ subunit, have been attributed a role in cell migration and adhesion (Lettieri et al., 2019). In the brain, by interaction with mammalian/mechanistic target of rapamycin (mTOR), Akt regulates neuronal processes like morphogenesis, synapse formation, plasticity, and dendritic development (Hers et al., 2011). Since autism spectrum disorders have been associated with alterations in brain connectivity in mouse models and autistic children (Ellegood et al., 2015), it could be possible that CK2α variants cause modifications in the Akt pathway that could contribute to the ASD-like symptoms in OCNDS. In OCNDS-derived fibroblasts, however, we did not detect a reduction of pS129 Akt or pS473 Akt which suggests, again, that the regulation of signaling pathways may be cell-type dependent and different in immortalized versus primary cells (Dominguez et al., 2021).
As cells rapidly undergo mitosis during neural development, it is as important that a controlled portion of cells undergoes apoptosis, in a process called pruning, and the balance between these processes underlies correct neural and organ development (Putcha and Johnson, 2004). A role of CK2 in the cell cycle was first deduced due to cell-cycle dependent phosphorylation of CK2α and CK2β (Litchfield, 2003). To date, many more substrates and binding partners, such as p53, Akt, topo2, clearly involve CK2 in both of these processes (Filhol et al., 1992; Bojanowski et al., 1993; Di Maira et al., 2005).
Since a detailed discussion of CK2’s role in apoptosis and the cell cycle would be too lengthy here, we refer to reviews on cell cycle regulation (St-Denis et al., 2009), survival and apoptosis (Duncan et al., 2010; Hanif and Pervaiz, 2011).
Wnt signaling is an important regulator of development, acting through a canonical and a non-canonical pathway to affect cell fate determination, polarity, and early morphogenetic movements. CK2 has been shown to modulate Wnt signaling in Drosophila and mammalian cells, since CK2 phosphorylates and stabilizes Dbl (downstream of Wnt-activated frizzled receptors), the transcriptional co-factor β-catenin and the transcription factor TCF/LEF itself, leading to the transcriptional activation of target genes (Song et al., 2003; Seldin et al., 2005). Interestingly, functional coupling of Wnt3a to Frizzled-1 receptor produces transient enhanced activity of CK2 and increased accumulation of β-catenin (Gao and Wang, 2006). Thus, a reduction in CK2 activity may lead to reduced target gene expression and improper development. Canonical Wnt signaling in the ventral diencephalon regulates the formation of the pituitary gland (Osmundsen et al., 2017), which could explain the abnormalities found in four MRI out of the 35 OCNDS patients described (MRI was taken in 23 patients). If the pituitary gland is affected in OCNDS, it could lead to altered secretion of hormones, such as the growth hormone (GH) (Chinoy and Murray, 2016), resulting in retarded growth.
Recently, CK2α has been linked to trafficking of cilia, microtubule-projections mediating morphogenic and mitogenic signals during development, that, when dysfunctional, cause ciliopathies characterized by intellectual disability and brain malformations (Valente et al., 2014). CK2α localizes at the mother centriole and mediates cilia structure and stability. It interacts with a key regulator of ciliogenesis, the kinase TTBK2. Expression of OCNDS-linked mutants CSNK2A1 p.(R80H), p.(D156H) and p.(R191Q) mutants results in structural defects of cilia in mouse embryonic fibroblasts (MEFs) (Loukil et al., 2021). It still remains to be determined if this effect is dependent on CK2 activity, and, if yes, which substrates mediate this effect.
2) Changes in synaptic plasticity affect motor abilities, learning/memory and seizure propensity
CK2 is not only localized to the nucleus and cytoplasm of neurons, but was also detected at the plasma membrane (Rebholz et al., 2009), more precisely at the post-synaptic density in rat hippocampal and cortical preparations (Soto et al., 2004). CK2 activity is enriched in synaptosomes (Girault et al., 1990) and a whole set of CK2 substrates identified in vitro or in vivo clearly link CK2 to the control of synaptic activity, as discussed in a previous review (Castello et al., 2017). CK2α modulates the homeostasis of neurotransmitter receptors, such as ion channel receptors (Montenarh and Götz, 2020) and GPCRs that are coupled via Gαs (Castello et al., 2018). As an example of an ion channel, the NMDA glutamate receptor, a cation channel for Ca2+, Na+ and K+ with crucial roles in synaptic plasticity, memory, and learning, shall be mentioned here. CK2 phosphorylates the NR2B subunit of the NMDAR, leading to a disruption of the interaction with PSD-95 and to decreased receptor surface expression in neurons (Chung et al., 2004), in a process driven by synaptic activity and CamKII (Sanz-Clemente et al., 2013). This seems to be of a particular importance during mouse development, in the early postnatal period, where CK2-mediated NR2B-endocytosis resulted in a switch from NR2B to NR2A expression at cortical synapses (Sanz-Clemente et al., 2010). Thus, the integrity of such synapses might be compromised due to insufficient CK2 activity.
Seizures are disorders of neuronal network excitability, which is accompanied by pronounced changes in intracellular and extracellular ion concentrations involving a multitude of ion channels (Raimondo et al., 2015). SK channels provide the hyperpolarizing K+ conductance that is fundamental for a wide range of physiological processes, including neuronal excitability (Stocker et al., 1999). They are gated by Ca2+ ions via the Ca2+ censing protein calmodulin that is bound to the intracellular C-terminal chain of the SK channel. CK2 has been detected in complex with calmodulin, to phosphorylate it at T80 and reduce its Ca2+ sensitivity, thereby accelerating SK channel deactivation (Bildl et al., 2004). Indeed, a CK2 inhibitor (TBB) enhanced K+ currents and hyperpolarization in a seizure model (Pilocarpine) and blocked spontaneous epileptic activity in an acute slice model (Brehme et al., 2014). This finding, on the first glance seems at odds with the high seizure incidence in POBINDS patients, however, TBB acts on CK2 kinase activity, whereas we hypothesize that it is plausible for the high seizure incidence in POBINDS to be caused by an activity-independent mechanism. Several other ion channels (Ca2+, Na+, Cl−, K+) have been shown to be CK2 substrates or binding partners and altered function of these channels will affect physiological neuronal excitability, and may result in neurological disorders such as epilepsy (Montenarh and Götz, 2020).
Another link between CK2 and neural network synchrony and epilepsy is the Mdm2-p53-Nedd4-2 pathway. Both p53 and Mdm2 are CK2 substrates (Filhol et al., 1992; Allende-Vega et al., 2005), and inhibition of CK2 leads to enhanced p53 activity (Dixit et al., 2012). In a kainic acid-induced seizure model in mice, inhibition of p53 reduced seizure susceptibility through modulation of neural network synchrony (Jewett et al., 2018). In the context of OCNDS/POBINDS, it is plausible to speculate that reduced CK2 activity therefore could exert an enhancing effect in the kainic acid seizure model.
In the case of GPCRs, reduced CK2 activity is predicted to delay agonist-induced desensitization and endocytosis of these receptors, similarly to what was observed for dopamine D1 and serotonin HTR4 receptors after knockdown or pharmacological inhibition of CK2 (Rebholz et al., 2013; Castello et al., 2018). A role for the dopamine D1 receptor in the OCNDS/POBINDS phenotype is further made conceivable by the motor behaviors of conditional Drd1a-Cre CK2 KO mice: they are hyperactive and exhibit stereotypies, and both phenotypes are normalized upon administration of D1 antagonist SCH23390. Furthermore, these mice also have defects in motor performance and learning in the rotarod.
3) Hypotonia
A majority of patients (OCNDS: 77%; POBINDS 75%, Tables 2A, 2B) suffers from hypotonia early in life, which contributes to feeding difficulties as well as delays in motor development. CK2 phosphorylates or interacts with several proteins that are involved in myogenesis or play a role at the neuromuscular junction, as recently reviewed (Hashemolhosseini, 2020).
CRISPR-mediated knockdown of either the catalytic or the regulatory subunits showed that in particular the lack/absence of CK2β severely impairs the growth of C2C12 cells (Borgo et al., 2017, 2019), hinting towards an important role for CK2β in muscle cells. Interestingly, CK2β conditional knockout mice with CK2β lacking in skeletal muscle display reduced muscle strength. Skeletal muscle cell lysates derived from these mice have reduced activity towards Tomm22, a component of the translocase complex of the outer mitochondrial membrane, termed Tomm complex, paralleled by enhanced mitochondrial degradation through mitophagy. Phosphorylation of Tomm22 in a CK2β-dependent manner thus protects mitochondria in skeletal muscle from degradation (Kravic et al., 2018).
Myosins are a family of actin-binding cytoskeletal motor proteins that, as a complex of heavy and light myosin chains, hydrolyze ATP during muscle contraction. During myogenesis, myosins need to assemble into long thick filaments. It was shown that phosphorylation of myosin-IIA heavy chain by PKC or CK2 inhibits the assembly of into filaments. CK2 phosphorylation of the myosin-IIA heavy chain reduced binding of the Mts1 calcium-binding protein, thereby inhibiting mts1-induced filament disassembly and assembly (Dulyaninova et al., 2005).
CK2-dependent phosphorylation is important for myogenesis and muscle homeostasis. CK2 is present at the neuromuscular junction to regulate acetylcholine receptor stability, as recently reviewed (Hashemolhosseini, 2020). Conditional CK2β KO mice with lack of CK2β in skeletal muscle showed reduced muscle strength and abnormal metabolic activity of oxidative muscle fibers. This was linked to deficient phosphorylation of an outer mitochondrial membrane protein, Tomm 22 (Kravic et al., 2018). CK2α was further found to be involved in activation of muscle-specific genes, as its inhibition leads to a significant reduction in muscle-specific genes in C2C12 cells (Salizzato et al., 2019).
Taken together, CK2 activity is necessary for muscle genesis and homeostasis, both of which could be impacted by variants of either of the CK2 subunits.
4) Autistic features
55% of OCNDS and 56% of POBINDS patients have been diagnosed with ASD, and several fields of study, from genetics to biochemistry, deliver arguments for a role of CK2 in this disorder. ASD has both genetic and environmental origins. One predisposing environmental factor is the prenatal exposure to valproic acid (VPA) that increases the risk of ASD in children (Nicolini and Fahnestock, 2018). In rats, CK2α was found to be upregulated after prenatal VPA exposure, however these results are based solely on western blotting and require further confirmation (Santos-Terra et al., 2021).
We already mentioned that in Drd1a-Cre conditional CK2 KO mice dopamine D1 receptor signaling is upregulated and that endocytosis of this receptor is modulated by CK2 (Rebholz et al., 2013). Indeed, several genes of the DA network have been linked to ASD, such as the genes encoding syntaxin 1 (STX1) (Nakamura et al., 2008) or dopamine transporter (DAT) (Hamilton, 2013). Autism-associated variants of these two genes show decreased phosphorylation of STX1 (at S14) by CK2, resulting in reduced STX1/DAT interaction and disruption of the reverse transport of DA (Cartier-Z et al., 2015). This functional interaction was tested in the locomotive response to amphetamine in Drosophila. Both, STX1A-R26Q and hDAT-R51W variants responded less to amphetamine, similarly to Drosophila expressing a dominant negative form of CK2 (Cartier-Z et al., 2015).
It is known that CK2 activity alters transcription via phosphorylation of a set of transcription factors such as e.g. TFIIA, IIE, or IIF, as reviewed in (St-Denis et al., 2009). The protein encoded by the ASD susceptibility gene AUTS2 was found bound to CK2β within the large Polycomb Repressive Complex 1 (PRC1) (Gao et al., 2014). This complex normally catalyzes the monoubiquitination of histone H2A (at K119) and leads to compaction of chromatin and transcriptional repression. CK2, through phosphorylation of another member of this complex, RING1B, inhibits PRC1-AUTS2-mediated monoubiquitination of H2A, thereby turning a transcriptional repressor into an activator and affecting the transcriptional profile of cells (Gao et al., 2014).
On the level of translation, the fragile X mental retardation protein (FMRP) is a mRNA-binding translational repressor that associates with 4–6% of brain transcripts, with autism risk gene transcripts being overrepresented. Absence or severe reduction of FMRP are responsible for fragile X syndrome, the most common monogenic cause of autism spectrum disorder (Verkerk et al., 1991). CK2 phosphorylates murine FMRP at the site S499, a site which is required for its repressor activity, and thereby primes for further phosphorylation at nearby sites by other kinases (Bartley et al., 2016).
CONCLUSION
OCNDS and POBINDS are two distinct newly described NDDs with causative variants in the genes coding for Csnk2a1 and Csnk2b. The symptom overlap is large, and the most striking difference is the elevated propensity to seizures in POBINDS. CK2β has specific roles in the cells, such as regulating kinases other than CK2, that could be at the origin of the seizure phenotype in POBINDS.
Due to its ubiquitous expression (https://www.proteinatlas.org/ENSG00000101266-CSNK2A1/tissue), its promiscuity, based on a non-stringent consensus (S/TxxD/E) (Meggio et al., 1994), it is most plausible that CK2 acts through many pathways and substrates to lead to the symptom profiles of both NDDs.
Clearly, experimental studies are missing and through the use of patient derived cells, especially iPS cells, as well as mouse models of both diseases more mechanistic knowledge has to be obtained. These models can also be used for the search of potentially druggable targets and to test therapeutic approaches that could be transferred from treatment of other NDDs.
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Supplementary Table S1 | Detailed table of OCNDS patients and their symptom profiles. All patients whose symptoms were published thus far are ordered by the position of the gene variation, position within the gene structure as well as the effect on amino acid sequence, as far as it could be predicted. More detailed information about the different symptoms is given in this table. Abbreviations: ATP: Adenosine triphosphate; GTP: Guanosine triphosphate; yo: years old; mo: months old; ID: Intellectual Disability; LD: Learning disability; ADHD: Attention deficit hyperactivity disorder; GTCS: generalized tonic-clonic seizure; GERD: Gastroesophageal reflux disease; G-tube: Gastrostomy tube; EEG: Electroencephalography; MRI: Magnetic resonance imaging.
Supplementary Table S2 | Detailed table of POBINDS patients and their symptom profiles. All patients whose symptoms were published thus far are ordered by the position of the gene variation, position within the gene structure as well as the effect on amino acid sequence, as far as it could be predicted. More detailed information about the different symptoms is given in this table. Abbreviations: D Box: Destruction box; yo: years old; mo: months old; ID: Intellectual Disability; LD: Learning disability; ADHD: Attention deficit hyperactivity disorder; GTCS: generalized tonic-clonic seizure; GERD: Gastroesophageal reflux disease; G-tube: Gastrostomy tube; EEG: Electroencephalography; MRI: Magnetic resonance imaging.
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CK2 is a Ser/Thr protein kinase involved in many cellular processes such as gene expression, cell cycle progression, cell growth and differentiation, embryogenesis, and apoptosis. Aberrantly high CK2 activity is widely documented in cancer, but the enzyme is also involved in several other pathologies, such as diabetes, inflammation, neurodegeneration, and viral infections, including COVID-19. Over the last years, a large number of small-molecules able to inhibit the CK2 activity have been reported, mostly acting with an ATP-competitive mechanism. Polyoxometalates (POMs), are metal-oxide polyanionic clusters of various structures and dimensions, with unique chemical and physical properties. POMs were identified as nanomolar CK2 inhibitors, but their mechanism of inhibition and CK2 binding site remained elusive. Here, we present the biochemical and biophysical characterizing of the interaction of CK2α with a ruthenium-based polyoxometalate, [Ru4(μ-OH)2(μ-O)4(H2O)4 (γ-SiW10O36)2]10− (Ru4POM), a potent inhibitor of CK2. Using analytical Size-Exclusion Chromatography (SEC), Isothermal Titration Calorimetry (ITC), and SAXS we were able to unravel the mechanism of inhibition of Ru4POM. Ru4POM binds to the positively-charged substrate binding region of the enzyme through electrostatic interactions, triggering the dimerization of the enzyme which consequently is inactivated. Ru4POM is the first non-peptide molecule showing a substrate-competitive mechanism of inhibition for CK2. On the basis of SAXS data, a structural model of the inactivated (CK2α)2(Ru4POM)2 complex is presented.
Keywords: CK2, inhibition, polyoxometalate, SAXS, substrate competitive
INTRODUCTION
Protein kinase CK2 (previously known as casein kinase 2 or CK2) is a eukaryotic Ser/Thr protein kinase, ubiquitous and extremely conserved throughout evolution (Pinna, 2002; Niefind and Battistutta, 2013). Despite the name, it is a “pseudo” casein kinase since casein is not a physiological substrate (Venerando et al., 2014). Indeed, CK2 phosphorylates hundreds of cellular proteins involved in practically all biological processes (St-Denis and Litchfield, 2009), and a dysregulated phosphorylation level of many of its targets has been associated with diverse human diseases (Borgo et al., 2021b). While some pathological conditions seem related to reduced CK2 activity (Dominguez et al., 2021), usually the CK2 overexpression and the resulting abnormally elevated catalytic activity have been associated to diseases. Cancer is the best-known example of this condition, and the role of CK2 in the strengthening of several oncogenic signals has been extensively described (Duncan and Litchfield, 2008; Ruzzene and Pinna, 2010; Trembley et al., 2010; Ortega et al., 2014; Chua et al., 2017). The pharmacological inhibition of CK2 has been largely pursued, not only for cancer but also for the drug resistant phenotype (Borgo and Ruzzene, 2019), and several inhibitors have been discovered and characterized, bearing variable degrees of efficiency and specificity, recently reviewed in (Qiao et al., 2019; Borgo and Ruzzene, 2021).
In CK2, the α catalytic subunit (or its isoform α’) and the β “regulatory” subunit are associated to form the α2β2 tetrameric holoenzyme, the prevailing form of CK2 in cells (Niefind and Battistutta, 2013). CK2 is considered “intrinsically active” because the α-subunit does not undergo significant conformational changes between active and inactive conformations (which do not exist actually), as typical for other protein kinases, in which phosphorylation events or interactions with regulatory subunits shuffle the enzyme between the two states (Niefind et al., 2001). Instead, in CK2, the α-subunit is structurally locked in the active conformation, mainly because of the unique N-terminal extension and the presence of the DWG (Asp-Trp-Gly) motif, rather than the conventional DFG (Asp-Phe-Gly) one, at the beginning of the activation loop. Together, these two characteristics block the activation segment in the active conformation, hampering the movements seen in other protein kinases, with the formation of inactive structures. As a consequence, the α catalytic subunit is catalytically functional either when isolated or part of the tetrameric enzyme. However, mechanisms for the control of CK2 functions in cell should exist, but they have not been firmly established, yet. It was proposed that it is based on a self-inhibitory oligomerization process of the α2β2 holoenzyme, which is active in the monomeric form, but inactive when it forms trimers and higher ordered assemblies, where substrate binding is hampered (Lolli et al., 2012; Lolli et al., 2014; Lolli and Battistutta, 2015; Lolli et al., 2017). This explanation takes into account the absence of a truly inactive conformation of the catalytic subunit.
Selectivity is one major issue in the development of the most studied class of kinase inhibitors, the ATP-competitive one. This because of the conservation of the structural features of the ATP-binding sites among kinases and other ATP-binding proteins, and the high concentration of ATP inside the cell, ∼1–10 mM. However, despite these difficulties, effective ATP-competitive kinase inhibitors have been successfully developed, and as of 21 January 2022 there are 70 FDA-approved small molecule protein kinase inhibitors for clinical application (Roskoski, 2021) (http://www.brimr.org/PKI/PKIs.htm). Yet, many of these compounds show unfavorable side effects and are convenient only when conventional treatments of cancers have been ineffective (Montazeri and Bellmunt, 2020).
The class of the ATP-competitive inhibitors is the most explored also for CK2. The crystal structure of CK2α in complex with the anthraquinone emodin was the first showing the details of the interaction between the enzyme and an ATP-competitive inhibitor (Battistutta et al., 2000). The main characteristics of the CK2 ATP-binding site were described some time ago (De Moliner et al., 2003; Battistutta et al., 2007; Mazzorana et al., 2008; Battistutta, 2009). As CK2 is constitutively active, only the active conformation (conventionally called “DFG-in”) can be targeted and therefore only the so-called “type I inhibitors” can be developed (Mazzorana et al., 2008; Battistutta, 2009; Sarno et al., 2011; Niefind and Battistutta, 2013; Atkinson et al., 2021). One of the most studied and used type I ATP-competitive inhibitor is CX-4945 (silmitasertib) (Battistutta et al., 2011). This compound is currently in phase II clinical trials for the treatment of various tumors and was established as Orphan Drug for cholangiocarcinoma in the United States. The selectivity issue in targeting the ATP-binding site is underlined by the fact that even CX-4945, despite its potency and efficacy, is able to inhibit also 12 other kinases with nanomolar activity.
To cope with the selectivity issue, recently, other inhibition modes were identified, which target the catalytic CK2α subunit in different sites, namely the CK2α/CK2β interaction site, the substrate binding site and some potential allosteric sites outside of the classic “catalytic box” (Figure 1A) (Iegre et al., 2021). Regarding the targeting of the α/β interaction site, although it could suggest high selectivity, one critical point is that the CK2α subunit is constitutively active and CK2β is assumed to modulate, but not to fully suppress or switch on, the catalytic activity of the enzyme. CK2β can also regulate the substrate specificity of CK2 (Pinna, 2002; Borgo et al., 2021a). Furthermore, the binding pocket at the α/β interface, located in the N-terminal domain of the α subunit, is shallow and relatively small, and it seems quite difficult to be targeted with efficiency and potency either by peptides or small molecules. Thus, targeting the CK2α/CK2β interaction site does not seem a promising strategy valid for all substrates and for the full inhibition of the catalytic activity of CK2. The development of substrate-competitive molecules (peptides or peptidomimetics) appears to be a promising approach particularly regarding the selectivity issue. In fact, unlike most protein kinases, CK2 exclusively phosphorylates acidic substrates, with a minimum consensus sequence S/T-X-X-E/D/pX, often with acidic residues also in position n + 1 and/or n + 2 (Pinna, 2002). Polyglutamyl peptides were early identified as CK2 substrate-competitive inhibitors (Meggio et al., 1983). However, the lack of structural data on complexes between CK2 and substrate makes the design of effective peptide inhibitors quite difficult, along with the fact that peptide-based molecules have low pharmacological profiles.
[image: Figure 1]FIGURE 1 | Main interaction sites in catalytic CK2α. (A) Surface representation, colored according to electrostatics, of the CK2α-ATP complex (PDB-code 3NSZ); main interactions sites targeted by different classes of inhibitors discussed in the text are shown. Location of allosteric sites are uncertain as well as binding sites for POMs. (B) Ribbon representation of three structures of CK2α showing the conformational variability of the very mobile hinge-αD region (red oval), which can adopt a closed (C, in cyan), open (O, in orange) or large (L, in green) conformation (PDB-codes 3Q9W, 3NSZ, and 5CU3, respectively). The αD pocket is created with the “large” conformation, in presence of specific ligands such as CAM4066, shown in green. Bound ATP is shown (carbon atoms in orange). (C) Molecular structure of [Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2]10− (Ru4POM), object of this study: Ru atoms in sea-green, W atoms in light-blue, O atoms in red, Si atoms in yellow. Dimensions of Ru4POM are around 10 × 10 × 18 Å (not in scale with CK2).
For some compounds targeting CK2 it was proposed an allosteric mechanism of inhibition (Prudent and Cochet, 2009; Iegre et al., 2021), yet the exact mode of action was never clarified and no structural data supporting the allosteric mechanism was produced (Brear et al., 2020).
It was early noted that in the human enzyme the hinge/αD region, located near the active site, has an unusual mobility, unique among protein kinases, with the existence of a closed and an open conformation (Figure 1B) (Battistutta and Lolli, 2011; Papinutto et al., 2012; Niefind and Battistutta, 2013). It was then anticipated that this feature could be exploited for the development of more selective ATP-competitive inhibitors (Battistutta and Lolli, 2011; Papinutto et al., 2012). Indeed, recently, it was found that inhibitor SRPIN803-rev binds to the ATP-binding site of CK2α interacting with the open hinge/αD conformation of CK2α, with a binding mode incompatible with the closed conformation adopted by most protein kinases. This rationalizes the high selectivity of derivatives of SRPIN803-rev when tested on a panel of 320 kinases, despite the not exceptional IC50, which ranges from 0.28 to 1.37 μM. Notably, the lead SRPIN803-rev derivative shows an efficacy analogous to that of CX-4945 in cells (Dalle Vedove et al., 2020).
The high mobility of the hinge/αD region, unique to CK2, is at the basis of the very interesting discovery of a new pocket near the ATP-binding site, in the C-terminal domain, the so-called “αD pocket,” corresponding to a “large” conformation of the hinge/αD region (Figure 1B). The αD pocket can be efficiently targeted by a new class of inhibitors, for instance compound CAM4066, which shows an IC50 of 0.37 μM, similar to SRPIN803-rev derivatives, and a promising selectivity on a panel of selected 52 kinases (Brear et al., 2016; Iegre et al., 2018).
Polyoxometalates (POMs) are other interesting compounds explored as CK2 inhibitors. POMs are a class of polynuclear oxo-bridged transition metal complexes, which have received extensive attention due to rich topology and tunable chemical/physical properties. In addition to the application in material design (Long et al., 2010) and catalysts (Wang and Yang, 2015), their biological activity has been highlighted (Van Rompuy and Parac-Vogt, 2019). The main advantages of POMs are that their shape, acidity, surface charge distribution and redox potentials can be easily tuned to optimize the interaction with biological macromolecules. POMs were thus proved to cross cell membranes, to display anticancer, antiviral or antibacterial properties. However, their low stability at neutral pH, associated with low selectivity and relevant cytotoxicity has hampered their clinical applications. In order to overcome these drawbacks, POMs can be encapsulated into different delivery systems (Croce et al., 2019). Moreover, their structure can be successfully strengthened by introducing different transition metals (such as Ru, Ti or Co) or by the covalent grafting of organic pendants (Bijelic et al., 2019). In this way, biomedical studies could be performed on POMs stable in solution, employing physiological conditions and concentrations (Čolović et al., 2020). The derivatization of POMs may increase both stability and bioavailability, while providing interesting opportunities for tracking and targeting (Zamolo et al., 2018; Ramezani-Aliakbari et al., 2021; Tagliavini et al., 2021).
Owing to their nano-size, POMs are able to establish various types of interactions with peptides and proteins, ranging from electrostatic interaction and hydrogen bonds, also mediated by water or cations, to other weaker types of interactions (Arefian et al., 2017). These interactions may become more important when organic counterions and appended organic molecules are also present (Zamolo et al., 2018; Tagliavini et al., 2021). POMs are also able to inhibit several enzymes (Zhao et al., 2020). Some POMs were shown to inhibit CK2 in the low nanomolar range (Prudent et al., 2008), with a mechanism of action still unclear, presumably different form that of classical small organic molecules due to their different chemical nature.
Here, we present structural and functional data regarding the CK2 inhibition by a ruthenium-based polyoxometalate, [Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2]10− (Ru4POM) (Figure 1C), revealing for the first time the mechanism of action of a member of the class of the POMs inhibitors. Ru4POM has a significant biomimetic activity, fostered by the ruthenium atoms (Bonchio et al., 2019; Gobbo et al., 2020), and it has been selected for its high stability and solubility in water, even with high ionic strength, associated with a low toxicity. Moreover, its elongated structure results into dimensions (around 10 × 10 × 18 Å) which seem favorable for a better interaction. Indeed, Keggin-type structures, with smaller dimension (10 Å as maximum dimension), show low inhibitory efficiency, unless organic pendants are present on the surface (Prudent et al., 2008).
RESULTS
Polyoxometalate Synthesis and Characterization
Na10[Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2], Ru4POM (Supplementary Figure S1), was prepared following a published procedure (Galiano et al., 2021). In order to guarantee its use in all conditions explored, its stability was confirmed by UV-vis, in buffered/saline aqueous environments, up to pH 8.5.
Since the presence of organic ligand as biotin was reported to be potentially useful for CK2 inhibition (Prudent et al., 2008), we also included in the screening some representative hybrid organic-inorganic POMs (Supplementary Figures S1, S2): [γ-SiW10O36{(C5H7N2OS)(CH2)4CONH(CH2)3Si}2O]4−, Biotin-SiW10 (Zamolo et al., 2018) and [γ-SiW10O36{(C16H9)SO2NH(CH2)3Si}2O]4−, Trp-SiW10 (Syrgiannis et al., 2019), which were prepared as tetrabutyl ammonium (TBA) salts, following post-functionalization strategies of the Keggin POM K8[γ-SiW10O36]. The corresponding sodium salts were prepared by counterion exchange as previously described (Zamolo et al., 2018). In case of Trp-SiW10, the two enantiomeric forms of tryptophan were investigated. The giant-wheel-shaped (NH4)12[Mo36(NO)4O108(H2O)16], Mo36POM, was also prepared (Amini et al., 2015) to evaluate the impact of the dimensions and shape.
In Vitro CK2 Inhibition by Ru4POM
First, we analyzed the efficacy of different POMs in decreasing the catalytic activity of recombinant CK2 (Table 1). We found that all polyoxotungstates inhibited CK2α, with similar IC50 in the low nM range, however, the most powerful compound was Ru4POM (IC50 3.63 nM). Concerning the hybrid polyoxotungstates, we observed a moderately higher activity for the lipophilic TBA salts. In addition, both the nature and the configuration of the organic ligands had an impact on the inhibitory effect. The larger polyoxomolybdate showed very weak activity on CK2. Owing to these results, we focused the rest of our study on Ru4POM.
TABLE 1 | Inhibitory activity of different POMs.
[image: Table 1]Most inhibition assays and all the structural studies were performed with CK2α deleted of the last 55 C-terminal residues since this deletion confers higher stability to the protein without affecting the catalytic activity (Niefind et al., 2000). Indeed, we found that the full-length monomeric enzyme (FL-CK2α) displayed identical sensitivity to Ru4POM (Table 1). Moreover, the presence of the β subunit only marginally reduced the efficacy of Ru4POM, the tetrameric enzyme displaying an IC50 of 5.57 nM (Table 1).
We then evaluated if the Ru4POM inhibition efficacy depends on the kind of substrate. We observed a slightly lower inhibition when casein replaced the CK2-tide peptide as substrate; the IC50, however, was still in the low nM range (18.50 ± 1.04 nm). We then checked whether Ru4POM competes with the substrates for the CK2 binding-site. As shown by the kinetics analysis reported in Figure 2, we found that Ru4POM exerts a competitive inhibition towards both model substrates, since it reduced the affinity (increased KM values for both CK2-tide peptide and casein), without decreasing the Vmax values.
[image: Figure 2]FIGURE 2 | Substrate-competitive inhibition. (A) CK2 activity was measured by radioactive phosphorylation assays, with increasing concentrations of CK2-tide peptide, in the absence or presence of 5 nM Ru4POM. Radioactivity was detected by scintillation counting (cpm). (B) CK2 activity was measured by radioactive phosphorylation assays, with increasing concentrations of casein, in the absence or presence of 18 nM Ru4POM. Radioactivity was detected by digital autoradiography (arbitrary units). At least two independent experiments were performed. Mean values ± SEM are reported in the graphs; the tables on the bottom report the kinetics parameters ± SEM calculated by Michaelis-Menten analysis.
In the experiments described so far, the activity of recombinant CK2α was evaluated at the optimal in vitro conditions, namely at pH 7.5 and in the absence of NaCl. Given the high negative charge of Ru4POM, we evaluated if the inhibitory efficacy was affected by changes in pH and ionic strength. Deviation from the optimal conditions reduced the activity of the controls (see samples without Ru4POM in Figure 3A). Nonetheless, the residual activity was sufficient to perform the experiments, which show that the percent of inhibition induced by Ru4POM was reduced by the pH change: at 5 nM Ru4POM, the inhibition dropped from 75% at pH 7.5% to 66% at pH 8.5 (Figure 3B). A higher variation in the inhibition values was seen varying the ionic strength, from 75% inhibition observed without NaCl to 29% and 22% in presence of NaCl at 0.2 M or 0.5 M, respectively.
[image: Figure 3]FIGURE 3 | Effect of pH and ionic strength. CK2 activity was measured by radioactive phosphorylation assays towards CK2-tide peptide, in the absence or presence of 5 nM Ru4POM, at different conditions of pH and NaCl concentration, as indicated. Radioactivity was detected by scintillation counting (cpm) (A). In (B), 100% activity was assigned to each control, measured in the absence of Ru4POM. Mean values ± SEM of at least two independent experiments are reported.
Ru4POM Inhibits Endo-Cellular CK2
Next, we wanted to assess whether Ru4POM was able to inhibit CK2 inside intact cells. Preliminary attempts to detect inhibition of CK2 activity in Ru4POM-treated cells failed, indicating a too small cell permeability of the compound (not shown). Therefore, we tried to treat cells with Ru4POM in combination with increasing amounts of two different cationic transfection reagents, the stable cationic polymer polyethylenimine (PEI) and the cationic liposome JetOptimus (Figure 4). Endogenous CK2 activity was monitored by means of the phospho-antibody towards Akt1 phospho-Ser129, a well-known and specific target of CK2 (Ruzzene et al., 2010). We observed that cell treatment with Ru4POM combined with one of the cationic compounds reduced the phosphorylation of this site (while the total amount of Akt1 protein was unchanged) and the effect was potentiated by increasing the amount of the transfecting reagents, likely due to higher amounts of Ru4POM delivered into the cells. These results indicate that Ru4POM is suitable for CK2 inhibition in cell, as it can be transferred inside intact cells, and that it is able to target endogenous CK2.
[image: Figure 4]FIGURE 4 | Cellular activity of Ru4POM. HEK-293T cells were treated for 24 h as indicated. Ru4POM was used at 10 μM. 20 μg protein from total cell lysates were analyzed by SDS-PAGE and Western blot (WB) with the indicated antibodies. Calnexin was used as loading control. Quantitation of the signal is shown on the bottom panel (mean values ± SEM of two independent experiments). *p < 0.05.
Interaction Between CK2α and Ru4POM by Analytical Size-Exclusion Chromatography
Analytical Size Exclusion Chromatography was then used to investigate the direct interaction between Ru4POM and CK2α in vitro. SEC elution profiles (Supplementary Figure S3) were monitored at 280 nm, where both protein and Ru4POM have an absorption contribution (blue and black curve, respectively), but also at 500 nm, where only the signal of Ru4POM is present (red curve). The lack of absorption of CK2α at 500 nm (green curve) allows to unequivocally recognize the elution of Ru4POM. In 25 mM Tris, 500 mM NaCl, 1 mM DTT, pH = 8.5, free CK2α elutes at 12.6 ml retention volume, in the monomeric form (Supplementary Figure S3, blue curve), in accordance with the well-known notion that CK2α is monomeric at high salt, typically above 0.4 M NaCl, and tends to aggregate at lower ionic strengths (Niefind et al., 1998; Ermakova et al., 2003; Seetoh et al., 2016), as also confirmed by our SEC-SAXS experiments (see below). In the same running conditions, Ru4POM elutes at higher elution volumes, at 16.0 ml (Supplementary Figure S3, black curve at 280 and red curve at 500 nm), corresponding to lower hydrodynamic volumes, in accordance with the smaller dimensions (MW 5 kDa).
The elution profile of samples with Ru4POM:CK2α in a 1:1 M ratio on a Superdex 75 column shows a unique peak at about 11.4 ml elution volume (Figure 5A, black curve), with the disappearance of the peaks corresponding to the isolated species (Figure 5A, blue curve for monomeric CK2α). The presence of the absorption at 500 nm for the peak at 11.4 ml (red curve) confirms that all Ru4POM are tightly bound to CK2α, with the formation of a stable complex. From the elution volume it can be estimated that the complex is formed by two molecules of CK2α. This, together with the 1:1 M ratio of Ru4POM:CK2α, indicates that a complex of stoichiometry (CK2α)2(Ru4POM)2 is formed.
[image: Figure 5]FIGURE 5 | SEC elution profiles of Ru4POM/CK2α mixtures at different molar rations. (A) In black, the elution profile recorded at 280 nm of a 1:1 mixture of Ru4POM:CK2α, in 25 mM Tris, 500 mM NaCl, 1 mM DTT, pH = 8.5, on a 10/30 Superdex 75 GL column. On the basis of the calibration curve of the column and on the comparison with monomeric CK2α (blue curve) the black curve corresponds to the dimeric form of the enzyme. The perfect superposition of the peaks recorded at 280 and 500 nm (red curve) indicates the co-elution of CK2α and Ru4POM and hence the formation of a stable complex. The absence of peaks corresponding to the single species suggests that the complex eluting at 11.3 ml has a stoichiometry (CK2α)2(Ru4POM)2. (B) Experiments were performed on a 10/30 Superdex 200 GL column, in 25 mM Tris, 500 mM NaCl, 1 mM DTT, pH = 8.5, followed at 280 nm. In blue and black, elution profiles of free monomeric CK2α and Ru4POM:CK2α in 1:1 M ratio, respectively. Increasing amounts of Ru4POM induce the formation of larger oligomers, as evident by the lower elution volume of the peaks corresponding to molar rations 2:1 (shown in green) and 5:1 (shown in cyan). The widening of the peaks indicates the co-existence of different oligomeric species. The further increase to 10:1 (in red) does not vary the nature of the oligomeric forms, indicating that the saturation of the oligomerization process is reached at around 5:1 M ratio.
To further investigate the interaction between CK2α and Ru4POM, we analysed samples with increasing molar ratios in a Superdex 200 column, which has a higher MWs resolution range. The elution profiles with the unchanged buffer system, 25 mM Tris, 500 mM NaCl, 1 mM DTT, pH = 8.5, of samples with various Ru4POM/CK2α ratios, namely 1:1, 2:1, 5:1, and 10:1, are shown in Figure 5B. It is evident that increasing amounts of Ru4POM induce the formation of species with larger hydrodynamic dimensions, that is, high-order oligomeric forms of CK2α/Ru4POM complexes. Very similar elution profiles for ratios 5:1 and 10:1 indicate that the saturation is reached for such values. The large variations in the elution volumes are explained by the formation of oligomeric forms of CK2α/Ru4POM complexes rather than by the formation of species where monomeric CK2α (MW 40 kDa) is interacting with multiple POMs units (MW 5 kDa). Overall, the SEC experiments indicate that Ru4POM induces the oligomerization of CK2α, with the formation of dimers when the ratio is 1:1 and of larger assemblies when the ratio is higher, with the saturation reached around 5:1 ratio.
Interaction Between CK2α and Ru4POM by Isothermal Titration Calorimetry
To better understand the interaction between CK2α and Ru4POM, the thermodynamic parameters of the binding were determined by isothermal titration calorimetry (ITC). In the ITC measurements, CK2α was titrated with Ru4POM; both species were in 25 mM Tris, 500 mM NaCl, pH = 8.5. A representative experiment is shown in Figure 6, where the exothermic nature of the interaction is evident. Here, the CK2α/Ru4POM titration produces a typical single transition, saturation-shaped thermogram, which can be fitted by the sigmoidal binding isotherm of the one binding-site model. From two independent experiments, we derived an apparent mean KD of 2.09 ± 0.36 μM for the single macroscopic dissociation constant. The derived stoichiometry for the complex is 1:1 (1.04 ± 0.02), in accordance with the chromatographic data, thus supporting the formation of a stable (CK2α)2(Ru4POM)2 complex. The analysis of the thermodynamic signature for the binding of Ru4POM to CK2α reveals the dominance of the enthalpic contribution (ΔH = −32.99 ± 1.42 kJ/mol) over a negligible entropic term (−TΔS = 0.50 ± 2.43 kJ/mol), and a final ΔG = −32.48 ± 0.46 kJ/mol (Figure 6C), evidencing the importance of electrostatics and hydrogen-bonds (which can be considered a form of electrostatic interaction) for the binding. For the sake of comparison, Keggin-type POMs as [H2W12O40]6− (H2W12) interacting with human serum albumin (HSA) were also characterized by enthalpically driven exothermic process, while bigger W-based POMs as [NaP5W30O110]14− (P5W30), showed an important endothermic component, mainly attributed to the unfolding of the protein (Zhang et al., 2008).
[image: Figure 6]FIGURE 6 | ITC measurements. (A) A representative raw titration data (black thermogram) obtained from the titration of 30 μM CK2α with 400 μM Ru4POM at 25.3°C, in 25 mM Tris, 500 mM NaCl, pH 8.5. (B) Wiseman plot of integrated data (black circles) and fitted isothermal binding curve (in red). From two independent experiments, an apparent mean KD of 2.09 ± 0.36 μM for the single macroscopic dissociation constant was obtained, with a 1:1 stoichiometry. (C) The mean ΔG of the overall binding is dominated by the enthalpic term (ΔH), with a negligible entropic contribution (‒TΔS).
Interaction Between CK2α and Ru4POM by SAXS
Initially, we tested the protein stability at three different ionic strengths (namely 0.5, 0.3, and 0.2 M NaCl), on a SEC GE Superdex Increase 200 (3.2/300) column, equilibrated with buffer 25 mM Tris pH 8.5. The Rg and I(0) traces as functions of the SEC elution profile frames showed that the protein was monodispersed in presence of 0.5 M NaCl (Figure 7A, black curve). However, decreasing the ionic strength to 0.3 and 0.2 mM NaCl resulted in protein precipitation prior SAXS experiments, as indicated by the very low signals (green and cyan curves), in line with the known behavior of CK2α at low salt concentration.
[image: Figure 7]FIGURE 7 | SAXS studies on CK2α-Ru4POM complex. (A) SEC-SAXS chromatograms of Rg and I(0) traces as functions of frames of separated CK2α, in buffer with 0.5, 0.3, and 0.2 M NaCl (black, green, and cyan lines, respectively). Triangles represent the calculated radius of gyration, Rg in nm, in the selected frames collected in buffer containing 0.5 M NaCl. (B) I(q) versus q experimental SAXS profiles for CK2α and CK2α-Ru4POM (black and blue circle, respectively) with CRYSOL fit (red lines). χ2 values for the CRYSOL fitting are indicated. The curves are shifted by an arbitrary offset for better comparison. In the inset, the Guinier fits for the two samples and the calculated radius of gyration are shown. (C) CK2α DAMMIF model (yellow envelope shown in transparency) overlaid with the CK2α crystal structure (PDB entry 3q04). (D) SEC-SAXS chromatograms of Rg and I(0) traces as functions of frames of separated CK2α-Ru4POM complex at 1:1 M ratio and increasing NaCl concentration.
Primary analysis from selected scattering curves of CK2α at 0.5 M NaCl indicated that the protein is globular, with Rg value of 2.3 nm, corresponding to an estimated molecular weight of about 39 kDa, as expected from monomeric CK2α, in line with the MW estimation from the previous SEC experiments. The comparison between the CK2α crystal structure and the SAXS data showed good fitting value (χ2 1.29) (Figure 7B) and the 3D bead model of the DAMMIF envelope overlaid well the crystal structure of CK2α (Figure 7C), further supporting the presence of the monomeric state at 0.5 M NaCl.
We then analyzed a mixture of CK2α:Ru4POM at 1:1 M ratio in presence of 0.5 M NaCl, and the scattering data on the single monodisperse species displayed significant structural differences compared to the free form of CK2α (Figure 7B). Notably, at this concentration Ru4POM does not significantly contribute to the scattering profiles (Supplementary Figure S4A). The Rg of the complex determined by Guinier analysis showed a value of 3.1 nm (Figure 7B) and a molecular weight of about 79.7 kDa, a mass that corresponds to the formation of a stable CK2α dimer, in accordance with the previous SEC estimations. This supports our hypothesis, based on previous SEC and ITC data, that CK2α undergoes a Ru4POM-mediated dimerization, with the formation of a stable (CK2α)2(Ru4POM)2 complex. Importantly, in accordance with the lack of a significative entropic contribution for the CK2α/Ru4POM interaction seen with ITC, SAXS data do not show any evidence of protein denaturation.
Experiments on 1:1 mixtures of CK2α:Ru4POM at lower ionic strengths, i.e., 0.3 and 0.2 M NaCl, caused protein precipitation of the sample, as in the case of free CK2α, hampering the possibility of reliable SAXS analyses (Figure 7D).
Next, we monitored the effect of 2 and 10 M equivalent of Ru4POM at 0.5 M NaCl, and the Rg and I(0) traces showed the formation of soluble complexes but in a multi-component system, with different size and molecular weight species co-existing in solution (Supplementary Figure S4B). We then tried to get more detailed structural information on the nature of the (CK2α)2(Ru4POM)2 complex from the available SAXS data. Starting from the evidence that Ru4POM actively induces the dimerization of CK2α, the most reasonable assumption is that Ru4POM structurally mediate the interaction between two molecules of the enzyme. This is the simpler and more plausible explanation that globally takes into account our SEC, ITC and SAXS data.
Then, we first built possible structural models of the interaction between Ru4POM and CK2α, trying to identify the binding site (Figure 8). The docking of Ru4POM on monomeric CK2α was obtained using geometry-based molecular docking algorithms (Schneidman-Duhovny et al., 2005) and yielded several models with good molecular shape complementarity, where negatively charged Ru4POM invariably interacts with CK2α along the large positively charged area present on the protein surface between the ATP binding pocket and the substrate binding site (Figure 1A). This result is in accordance with the biochemical data that indicates a substrate-competitive mechanism of inhibition, and with the thermodynamic signature of the interaction, largely enthalpic as deduced by ITC measurements. Since the precise location of Ru4POM in the substrate-binding site of CK2α is not known, we generated possible dimers starting from each of the 19 plausible CK2α-Ru4POM docking models (Figure 8).
[image: Figure 8]FIGURE 8 | Strategy for modelling the CK2α-Ru4POM dimer. Docking of Ru4POM to CK2α generated 19 putative CK2α-Ru4POM docking models. Each model was processed with Symmdock to obtain 100 possible dimer configurations. Approximately 1,900 dimeric models were validated using CRYSOL. Finally, only dimers stabilized by inter-molecular Ru4POM-mediated contacts were selected (“selection”).
First, the predicted dimers were validated based on the best χ2 value obtained fitting the structures with the experimental SAXS data; then, only dimers stabilized by inter-molecular Ru4POM-mediated contacts were selected (Figure 8; Supplementary Figure S5). This strategy allowed to identify a CK2α-Ru4POM dimeric configuration displaying optimal fitting to SAXS data, i.e., χ2 value 1.14 (Figure 9). In this model, each of the two Ru4POM molecules bind to each of the two CK2α subunits, in a region adjacent to the ATP binding pocket, between the hinge-αD region and the Gly-rich loop, overlapping part of the substrate-binding site. Ru4POM engages both intermolecular electrostatic interactions and H-bonds with polar and positively charged residues of the enzyme. In this (CK2α)2(Ru4POM)2 model direct contacts between the two molecules of CK2α are established. The predicted structural model overlays well with the DAMMIF elongated envelope obtained from CK2α-Ru4POM SAXS data analysis (Figure 9D).
[image: Figure 9]FIGURE 9 | Structural organization of the (CK2α)2(Ru4POM)2 complex. (A) Proposed CK2α-Ru4POM dimer model showing two interacting CK2α (colored in magenta and blue) and two Ru4POM further connecting the two subunits. (B) Closer view on the CK2α-Ru4POM interface. Spheres colored in cyan represent 10 W atoms, in green 4 Ru atoms, in red O atoms and in black 2 Si atoms. (C) Electrostatic surface of the CK2α-Ru4POM dimer model. Positive and negative charges are depicted in blue and red, respectively. The potentials were calculated using programs PDB2PQR and APBS (Jurrus et al., 2018). (D) CK2α-Ru4POM DAMMIF model (light green envelope shown in transparency) overlaid with the proposed CK2α-Ru4POM dimer model.
DISCUSSION
It was reported that members of the family of the polyoxometalates are potent inhibitors of the CK2 activity in vitro. However, their mechanism of inhibition and CK2 binding site are not firmly established yet. For one of the best POM inhibitors, [P2Mo18O62]6−, steady-state kinetic analysis showed that it did not target CK2α either at the ATP-binding site or at the protein substrate binding sites. Site-directed mutagenesis and proteolytic degradation of the CK2α-POM complex suggested that this POM binds to domains containing key structural elements such as the Gly-rich loop, the helix αC and the activation segment. Nevertheless, the low chemical stability in an aqueous environment of this POM hampered to establish a clearly defined binding site and inhibition mechanism (Prudent et al., 2008).
Here, we confirm that different POMs are potent inhibitor of CK2α, with IC50 in the low nanomolar range, the best one being a ruthenium-based polyoxometalate, [Ru4(μ-OH)2(μ-O)4(H2O)4 (γ-SiW10O36)2]10−. Some hybrid organic-inorganic POMs belonging to the Keggin decatungstosilicate family, which share the same SiW10O36 unit of Ru4POM, were also shown to be promising. The variation of the inhibitory activity with the organic domains will thus deserve attention, for the possibility to anchor suitable recognition motifs and develop, for example, bi-specific inhibitors (Iegre et al., 2021). Interestingly, cell penetration of these derivative has been previously demonstrated (Zamolo et al., 2018). For now, we have focused our attention on the structurally rigid Ru4POM.
Ru4POM has an IC50 of 3.63 nM on the catalytic subunit, either full-length or deleted of the last 55 C-terminal residues, which are flexible in solution. A very similar IC50, 5.57 nM, was found on the tetrameric enzyme. This similarity in the IC50 values exclude that the Ru4POM binding region is located either at the C-terminus of CK2α or at the α/β interface. Importantly, we showed that this compound is stable in the aqueous condition of the biochemical assays (up to pH 8.5), indicating that the full molecule and not some decomposition fragments are active on the enzyme, as instead reported for other POMs (Prudent et al., 2008).
Ru4POM has a net negative charge, like the CK2 substrates, therefore we tested whether it works with a substrate-competitive mechanism. Indeed, we show that Ru4POM competes with the substrates, either small peptides or casein, indicating that it interacts with CK2 at the level of the substrate-binding site. This interaction is modulated by the pH and the ionic strength, in accordance with a substrate-competitive mechanism of inhibition where the electrostatic interactions play an important role in the binding of both negative substrates and Ru4POM to the positively charged CK2 substrate-binding site.
The physical-chemical properties of Ru4POM seem to penalize its transport across the cellular membrane of HEK-293T cells, and, in fact, we do not detect any CK2 inhibition on intact cells treated with the free compound, in line with previously reported observations (Prudent et al., 2008). However, when applied in combination with cationic transfection reagents, we do observe inhibition of endo-cellular CK2, meaning that, with the appropriate delivery system, it can be transported inside the cells despite its dimensions and its highly negative charge. It is worth mentioning that CK2 is also present on the outer cell surface [CK2 ecto-kinase (Rodríguez et al., 2005)], with functions that are largely unknown; in this view, Ru4POM could represent a valuable tool to discriminate between ecto- and endo-cellular CK2, according to the administration conditions.
To possibly decipher the mechanism of inhibition of Ru4POM on CK2 we performed different biophysical analyses. Size-exclusion chromatography experiments at 0.5 M NaCl show that Ru4POM induces the dimerization of CK2α, with the formation of a (CK2α)2(Ru4POM)2 complex, with no residual presence of the single components, indicating the formation of a strong and stable complex. SAXS experiments confirm the presence of such a complex, with dimeric CK2α when Ru4POM is present in equimolar amount. According to SEC data, larger assemblies are formed at higher molar ratios, with the saturation reached at around 5:1 for Ru4POM:CK2α.
The specific interaction between Ru4POM and CK2α with the formation of a stable complex is confirmed by ITC measurements, which indicates a macroscopic apparent mean KD of 2.09 ± 0.36 μM and a 1:1 stoichiometry, in accordance with SEC and SAXS data. The observed thermodynamic parameters agree with literature data on the interaction between inorganic POMs and proteins, which are characterized by KD in the μM range (Zhang et al., 2007; Zamolo et al., 2018; Vandebroek et al., 2021) and by a dominant enthalpic contribution. The exothermal process, in particular, entails the key role of the electrostatic interactions and hydrogen bonds, in line with the polar nature of the interaction between Ru4POM and the substrate-binding site of CK2. The negligible entropic term, instead, shows that the possible stiffening of the protein structure on one hand, and the dehydration of this highly hydrophilic POM, on the other hand, are not relevant. Noteworthy, despite larger POMs may display higher free energy of binding (Zhang et al., 2007), their large surface seems to hamper the targeting of the CK2 sites involved in the inhibitory activity, as observed for Mo36POM, indicating the importance of the shape complementarity between CK2 and the other tested POMs.
The structural analysis of the SAXS signal reveals the shape of the complex formed by CK2α and Ru4POM, with Ru4POM connecting two CK2α molecules, which, in turn, can interact with each other. Ru4POM binds to CK2α in a region adjacent to the ATP binding pocket, in between the hinge/αD region and the Gly-rich loop, overlapping part of the substrate-binding site. The two Ru4POM molecules do not directly interact to each other and bind CK2α through polar interactions, likely both hydrogen-bonds and electrostatic forces.
As Ru4POM is able to inhibit also the α2β2 holoenzyme, we structurally superposed two molecules of α2β2 on the (CK2α)2(Ru4POM)2 complex, to see whether the structural information derived by SAXS are valid also for the tetrameric holoenzyme (Figure 10). Indeed, we obtained a reasonable model for the hypothetical Ru4POM-mediated dimerization of the full enzyme, with no evident steric overlaps between the two tetramers. Then, we suggest that Ru4POM binds to α2β2 in a very similar way to that seen for the isolated CK2α, inhibiting the full enzyme with the same mechanism shown for the free catalytic subunit. It has been proposed that the mechanism of regulation of the enzyme relies on the self-inhibitory oligomerization of α2β2, mediated by inter-tetrameric electrostatic interactions involving the acidic loop of the β-subunit of one tetramer (Asp55–Asp64) and the positively charged P + 1 loop of the α-subunit of the other tetramer (Arg191–Lys198). It is plausible that Ru4POM is able to interfere with the normal regulation of the enzyme activity by affecting the oligomerization process of the tetrameric form of CK2. It is also possible that Ru4POM affect the interaction of CK2 with at least some of the interacting partners of this kinase.
[image: Figure 10]FIGURE 10 | Structural superposition of two α2β2 tetramers, 1 and 2 (α-subunits in cyan, β-subunits in blue), on the (CK2α)2(Ru4POM)2 complex (in orange). In this arrangement, the two tetramers do not show evident steric clashes, suggesting that they can interact with Ru4POM in a similar way to the isolated catalytic subunit.
In summary, we could unravel the mechanism of inhibition of a Ru-based POM, a compound stable in aqueous solution and able to inhibit CK2 in the very low nanomolar range. Cell internalization has also been addressed by using suitable transfecting agents. Ru4POM binds to CK2 and induces the formation of a (CK2α)2(Ru4POM)2 complex, which is inactive because the substrate-binding site and the ATP-binding site are inaccessible to substrates and ATP, respectively. This inhibition mechanism is entirely different from the common ATP-competitive one typical for most of the known protein kinase inhibitors. Ru4POM has physical and chemical properties very different from that of conventional kinase inhibitors (small organic molecules), and this, coupled to its ability of inhibition in cell-based assays, make this compound particularly interesting for further developments. Notably, Ru4POM is the first non-peptide molecule showing a substrate-competitive mechanism of inhibition. Atomic details of the interaction between CK2 and Ru4POM can be unravelled by the crystallographic analysis of the (CK2α)2(Ru4POM)2 complex, which would be useful to obtain information regarding the most relevant interactions that stabilize the complex. While many crystal structures of CK2 are available, alone or in complex with inhibitors (mainly ATP-competitive), complexes with substrate peptides have never been crystallized, suggesting that also the crystallization of CK2 in complex with POMs acting as substrate-competitive inhibitors could not be straightforward.
While a selectivity profile of Ru4POM against a protein kinase panel is beyond the purpose of this study, our findings suggest that a remarkable specificity for CK2 is highly conceivable, being this compound able to function as a substrate-competitive inhibitor of a kinase, CK2, with the uncommon property of targeting negatively charged substrates.
MATERIALS AND METHODS
Recombinant CK2α Production
Recombinant full-length CK2α and tetrameric CK2 (α2β2) [produced as in (Venerando et al., 2013)] were kindly provided by Dr. Andrea Venerando (University of Parma, Italy). Human CK2α (residues 1-336) was produced as previously reported (Papinutto et al., 2012). Briefly, after expression in E. coli BL21-DE3, the protein was purified by two chromatographic steps, with heparin affinity chromatography (5 ml HiTrap Eparin HP column, GE Healthcare) and size-exclusion chromatography (HiLoad 16/60 Superdex 75 pg column, GE Healthcare). Protein eluted in 25 mM Tris, 500 mM NaCl, 1 mM DTT, pH = 8.5 was concentrated to 13.3 mg/ml, flash-frozen in liquid nitrogen and stored at −80°C.
Polyoxometalates Synthesis and Characterization
Na10[Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2], Ru4POM, was prepared following a published procedure (Galiano et al., 2021). Ru4POM identity was confirmed by FTIR, while its stability was monitored by UV-vis, by using a Cary 100 instrument (Varian), in buffered aqueous environment (25 mM Tris, pH 8.5) over 24 h (Supplementary Figure S6).
(nBu4N)3H[γ-SiW10O36{(C5H7N2OS)(CH2)4CONH(CH2)3Si}2O], Biotin-SiW10 (Zamolo et al., 2018), (S,S)-(nBu4N)4[γ-SiW10O36{(C16H9)SO2NH(CH2)3Si}2O], Trp-SiW10 (Syrgiannis et al., 2019) and its (R,R) enantiomer, were prepared following previously reported procedures. The corresponding sodium salts were prepared by counterion exchange as described in (Zamolo et al., 2018). All hybrid POMs were characterized by FTIR and ESI-MS(-) to confirm their identity. (NH4)12[Mo36(NO)4O108(H2O)16], Mo36POM, was prepared as reported in (Amini et al., 2015).
Analytical Size-Exclusion Chromatography
Analytical SEC analyses on isolated CK2α and on CK2α/Ru4POM mixtures were performed using a 10/30 Superdex 75 GL column (GE Healthcare) or a 10/30 Superdex 200 GL column (GE Healthcare) equilibrated with 25 mM Tris, 1 mM DTT, pH = 8.5 and NaCl at various concentrations, namely 0.5, 0.4, 0.3, and 0.2 M. For the preparation of CK2α/POM mixtures in different ratios, a concentrated stock solution of Ru4POM (5 mM) obtained by solubilizing dry powder in 25 mM Tris, 0.5 M NaCl, 1 mM DTT, pH = 8.5 was used. CK2α concentration varied from 200 to 300 μM, in accordance with SEC-SAXS experiments (see below).
Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) experiments were performed using a Malvern PEAQ-ITC microcalorimeter, at 25°C, with a 270 μl sample cell and a computer controlled microsyringe for titrant injections. CK2α (20–30 μM) and Ru4POM (200–400 μM) samples were in 25 mM Tris, 500 mM NaCl, pH = 8.5. After baseline stabilization, a further delay of 60 s was used before the first injection. In each individual titration, a starting Ru4POM injection of 0.4 μl in 0.8 s was followed by other 12 injections of 3 μl with a duration of 6 s each. A delay of 150 s was applied between each Ru4POM injection. Wiseman plot of integrated data was automatically obtained by software analysis (excluding the heat referred to the first 0.4 μl injection) and then it was fitted by theoretical binding curve using the one site model.
SAXS Data Collection and Analysis
SAXS experiments were performed at the bio-SAXS beamline BM29 at ESRF, Grenoble, France (Pernot et al., 2013). The CK2α and CK2α/Ru4POM mixtures were measured by SEC-SAXS approaches (Brennich et al., 2017). Samples containing 300 μM Ru4POM, 300 μM CK2α and 300 μM CK2α:Ru4POM at 1:1 M ratio in buffer 25 mM Tris, 1 mM DTT, pH 8.5 and 0.5 M NaCl were loaded on a GE Superdex Increase 200 (3.2/300) column. For samples measured at 0.3 and 0.2 M NaCl (buffer 25 mM Tris, 1 mM DTT, pH 8.5) CK2α concentration was 130 μM. Samples with 200 μM CK2α with CK2α:Ru4POM at 1:2 and at 1:10 M ratio in buffer 25 mM Tris, 1 mM DTT, pH 8.5 and 0.5 M NaCl were loaded on a Agilent AdvanceBio SEC (4.6/300) and on a GE Superose 6 Increase (3.2/300) columns, respectively. The samples were centrifuged (16,000 g for 30 min at 4°C) prior the measurements and 50 μl of sample were injected in the columns. The purifications were carried-out via a high-performance liquid chromatography device (HPLC, Shimadzu) attached directly to the sample-inlet valve of the BM29 sample changer. The columns were equilibrated with 3 CV to obtain a stable background signal before measurement. A flow rate of 0.3 ml/min was used for all sample measurements. All SAXS data were collected at a wavelength of 0.99 Å using a sample-to-detector (PILATUS 2 M, DECTRIS) distance of 2.867 m. Data reduction and preliminary data processing were performed automatically using the Dahu/FreeSAS pipeline implemented at BM29. In the SEC-SAXS chromatograms, frames in regions of stable Rg were selected with CHROMIXS and averaged using PRIMUS to yield a single averaged frame for each protein sample. Analysis of the overall parameters was carried out by PRIMUS from ATSAS 3.0.4 package (Manalastas-Cantos et al., 2021). For CK2α and CK2α:Ru4POM at 1:1 the pair distance distribution functions, P(r), were used to calculate ab initio models in P1 and P2 symmetries, respectively, with DAMMIF (Manalastas-Cantos et al., 2021). Plots and protein models were generated using OriginPro 9.0 and UCSF Chimera software, respectively. SAXS parameters for data collection and analysis are summarized in Supplementary Table S1 following international guidelines (Trewhella et al., 2017). SAXS data were deposited into the Small Angle Scattering Biological Data Bank (SASBDB) under accession numbers SASDNF7 for CK2α and SASDNG7 for CK2α:Ru4POM 1:1.
SAXS-Based Modelling of CK2α-Polyoxometalate Complex
The molecular docking of Ru4POM to CK2α was obtained exploiting Patchdock (Schneidman-Duhovny et al., 2005) using the pdb model of Ru4POM as ligand and CK2α (PDB 3q04) as receptor. The docking resulted in 19 plausible models of a complex formed by CK2α monomer binding a single molecule of Ru4POM bound in different positions along the entire positively charged cavity of CK2α. Symmdock (Schneidman-Duhovny et al., 2005) was then used to generate CK2α-Ru4POM dimers using as input the 19 plausible docking models for a total of about 1,900 dimeric species (i.e., the first 100 best scored dimers obtained with Symmdock per each of the 19 docking models obtained with Patchdock). Our data showed that CK2α never forms dimers or multimers in solution while Ru4POM induces CK2α dimerization at 1:1 M ratio. Based on this experimental observation, only the Symmdock-generated CK2α:Ru4POM dimers, where Ru4POM mediates intermolecular contacts between two CK2α monomer, were selected. The structures of models were ranked according to the lower χ2 value obtained by structure comparison between the models and the SAXS data of the CK2α-POM complex using CRYSOL (Manalastas-Cantos et al., 2021). The best model was then fitted into the DAMMIF envelope using SUPCOMB (Kozin and Svergun, 2001).
In Vitro CK2 Activity Assay
For IC50 (concentrations inducing 50% inhibition) analysis, recombinant tetrameric CK2 (α2β2), or C-terminal-deleted CK2α (CK2α1–336), or full length CK2α (7.5 ng) were incubated with 0.1 mM synthetic peptide substrate RRRADDSDDDDD (CK2-tide), in a phosphorylation buffer containing 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 20 μM [γ-33P]ATP (1,000–2,000 cpm/pmol), in a final volume of 20 μl, with increasing concentrations of the inhibitor. In the case of tetrameric CK2, 0.1 M NaCl was also present in the phosphorylation mixture. Controls were performed in the absence of any inhibitor, but with equal volume of vehicle (H2O). Reactions were performed at 30°C for 12 min and stopped by sample absorption on phospho-cellulose papers. Papers were washed three times with 75 mM phosphoric acid and counted in a scintillation counter (PerkinElmer). In the case of casein substrate (used at 0.05 mg/ml concentration), reactions were stopped by the addition of Laemmli loading buffer, samples were analyzed by 11% SDS-PAGE, and radioactive bands were detected and quantified by digital autoradiography (Cyclone plus storage phosphor system, PerkinElmer). IC50 calculation was obtained by analysis of the results with GraphPad Prism 7.0a software.
For kinetics analysis, the assays were performed with increasing concentrations of CK2-tide or casein, in the phosphorylation buffer described above, but with 100 μM ATP concentration.
Cell Culture, Treatments, and Lysis
HEK-293T cells (human embryo kidney fibroblasts) were cultured in an atmosphere containing 5% CO2, maintained in DMEM medium (Sigma), supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cell treatments with Ru4POM were performed in the culture medium. When used, the cationic transfection reagents PEI (Thermo Scientific) or JetOpitmus (Polyplus-transfection) were mixed with Ru4POM and incubated for 1 h at room temperature, before adding the mix to the cells. After 24 h cells were lysed as previously described (Zanin et al., 2012). Protein concentration was determined by the Bradford method.
Endo-Cellular CK2 Activity Assay
Endo-cellular CK2 activity was evaluated by assessing the phosphorylation state of the CK2 substrate Akt phospho-Ser129 (Abcam) (Ruzzene et al., 2010). For this purpose, equal amounts of proteins from treated cells were loaded on 11% SDS-PAGE, blotted on Immobilon-P membranes (Millipore), processed in Western blot (WB), and detected by chemiluminescence.
Quantitation of the signal was obtained by chemiluminescence detection on ImageQuant LAS 500 (GE Healthcare Life Sciences) and analysis with Carestream Molecular Imaging software (Carestream).
Statistical Analysis for Kinase Activity
Statistical significance was evaluated by One-way Anova analysis using GraphPad Prism 7 program. All values are expressed as means ± SEM. Comparisons of more than two groups were made with a one-way ANOVA using post-hoc Bonferroni’s test. Comparison of two groups was obtained by the Student’s t-test for unpaired data when appropriate. Differences were considered statistically significant at values of p < 0.05.
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Biological systems operate in constant communication through shared components and feedback from changes in the environment. Casein kinase 1 (CK1) is a family of protein kinases that functions in diverse biological pathways and its regulation is beginning to be understood. The several isoforms of CK1 take part in key steps of processes including protein translation, cell-cell interactions, synaptic dopaminergic signaling and circadian rhythms. While CK1 mutations are rarely the primary drivers of disease, the kinases are often found to play an accessory role in metabolic disorders and cancers. In these settings, the dysregulation of CK1 coincides with increased disease severity. Among kinases, CK1 is unique in that its substrate specificity changes dramatically with its own phosphorylation state. Understanding the process that governs CK1 substrate selection is thus useful in identifying its role in various ailments. An illustrative example is the PERIOD2 (PER2) phosphoswitch, where CK1δ/ε kinase activity can be varied between three different substrate motifs to regulate the circadian clock.
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THE CK1 GENE FAMILY, WITH A FOCUS ON CK1Δ/Ε
CK1δ and CK1ε are members of a family of serine/threonine kinases that are highly conserved among eukaryotes. In humans, this group of kinases is encoded by six distinct genes, CSNK1A/D/E/G1/G2/G3 (Casein Kinase 1 α, δ, ε, γ-1, γ-2, and γ-3). Of these isoforms, CK1δ and CK1ε are the most closely related, sharing over 96% sequence identity in the kinase body, and have very similar carboxyterminal extensions of ∼124 amino acids. CK1δ and CK1ε bind to and phosphorylate many of the same substrates, but with some subtle and important differences. The major regulation of CK1δ/ε comes from their C-terminal tails. These CK1δ/ε C-terminal tails are differentially phosphorylated and dephosphorylated, and it has been long known that this tail phosphorylation regulates kinase activity (Gietzen and Virshup, 1999; Graves and Roach, 1995; Rivers et al., 1998). Importantly, diverse signals, including metabotropic glutamate agonists, Wnts and the AMPK pathway regulate the activity of CK1δ/ε through changes in C-terminal tail phosphorylation (Liu F. et al., 2002; Swiatek et al., 2004; Um et al., 2007) (Figure 1). Most recently, subtle changes in the phosphorylation of CK1δ/ε C-terminal tails has been shown to change CK1 preference for distinct sites within one prominent substrate, PER2 (Fustin et al., 2018; Narasimamurthy et al., 2018).
[image: Figure 1]FIGURE 1 | Phosphorylation of Casein Kinase 1 Carboxyterminal tail influences substrate preference. Phosphoryl groups on the carboxyterminal tail may interact with anion-binding pockets on CK1, altering the conformation of substrate binding cleft and substrate preference. Created with Biorender.
CK1 Substrate Sequences
CK1 is best known for its preference to phosphorylate acidic substrates. The first-identified CK1 targets are either preceded by acidic residues, or primed by a phosphorylated serine or threonine. The acidic or phosphorylated amino acid is usually three residues upstream of a CK1 target serine/threonine (Flotow and Roach, 1989). Repeats of this CK1 motif are found in many CK1 substrates in the pattern pSxx (S/T)xx (S/T)xx (S/T) and the phosphorylation of this upstream S/T allows propagation of the signal to multiple downstream serine/threonine residues. This phosphorylation of a primed substrate is very rapid. However, CK1 has also been shown to phosphorylate unprimed substrates. These events, while significantly slower than processive phosphorylation of a primed substrate, clearly have important regulatory functions, serving as rate-limiting steps for downstream phosphorylation. The most prominent examples of this principle of CK1 as rate limiting is the case of S45 of β-catenin (Amit et al., 2002; Liu C. et al., 2002; Marin et al., 2003) and S662 of PERIOD2 (PER2) (Toh et al., 2001). Thus, it is important to understand what leads CK1 to prioritize these different “slow” substrate motifs.
Interest in targeting CK1 for therapeutic intervention of sleep disorders, cancer and drug addiction has grown over the years. Multiple CK1 inhibitors have recently been developed and tested in vitro and in animal models. The modelling of how CK1δ/ε selects sites on PER2 could provide a better understanding of how CK1 phosphorylate its other substrates. Here we review selected literature describing the phosphoswitch mechanism of PER2 and highlight several diseases where a similar CK1 substrate selection mechanism might be involved.
Modelling CK1δ/ε Regulation: Lessons From the Circadian Phosphoswitch
While the 24-h rhythmicity of many physiological processes has been observed long before the dawn of modern biology, its genetic basis was first confirmed in 1971 by Konopka and Benzer (Konopka and Benzer, 1971). Using a forward genetic approach in D. melanogaster, they identified mutations in a single gene that altered both the time-of-day when flies would emerge from their pupae and locomotor rhythms in adult flies. This gene was named Period (Per) and the rise and fall of its mRNA and protein abundance across the day results in the periodicity of animal clocks. Price, Kloss then identified that the gene Doubletime (dbt), encoding a CK1 orthologue in Drosophila, regulated Per degradation via direct phosphorylation (Kloss et al., 1998; Price et al., 1998). In 1999, Ptacek and others identified the first genetically linked sleep disorder in humans (Jones et al., 1999). It was characterized by an abnormally early onset of sleepiness and pre-dawn wakefulness. and so was termed Familial Advanced Sleep Phase (FASP).
The details of the mutation causing FASP has provided great insights into how CK1 interacts with the PERIOD protein. A serine to glycine substitution at residue 662 of PER2 blocked its phosphorylation by CK1 on a series of downstream serine residues, resulting in a decrease of PER2 stability (Toh et al., 2001). Thus, the multiphosphoserine region of Serine-662, -665, -668, -671, and -673, responsible for PER2 stability came to be known as the FASP domain. Phosphorylation of the FASP domain is a 2-step process where a slow priming phosphorylation of S662 creates an ideal CK1 substrate, enabling the subsequent rapid phosphorylation of the downstream serines (Narasimamurthy et al., 2018). Thus, CK1 has two types of substrate recognition in the FASP domain. First, it slowly phosphorylates S662, and then very rapidly phosphorylates the remainder of the FASP multi-serine domain.
CK1δ/ε have a third type of important substrate recognition in a distant region of PER2, a domain referred to as the phosphodegron. CK1 phosphorylation of the human PER2 phosphodegron at S480 and S484 allows for binding of β-TrCP, an E3 ubiquitin ligase, which then leads to polyubiquitylation and proteasomal degradation of PER2 (Eide et al., 2005; Reischl et al., 2007). Importantly, CK1 phosphorylation of FASP domain of PER2 prevents phosphorylation of the phosphodegron. Thus, CK1 must choose–phosphorylate FASP and stabilize PER2, or phosphorylate the phosphodegron and destabilize PER2. This mechanism, termed the phosphoswitch model of PER2 regulation (Figure 2), allows fine tuning of CK1 substrate specificity within the PER2 protein to increase stability or drive degradation (Zhou et al., 2015; Masuda et al., 2020).
[image: Figure 2]FIGURE 2 | The Circadian Phosphoswitch. CK1 phosphorylation of the PER2 degron results in B-TrCP mediated polyubiquitylation, marking it for degradation by the proteasome. CK1 phosphorylation of the FASP domain stabilizes PER2 by blocking degron phosphorylation. CK1δ (red) and CK1ε (blue) have different preferences for these domains due to non-identical regulatory C-terminal tails. CK1ε displays stronger kinase activity (solid arrow) on the FASP and a weaker kinase activity (dotted arrow) on the degron as compared to CK1δ.
We have seen that within the PER2 phosphoswitch, there are three distinct substrate motifs for CK1: the slow priming site of the FASP, the rapid four phosphoserine residues downstream of the FASP, and the slow phosphodegron. Using x-ray crystallography, Philpott et al. described a two-state activation loop in the CK1δ/ε kinase that contributes to substrate selection (Philpott et al., 2020a). Molecular dynamics simulations of the loop found that it resided predominantly in the “Loop Down” position, but it could enter the “Loop Up” position on rare occasion. Flipping the loop up was predicted to reduce the volume of the CK1 substrate binding cleft allosterically. Importantly, the loop down versus loop up configuration could be controlled by changes in the anion environment, and in the occupancy of anion binding pockets on the kinase body. Given that phosphorylation of the CK1 carboxyterminal tail creates anionic (phospho-) patches, and that phosphorylated peptides can bind to these anion binding pockets (Gebel et al., 2020), we have proposed that phosphoresidues in the CK1δ/ε tail interact with the anion binding pockets to alter activation loop conformation (Narasimamurthy and Virshup, 2021). Supporting this hypothesis, it was demonstrated that a 15 amino acid deletion from the tail of CK1δ more than doubled its kinase activity on FASP peptide to match CK1ε (fustin 2018) (Narasimamurthy et al., 2018). Notably, this deletion removed two phosphoserine residues from the CK1δ tail which the CK1ε isoform lacks. Similarly, a splice variant of CK1δ altering the extreme C-terminus differentially altered activity on PER2 sites (Fustin et al., 2018). Thus, changes from CK1δ to CK1ε, and changes in CK1δ/ε tail phosphorylation is likely to be a mechanism to alter kinase substrate preference and give CK1 its switch-like behavior. While more insight into the control of CK1 tail phosphorylation and its subsequent interaction with the kinase domain is needed to gain a complete understanding of this process, these findings bring us closer to understanding the regulation of CK1 activity.
CK1 - Period and Sleep Disorders
The characterization of FASP syndrome demonstrates that regulation of Per2 abundance by CK1 is integral in maintaining normal sleep-wake physiology. Consistent with this, mutations in the CK1 gene also cause sleep disorders. In 1988, a mutation called Tau was identified in Syrian golden hamsters that caused a shortening of the circadian period. Heterozygous or homozygous Tau animals experienced a 22-h or 20-h biological day as compared to the standard 24-h of the wildtype controls (Ralph and Menaker, 1988). 12 years later, Lowrey and others traced the cause of this phenotype to a single R178C substitution in CK1ε which abolishes one of the anion binding pockets described above. This mutation resulted in an 8-fold reduction of kinase activity on primed FASP peptide of PER2 (Lowrey et al., 2000) but increased phosphorylation of the phosphodegron (Philpott et al., 2020b). Thus, abnormalities in CK1 function could cause circadian disruption as mutations in mammals, similar to Drosophila.
Human mutations in CK1δ and CK1ε also alter circadian rhythms. Individuals with Delayed Sleep Phase and Non-24-Hour Sleep-Wake Disorder were half as likely to possess at least one allele of a S408N polymorphism in CK1ε (Takano et al., 2004). Notably, S408 is located on the C-terminal tail of CK1ε and is a known phosphorylation site. This S408N variant increased the activity of CK1ε on the FASP peptide, consistent with earlier findings that S408 phosphorylation contributed to autoinhibition of CK1ε (Gietzen and Virshup, 1999; Takano et al., 2004). Another family with FASP had aCK1δ T44A mutation that caused reduced kinase activity on PER substrates (Xu et al., 2005). While the phenotype was not observed to be as dramatic as the CK1εTau mutant, it was also linked to migraine in the same family (Brennan et al., 2013). These studies confirm that CK1 is a critical core circadian protein whose mutation leads to circadian related disorders. The dysregulation of CK1 activity has also been implicated in other diseases via additional substrates (Table 1).
TABLE 1 | CK1 target sites in PER2, Connexin-43, 4EBP1 and DARPP32.
[image: Table 1]CK1 Regulates Cell-Cell Interactions Through Connexin-43
Hyperphosphorylation of Connexin-43 (Cx-43) by CK1 may contribute to tumor metastasis in pancreatic and breast cancers. Under normal conditions, CK1 helps maintain cell-cell interfaces in part by phosphorylating Cx-43, a key structural protein of gap junctions (GJ). These structures facilitate cell-cell communication by allowing the exchange of small molecules and ions through their pore-like hemichannels. GJs are also known to transduce signals from the cell membrane to alter transcriptional programs. This includes signals that promote extravasation, cell migration, differentiation, and apoptosis. Therefore, Cx-43 can both prevent and promote tumorigenesis depending on its regulation.
Cooper et al., identified a multi-phosphoserine domain in Cx-43 that was phosphorylated by CK1δ/ε (Cooper and Lampe, 2002). This phosphodomain is important for the membrane localization of Cx-43 and assembly of GJ complexes, and inhibition of CK1δ/ε activity interfered with GJ formation (Cooper and Lampe, 2002). In epithelial cells, mutation of the Cx-43CK1 target serines to alanines, creating Cx-43CK1A, reduced cell migration in wound healing assays. Correspondingly, serine to glutamic acid substitutions to generate phosphomimetic Cx-43 at these sites caused increased migration (Lastwika et al., 2019). This property of Cx-43 was unique to the CK1-regulated phosphodomain. Hence, dysregulation of this interaction could disrupt cell signaling and migration, both of which play important roles in cancer.
Ck1, Cx-43 and Cancer
Recent work has shown that this CK1-CX-43 axis contributes to the severity of pancreatic ductal adenocarcinomas (PDAC), a form of cancer known for its aggressive metastatic ability. In 2021, Solan et al., showed that in a KRASG12D mouse model of PDAC, phosphorylation of Cx-43 by CK1 was important for epithelial-mesenchymal transition (EMT) (Solan et al., 2021). KRASG12D mice with the Cx-43CK1A mutations had reduced metastatic burden and increased overall survival compared to KRASG12D alone. They also observed that primary tumors in KRASG12D; Cx-43CK1A mice had less gap junctions, developed a cyst-like phenotype and maintained expression of epithelial markers, consistent with reduced EMT and less migration.
CK1-enhanced GJ activity may be a feature of other highly metastatic tumors. Rosenberg et al. found that suppressing CK1δ activity with the potent CK1δ/ε inhibitor Sr-3029 reduced the tumorigenicity of Triple Negative Breast Cancer (TNBC) cells (Rosenberg et al., 2015). In the TNBC line MDA-MB231, both CK1δ-specific shRNA and Sr-3029 treatment led to a reduction in cell proliferation. This result was not observed in CK1δ-low breast cancer lines like MCF7. In mouse orthotopic xenografts, Sr-3029 treatment drastically reduced the volume of MDA-MB231 tumors. Subsequent work by Bar et al. confirmed these findings (Bar et al., 2018). They similarly found that CK1δ knockdown MDA-MB231 resulted in significantly slower growing tumors. Additionally, they showed that CK1δ promoted MDA-MB231 cell migration. CK1δ knockdown tumors displayed decreased ability to metastasize both in vivo and ex vivo. Although CX-43 phosphorylation was not directly assessed in this model, they noted repression of junctional proteins in these breast cancer models, making CX-43 an interesting candidate for further study.
CK1 Regulates Protein Translation via 4EBP1
There is growing interest in the use of translation inhibition as a therapy for cancer. Due to its critical role in cell growth, translation is a tightly regulated process. Most of this control takes place at the translation initiation phase and is regulated by the heterotrimeric Elongation Initiation Factor 4a Complex (EIF4A). Elongation Initiation Factor 4e (EIF4E) is a rate-limiting component of the EIF4A complex. It functions to bind the m7g cap of mRNA to recruit it to the ribosome for translation. Suppressing translation is thus accomplished through the sequestration of EIF4E by 4 E-binding protein 1 (4EBP1). 4EBP1 phosphorylation releases EIF4E to drive translation, so the kinases that phosphorylate 4EBP1 are of great interest. While initial studies on focused on the mTOR and PIK3-regulated phosphorylation, more recent studies have found that CK1δ/ε also phosphorylates 4EBP1 on a distinct set of regulatory sites, also leading to EIF4E release (Brunn et al., 1997; Gingras et al., 1999, 2001).. (Shin et al., 2014; Deng et al., 2017)
How might the activity of CK1 on 4EBP1 be regulated? One possibility is via AMP-activated protein kinase (AMPK). AMPK is a cellular energy sensor that shuts down protein translation when intracellular ATP stores are depleted. AMPK has been shown to activate CK1ε by phosphorylating its regulatory tail on S389 (Um et al., 2007). Based on what we now know about CK1δ/ε regulation, this suggests that phosphorylation of this site on CK1 may bias the substrate selection of the kinase. (Fustin et al., 2018; Narasimamurthy et al., 2018). We speculate that cells could also use AMPK phosphorylation of CK1ε to change its substrate selection on 4EBP1.
CK1, 4EBP1 and Cancer
While CK1 is rarely the primary driver of disease, elevated CK1δ/ε has been associated with highly malignant cancers (Toyoshima et al., 2012; Rosenberg et al., 2015; Bar et al., 2018). One potential target of this increased CK1 activity is the translation of c-Myc oncogene. Recent work by Deng et al. successfully utilized inhibition of CK1ε to treat Myc-translocation-positive lymphomas via the suppression of protein translation (Deng et al., 2017). The MYC proto-oncogene encodes a transcription factor that influences the expression of around 15% of total human transcripts. Under normal circumstances, MYC is under tight transcriptional and translational regulation, and MYC protein is quickly degraded to prevent its accumulation. However, MYC overexpression is detected in a majority of cancers and correlates with poor treatment outcomes. MYC gene amplification and translocation cancers are particularly aggressive and challenging to treat, owing to the undruggable nature of Myc protein (Mossafa et al., 2009; Jonge et al., 2016). As part of its regulation, the 5’ UTR of Myc mRNA forms complex secondary structures, making it heavily dependent on the EIF4A complex for translation (Wolfe et al., 2014). Thus, Deng and others surmised that stopping EIF4E release from 4EBP1 might be sufficient to block hypertranslation of Myc. To do this, they developed a PI3Kδ (IC50 = 22 nM) and CK1ε (IC50 = 6 uM) dual kinase inhibitor, umbralisib (TGR-1202). Umbralisib gave promising results in reducing viability of multiple MYC-driven lymphomas. It was found to out-perform idelalisib, the best-in-class approved PI3Kδ inhibitor. Umbralisib treatment greatly reduced C-MYC protein levels by effectively blocking the release of EIF4E from 4EBP1. This effect was reproduced when the lymphoma cells were treated with idelalisib in combination with the CK1ε specific inhibitor PF4800567, showing that co-inhibition of PI3KD and CK1ε was required to achieve potency. Interestingly, Maharaj et al., showed that the CK1ε inhibitory ability of umbralisib contributes to the safety profile of the drug (Maharaj et al., 2020). This was observed when either umbralisib alone or idelalisib with PF480567 preserved a healthy population of regulatory T-cells (Tregs) in mice while treatment idelalisib alone did not. The authors proposed that dual-inhibition of PI3Kδ and CK1ε reduces immune mediated toxicities resulting in lower risks of treatment. Thus far, this method of translation inhibition has proven to be well tolerated among patients. The FDA has recently granted accelerated approval for the drug umbralisib in the treatment of Marginal Zone Lymphoma and Follicular Lymphoma while several phase 2 and 3 trials are underway for other forms of lymphoma (https://clinicaltrials.gov).
Bryja and coworkers recently demonstrated the potential of CK1 inhibition in Chronic Lymphocytic Leukemia (CLL) (Janovska et al., 2018). Treatment in a mouse model of CLL, Eμ-TCL1, with PF670462, a dual CK1δ/ε inhibitor, was found to significantly delay disease onset and extend overall survival. While the authors note that CK1 inhibition is likely non-curative in leukemia, it has strong therapeutic potential in combination with other tumor suppressive drugs. Although the role of 4EBP1 in CLL is unclear, this is a fruitful area for study given the safety and effectiveness of umbralisib in a closely related hematological malignancy.
Ck1, 4EBP1, and Metabolic Disorders
Could CK1δ/ε regulate translation of other important genes? A growing body of research has identified CK1 as a contributing factor to various metabolic disorders. One example is its role in promoting the maturation of pre-adipocytes in white adipose tissue (WAT) via EIF4E-dependent translation. This proliferation of WAT heightens the risk of disease by enhancing hunger signals, inducing insulin resistance, raising basal inflammation and altering sleep behavior. While PPARγ and C/EBPs transcription factors are considered the master regulators of adipocyte differentiation, they are in turn regulated by the cellular energy sensor, AMPK (Sozio et al., 2011; Cheang et al., 2014; Mancini et al., 2017). As with MYC, PPARγ translation is also tightly regulated by highly stable secondary structures in its 5’ UTR (McClelland et al., 2009). Thus, adipogenesis is dependent on EIF4A complex activity and hence sensitive to EIF4E sequestration by 4EBP1 (Tsukiyama-Kohara et al., 2013; Tsai et al., 2016). CK1 inhibitors are therefore potential candidates for obesity intervention. Indeed, CK1δ/ε inhibition with the small molecule inhibitor, PF5006739, was shown to improve glucose tolerance in both diet-induced and genetic models of obesity in mice (Wager et al., 2014; Cunningham et al., 2016), an effect that we speculate is due in part to decreased translation of PPARγ.
Yang et al. presented additional circumstantial evidence supporting the idea that CK1δ/ε activity regulates PPARγ translation (Yang et al., 2019). They found the soy derived compound, Orobol, reduced accumulation of WAT in mice fed with a high fat diet. It also prevented phosphorylation of 4EBP1 at serine-65 and reduced expression of PPARγ in pre-adipocytes. Kinome screening identified CK1ε (IC50 = 1.24 uM) as the kinase most sensitive to Orobol treatment. However, Orobol also inhibited MAP4K5 (IC50 = 1.48 uM), which also has the potential to affect 4EBP1 phosphorylation via the mTOR pathway (Gingras et al., 1999).
CK1 and DARPP-32
DARPP-32 was discovered due to its role in dopaminergic signaling, a key regulator of neuronal development, memory and learning that acts through the transcription factor CREB. This process is characterized by the stimulation of dopamine D1 receptors, activating Protein Kinase A (PKA), which in turn activates CREB through phosphorylation. Dephosphorylation of CREB by Protein Phosphatase 1 (PP1) attenuates this pathway. Another target of PKA is Dopamine- and cAMP-Regulated Neuronal Phosphoprotein of 32kDa, DARPP-32. PKA phosphorylates DARPP-32 on Threonine-34, turning it into a potent inhibitor of Protein Phosphatase 1 (PP1), thus strengthening CREB-dependent transcription. Activation of metabotropic glutamate receptors (mGluR), which are known to enhance dopaminergic signaling, decreases phosphorylation of CK1 C-terminal tail by activation of calcineurin. This increases CK1 activity on S137 of DARPP-32, which protects dephosphorylation of T-34 from Calcineurin, further strengthening suppression of PP1(Desdouits et al., 1995; Liu F. et al., 2002). DARPP-32 is also known to be phosphorylated by CDK5 on Threonine-75 which switches it into an inhibitor of PKA. Interestingly, CK1 phosphorylation of S137 is a pre-requisite for CDK5 phosphorylation of DARPP-32. This implies that CK1 plays a critical role in DARPP-32’s conversion from PP1 to PKA inhibitor. Of note, S137 is situated in a highly acidic region of DARPP-32. Thus, phosphorylation of CK1 could limit its accessibility to the DARPP-32 substrate site, amplifying dopamine D1 receptor signaling and increasing drug sensitivity.
CK1, DARPP-32 and Drug Addiction
Neuroadaptations to the dopamine signaling system from substance abuse leads to drug dependence (Thomas et al., 2008). Since CK1 phosphorylation of DARPP-32 modulates dopaminergic signaling, various studies have explored its role in substance abuse. In mice, DARPP-32 phosphorylation was shown to influence addiction to the habit-forming drug, methamphetamine (MA) (Bryant et al., 2009a; 2012a). Linkage analysis performed in mice bred for high sensitivity to MA-induced locomotor activity revealed Quantitative Trait Loci (QTL) linked to CK1ε overexpression. In these mice, CK1ε transcript was increased by over 10-fold in the nucleus accumbens (Palmer et al., 2005). This suggests a positive relationship between CK1ε activity and MA sensitivity. This was tested by the inhibition of CK1 with PF670462 (CK1δ IC50 = 14 nM, CK1ε IC50 = 7.7 nM), a dual CK1δ/ε inhibitor, and this blocked MA-induced locomotor activity leading to the conclusion that CK1 promoted drug sensitivity (Bryant et al., 2009b). However, the story got more complicated. In a follow-up study, CK1ε knockout mice displayed increased sensitization to MA (Bryant et al., 2012b). This time, CK1ε-specific inhibition with PF4800567 (IC50 = 32 nM) enhanced MA-induced locomotor activity in the MA sensitive mice, suggesting that CK1ε acts to attenuate drug addiction. The differences in substrate preference between CK1δ and CK1ε may account for this contradictory finding. Supporting this theory, Wager et al. observed a suppressive effect on drug-seeking behavior in rats treated with PF50067399 (CK1δ IC50 = 3.9 nM, CK1ε IC50 = 17 nM), a brain-penetrant dual CK1δ/ε inhibitor (Wager et al., 2014). This molecule is four times more potent on CK1δ than CK1ε. Thus, it appears that while CK1δ enhances drug sensitivity, CK1ε acts to suppress it. Zhou et al. provided additional evidence, showing that mice with forebrain overexpression of CK1δ were more sensitive to amphetamine and methylphenidate, which both stimulate the dopaminergic pathway (Zhou et al., 2010). This suggests that CNS-active CK1δ inhibitors might be useful in the treatment of drug addiction.
Alzheimer Disease and CK1
Alzheimer Disease (AD) is a neurodegenerative disease characterized by a progressive decline in cognitive functions such as memory, speech, and mood regulation. While the cause of AD remains unknown, disease severity is correlated with the accumulation of hyperphosphorylated Tau protein and amyloid-ß plaques (Aß) which impairs proper neuronal function (Ballard et al., 2011). The failure to produce significant clinical outcomes in patients of AD after Aß plaque clearance highlights the importance of understanding both Tau and Aß accumulation (Sevigny et al., 2016; Selkoe, 2019). One mechanism of Tau hyperphosphorylation is the reduced activity of PP1 in AD brain tissue (Gong et al., 1993; Wang et al., 1996; Sun et al., 2003). Various studies have established that CK1δ and CK1ε protein are both highly upregulated in human AD brain tissue (Ghoshal et al., 1999; Yasojima et al., 2000). Potentially, the increase in CK1δ/ε results in an accumulation of T-34 phosphorylated DARPP-32 and a pathological inhibition of PP1. This is in line with the findings of Sundaram et al., where inhibition of CK1δ/ε with PF670462 improved cognitive function and reduced Aß plaques in a mouse model of AD (Sundaram et al., 2019). Establishing a direct connection between CK1-mediated DARPP-32 phosphorylation and hyperphosphorylated Tau accumulation could provide new insights into developing AD therapies.
Conclusion and Future Directions
Altered regulation of CK1δ/ε activity is associated with many diseases including sleep disorders, metabolic syndrome, Alzheimer Disease and cancer (Depner et al., 2014; Summa and Turek, 2014; Musiek et al., 2015; Stephenson et al., 2021). However, the molecular pathways that directly control the activity of CK1 in these diseases remain poorly understood. Insights from the regulation of circadian rhythms may expand our understanding of the role of CK1 in other processes.
Casein Kinase 1 is a key regulator of the circadian clock, determining the duration of each biological day through the phosphorylation of at least three unique PER2 domains. The ability of CK1 to choose between these three potential phosphorylation sites is a combination of several regulatory mechanisms. Firstly, the various CK1 isoforms have differing propensities for carboxyterminal tail modification. Secondly, CK1 preference for the substrates are influenced by modifications to its carboxyterminal tail. Finally, the ratio of expression between the various CK1 isoforms (and the CK1δ splice variants) also plays a role. These mechanisms may extend to other disease-relevant substrates including Cx-43, 4EBP1 and DARPP-32. Unlocking the ability to switch CK1 activity between substrates potentially enables the precise modulation of these CK1 target proteins, offering new avenues of therapy for their respective diseases.
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Casein kinase 2 (CK2) is an evolutionarily conserved serine/threonine kinase implicated in a wide range of cellular functions and known to be dysregulated in various diseases such as cancer. Compared to most other kinases, CK2 exhibits several unusual properties, including dual co-substrate specificity and a high degree of promiscuity with hundreds of substrates described to date. Most paradoxical, however, is its apparent constitutive activity: no definitive mode of catalytic regulation has thus far been identified. Here we demonstrate that copper enhances the enzymatic activity of CK2 both in vitro and in vivo. We show that copper binds directly to CK2, and we identify specific residues in the catalytic subunit of the enzyme that are critical for copper-binding. We further demonstrate that increased levels of intracellular copper result in enhanced CK2 kinase activity, while decreased copper import results in reduced CK2 activity. Taken together, these findings establish CK2 as a copper-regulated kinase and indicate that copper is a key modulator of CK2-dependent signaling pathways.
Keywords: casein kinase 2 (CK2), copper, cell signaling, protein kinase (CK2), phosphorylation, kinase regulation
INTRODUCTION
The human kinome consists of 535 kinases capable of phosphorylating approximately 70% of the proteins expressed in human cells (Olsen et al., 2010; Sharma et al., 2014; Ardito et al., 2017; Sugiyama et al., 2019). Of these kinases, CK2 (formerly known as casein kinase 2) is predicted to be responsible for generating over 20% of the phosphoproteome (Burnett & Kennedy, 1954; Salvi et al., 2009). Due to its significant contribution to the phosphoproteome and the fact that it phosphorylates and regulates the activity of other kinases, CK2 is considered a master kinase. As such, CK2 regulates a host of critical physiologic functions, including cell division, cell survival, gene expression, and protein folding, and has been implicated in the progression of multiple diseases (Litchfield, 2003; Meggio & Pinna, 2003; Borgo et al., 2021; Salvi et al., 2021; Strum et al., 2021).
CK2 is an evolutionarily conserved serine/threonine kinase and is a heterotetramer composed of two catalytic α subunits and two regulatory β subunits. The α subunit can phosphorylate substrates as part of the tetrameric complex or as a monomer (Grankowski et al., 1991). An additional isoform of the catalytic subunit, CK2α’ is expressed in humans, is catalytically active, and shares approximately 90% identity with CK2α in its catalytic domain (Litchfield, 2003). CK2 exhibits dual co-substrate specificity and can use either ATP or GTP to phosphorylate substrates (Niefind et al., 1999). Intriguingly, most studies to date suggest that CK2 is constitutively active and has no defined mode of catalytic regulation, a finding that is bewildering given its central role in the regulation of many core cellular processes (Pinna, 2013).
Despite CK2 being considered constitutively active, numerous studies provide solid evidence of varied enzymatic activity. Most of these reports suggest that these differences are likely due to changes in CK2 expression levels (Strum et al., 2021). However, several other studies document significant alterations in CK2 catalytic activity even when changes in expression and substrate abundance are considered, thus underscoring a likely unidentified mechanism for regulating CK2 kinase activity (Dubois et al., 2016; Purzner et al., 2018). Specifically, evidence from in vitro experiments suggests that polybasic molecules, such as polyamines, can increase the catalytic activity of CK2, but inconsistent catalytic enhancement was observed in cell-based assays (Leroy et al., 1997; Lawson et al., 2006; Ao et al., 2019). The binding of inositol phosphates to CK2 can enhance catalytic activity for certain substrates (Solyakov et al., 2004), and CK2 phosphorylation by Src, Lyn, and protein kinase C has also been shown to stimulate CK2 kinase activity (Donella-Deana et al., 2003; Lee et al., 2016). Furthermore, the binding of CK2 to other proteins such as fibroblast growth factor, p21, and Lamin A alters CK2 activity and promotes or inhibits the phosphorylation of specific substrates (Skjerpen et al., 2002; Jia et al., 2016; Ao et al., 2019). However, in general, most of these examples are cell-type- or context-specific, and there is currently no known universal mechanism for the catalytic regulation of CK2 kinase activity (Roffey & Litchfield, 2021).
Recent studies have uncovered a novel role for copper in modulating the activity of specific protein kinases. Copper was first identified as being essential for the activity of mitogen-activated protein kinase 1 (MEK1) and has since been demonstrated to regulate the activity of several other kinases, including Unc-51 like autophagy activating kinase (ULK1) and 3-phosphoinositide dependent protein kinase 1 (PDK1) (Brady et al., 2014; Tsang et al., 2020; Guo et al., 2021). Here, we identify CK2 as a copper-regulated kinase. We demonstrate that copper binds directly to the enzyme, enhancing its catalytic activity both in vitro and in vivo. These findings expand the repertoire of kinases regulated by copper and suggest that copper-mediated regulation is an important mechanism for modulating CK2 activity.
MATERIALS AND METHODS
Plasmids
CK2 plasmids were a gift from David Litchfield and obtained through Addgene: GST-CK2α (pDB1-CK2α, #27083) and CK2α-HA (pZW6-CK2α, #27086) (Turowec et al., 2010). The CK2α-Met153Ala/His154Ala mutant was generated by site-directed mutagenesis using the QuikChange kit (Agilent). Mutagenic primer sequences are available upon request. All constructs were fully sequenced.
Metal Ion-Binding Site Prediction
CK2α structures were acquired from the Protein Data Bank (https://www.rcsb.org/). These PDB files were uploaded to the MIB (Metal Ion-Binding site prediction and docking server) (http://bioinfo.cmu.edu.tw/MIB/), and representative images were generated by the server (accessed March 2022).
Predicted copper-binding residues were included if the residues were predicted to bind copper across three independent PDB structures (3war, 3at2, 5zn0) uploaded to MIB, with all other residues excluded that did not fit the criteria. Binding potentials were normalized to the highest scoring predicted copper-binding residue.
Protein Expression and Purification
Purification of CK2α was performed as described (Turowec et al., 2010). In brief, competent BL21 E. coli were transformed with plasmids encoding CK2α-GST WT or CBM. Transformed cells were grown in Terrific Broth (TB) at 37°C until reaching an optical density of 0.6–1.0 (at 600 nM) and then protein expression was induced with 500 µM Isopropyl β-d-1-thiogalactopyranoside (IPTG) overnight at 15°C. Cells were centrifuged at 4,000 rpm for 1 h at 4°C. Bacterial pellet was resuspended in 30 ml of lysis buffer (PBS pH 7.4, 1M NaCl) and then frozen for 24-h at −80°C. Cells were thawed on ice and 30 ml of additional lysis buffer with reagents making the final concentration of 10% TritonX-100, 1 mg/ml lysozyme, and protease inhibitors (Roche). The lysate was sonicated (QSonica) at 70% amplitude cycles for 10 s on and 20 s off pulses for 2 min total on ice. Lysates were ultracentrifuged at 45,000 rpm for 45 min at 4°C. The supernatant was filtered through 20 µm filter and run over a gravity column with 5 ml glutathione agarose (GoldBio). The column was washed with 150 ml of PBS (pH 7.4) containing 1M NaCl, 10 mM EDTA, and 1% Triton X-100. Protein was eluted in 50 mM Tris-Cl (pH 8.0), 1 mM DTT, and glutathione ranging from 10 to 200 mM. For cleavage with Factor-Xa (New England Biolabs), protein underwent buffer exchange using a spin column with a 30 kDa molecular weight cut-off (Corning) into 20 mM Tris-Cl, 100 mM NaCl, 2 mM CaCl2. Protein was incubated for 24 h at 4°C and subsequently applied to a gravity column with 3 ml GSH-resin. The flow-through was applied to a fast protein liquid chromatography system with a size-exclusion column HiLoad 16/60 Superdex 200 (Sigma Aldrich). Proteins eluted at the correct size were collected and underwent buffer exchange and concentration by spin column with 30 kDa molecular weight cut off (Corning) into storage buffer (15 mM MOPS pH 7.0, 0.75 mM DTT, 300 mM ammonium sulfate, with 5% glycerol). Following concentration, protein was flash-frozen and stored at -80°C.
Cell-Based Methods
HeLa, HEK293, A375, and U87 MG cells were obtained from ATCC and maintained in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% v/v fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) at 37°C in a humidified incubator with 5% CO2. Ctr1−/− MEFs were generously shared by the Brady Lab (University of Pennsylvania) and maintained in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% v/v fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) at 37°C in a humidified incubator with 5% CO2.
For transient transfection, HEK293 cells were plated into 10 cm plates. The cells were transfected following the Lipofectamine 2000 protocol (ThermoFisher) with pZW6-CK2α-HA-WT or CBM plasmids. Cells were lysed in 100 µL or 500 µL RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40) containing 20 mM EDTA and 2X EDTA-free Halt protease and phosphatase inhibitors (Thermo Fisher Scientific). Cells were scraped off the plate and transferred into microcentrifuge tubes. Lysates were subjected to homogenization by passing them twice through an insulin syringe. Samples were subsequently incubated on ice for 30 min, followed by centrifugation at 21,000xg at 4°C for 15 min. Following centrifugation, the supernatant was removed, and the protein concentration was determined by BCA protein assay (Pierce) using BSA as a standard.
For various treatments, HeLa, A375, or U87-MG cells were sub-cultured into a 6-well plate seeded at a density of 150,000 cells per well and allowed to grow for 48 h. After 48 h, cells were washed twice in PBS, and the media was replaced with serum-free media. After 24 h in serum-free media, 1 µM CX-4945 (in DMSO) was added. After 24 h of growth in serum-free media with (or without) CX-4945, 10% serum, 100 µM copper, or 100 µM Cu-ATSM (in DMSO) was added, as indicated. After 1 h of treatment, the cells were lysed as described, followed by SDS-PAGE and immunoblot analysis.
Immunoblot Analysis
Proteins were resolved by SDS-PAGE and detected using the following primary antibodies: mouse anti-GAPDH (1:4,000 in BSA, #32233, Santa Cruz), mouse anti-CK2α (1:2000 in BSA, #373894, Santa Cruz), mouse anti- CK2α’ (1:100 in BSA, #514403, Santa Cruz), mouse anti-CK2β (1:2000 in BSA, #46666, Santa Cruz), mouse anti-CCS (1:500 in BSA, #55561, Santa Cruz), mouse anti-PTEN (1:500 in BSA, #7974, Santa Cruz), mouse anti-CDC37 (1:1000 in BSA, #4793, Cell Signaling), mouse anti-GST (1:2000 in BSA, #138, Santa Cruz), rabbit anti-ERK (1:1000 in BSA, #4695, Cell Signaling), rabbit anti-phospho-Thr202/Tyr204-ERK (1:1000 in BSA, #4370, Cell Signaling), rabbit anti-MEK1/2 (1:1000 in BSA, #9122, Cell Signaling), rabbit anti-phospho-Ser13-CDC37 (1:1000 in BSA, #108360, Cell Signaling), rabbit anti-phospho-PTEN (Ser380/Thr382/383) (1:500 in BSA, #9549, Cell Signaling), rabbit anti-phospho-CK2 Substrate [(pS/pT)DXE] MultiMab (1:1000 in BSA, #8738S, Cell Signaling), rabbit anti-AKT (1:1000 in BSA, #4691, Cell Signaling), rabbit anti-phospho-Ser129-AKT (1:500 in milk, #13461, Cell Signaling), rabbit anti-thiophosphate ester (1:1000 in BSA, #92570, Abcam), and rabbit-anti-HA (1:500 in BSA, #3724, Cell Signaling). Primary antibody incubation was followed by detection with secondary antibodies: IRDye® 800CW Goat anti-Mouse IgG (1:10,000 BSA, 926-32210, Licor), IRDye® 680RD Goat anti-Rabbit IgG (1:10,000, 926-68071, Licor), or anti-rabbit goat HRP-linked (1:1000, 7074, Cell Signaling) with ImmunoCruz Western Blotting Luminol (Santa Cruz) detection reagent. Immunodetection was performed using infrared imaging on the Odssey CLx (Licor), or horseradish peroxidase, using GeneSys (Syngene). The fold-change in the ratio of phosphorylated protein to total protein was quantified using ImageJ.
In vitro Kinase Assays
Reactions contained either 500 U of heterotetrameric CK2 (New England Biolabs) or 250 nM purified CK2α with copper, TTM, or Cu-ATSM, as indicated. Reactions were incubated with GST-Jabba (250 µM) or GST-AKT (60uM [Abcam ab62279]) and 2 mM DTT in reaction buffer (50 mM HEPES pH 7.5, 0.65 mM MgCl2, 0.65 mM MnCl2, 12.5 mM NaCl) for 30 min on ice prior to the addition of 500 µM ATPγS, GTPγS, or ATP for 1 min @30°C. Reactions were quenched with 25 mM EDTA. Following the reaction being quenched, 2.5 mM p-nitrobenzyl mesylate (Abcam) was added for 1 h at room temperature. Sample buffer was then added to quench the alkylation reaction. SDS–PAGE analysis and immunoblotting were performed as described.
For the immunoprecipitation (IP)-kinase assay, HEK293 cells were transfected as described with pZW6-CK2α-HA WT and CBM plasmids. Cells were lysed as described without EDTA in lysis buffer. Lysates were pre-cleared with 25 µL packed A/G beads (Santa Cruz) for 1 h with rotation at 4°C. Following incubation, lysates were centrifuged at 21,000xg for 5 min at 4°C. Subsequently, 2.5 µL of anti-HA antibody (Cell Signaling) was added to the supernatant and incubated overnight. The next morning, 50 µL of packed A/G beads (Santa Cruz) were added to the tubes for 2 h with rotation at 4°C. Following incubation, samples were centrifuged at 21,000xg for 5 min and washed with 500 µL RIPA buffer three times. Following the final wash, samples were resuspended in reaction buffer (50 mM HEPES pH 7.5, 0.65 mM MgCl2, 0.65 mM MnCl2, 12.5 mM NaCl) with GST-tagged Jabba (250 µM) and 2 mM DTT. Reactions were incubated with 500 µM ATPγS for 10–30 min @30°C. Reactions were then quenched with 25 mM EDTA. Following quenching, 2.5 mM p-nitrobenzyl mesylate was added for 1 h at room temperature. After 1 h, sample buffer was added to quench the alkylation reaction. SDS–PAGE analysis and immunoblot were performed as described.
Resin-Binding Assays
1000 U of purified recombinant CK2 (NEB) in RIPA buffer containing 50 µL Profinity IMAC resin (Bio-Rad) charged with no metal, Cu2+, Zn2+, or Fe3+, for 1-h at 4°C. Following incubation, samples were centrifuged at 1000xg at 4°C, and the supernatant was discarded. Samples were washed with 500 µL of RIPA buffer and centrifuged at 1000xg three times. Following washes, sample buffer was added. SDS–PAGE analysis and immunoblotting were performed as described.
For resin-binding assays using cell lysate, HEK293 cells were transfected with pZW6-CK2α-HA-WT or CBM plasmids. Cells were lysed as described. 100µg of cell lysate was incubated in binding buffer (RIPA buffer with 20 mM Imidazole) containing 50 µL Profinity IMAC resin (Bio-Rad) charged with no metal, Cu2+ for 1-h at 4°C. Following incubation, samples were centrifuged at 1000xg at 4°C, and the supernatant was discarded. Samples were washed with 500 µL of binding buffer and centrifuged at 21000xg three times. Following the three washes, sample buffer was added. SDS–PAGE analysis and immunoblotting were performed as described.
Enzyme-Linked Immunosorbent Assay (ELISA)
500 U of recombinant CK2 holoenzyme (New England Biolabs) was preincubated with 25 µM copper sulfate and 500 µM DTT in reaction buffer (50 mM HEPES pH 7.5, 625 µM MgCl2, 625µM MnCl2, 12.5 mM) for 45 min on ice. Reactions were then incubated in reaction buffer with 500 µM ATP or GTP on the ELISA plate (CycLex CK2 kit) for 30 min at 30°C. Reactions were quenched with 100 mM EDTA. Following quenching, all steps from the ELISA protocol kit were followed, and samples were read at 450 nM on a plate reader.
Inductively coupled plasma-mass spectrometry (ICP-MS)
Purified CK2α (22.5 µM) was incubated in the absence or presence of varying concentrations of copper sulfate (22.5µM, 112.5 µM) along with varying concentrations of DTT (112.5µM, 675 µM) at five times the concentration of copper. The buffer used in the reactions was 50 mM HEPES pH 8.0, 150 mM NaCl with 5% glycerol. The reaction occurred on ice for 30 min. Following incubation, samples were applied to a pre-equilibrated PD SpinTrap G-25 column to remove excess copper. Samples were subsequently analyzed by ICP-MS at the Pennsylvania Animal Diagnostic Laboratory System at the University of Pennsylvania School of Veterinary Medicine.
RESULTS
Identification of CK2 as a Putative Copper-Regulated Kinase
To investigate if CK2 is a putative copper-dependent kinase, we analyzed the homology between CK2α and the established copper-binding kinase MEK1 (Figure 1A). Alignment of the sequences of CK2α and MEK1 confirmed that several of the critical copper-binding residues in MEK1 are indeed conserved in CK2α. Additionally, several of these residues are conserved in two other copper-binding kinases, ULK1 and PDK1 (Supplemental Figure S1). To further explore the potential of CK2 regulation by copper, we took advantage of an in-silico approach: the Metal Ion-Binding Site Prediction and Docking Server (Lin et al., 2016). Through analysis of various CK2α crystal structures in the Protein Data Bank (PDB) (Kinoshita et al., 2011; Kinoshita et al., 2013; Shibazaki et al., 2018), multiple residues predicted to be implicated in copper binding were identified (Figure 1B). The majority of these residues are located within the catalytic domain of CK2α and are identical to the residues identified by homology analysis with MEK1.
[image: Figure 1]FIGURE 1 | Identification of CK2 as a putative copper-dependent kinase. (A) Alignment of the amino acid sequences of human MEK1 and CK2α. The green letters represent amino acids involved in copper-binding by MEK1. The blue letters represent residues in CK2α that share homology with MEK1 at copper-binding residues. (B) Prediction output by the MIB site prediction server (Lin et al., 2016) using three PDB files: 3war, 3at2, and 5zn0 (Kinoshita et al., 2011; Kinoshita et al., 2013; Shibazaki et al., 2018). Residues were only included if they were predicted to bind copper across all three structures. The top panel represents the prediction scores across CK2α, with predicted potential binding sites denoted by a green circle. The bottom panel represents two predicted binding sites. Site 1 represents a surface-exposed binding site composed of residues Gly235 and His236, indicated by blue asterisks in the top panel. Site 2 represents a predicted binding site buried in the catalytic domain including residues His154 and His160, indicated by red asterisks in the top panel. (C) Immunoblot analysis of lysates from Ctr1+/+ and Ctr1−/− MEFs probed with the indicated antibodies.
Additionally, the server generated predictions as to which residues might be capable of coordinating copper together (Figure 1B). These sites clustered in two major predicted copper-binding sites within CK2α: a binding site on the protein’s surface (site 1) and a binding site within the catalytic pocket (site 2). The latter aligned with the predicted binding based on homology analysis with MEK1 (Figure 1A). Collectively, the results from this analysis suggest that CK2α has the capacity to interact with copper via residues in its catalytic domain.
To validate these findings, we investigated whether endogenous CK2 kinase activity was dependent on the expression of Ctr1, the primary copper transporter in mammalian cells (Lee et al., 2002). Knockout of Ctr1 has been shown to modulate copper-dependent signaling by both MEK and ULK (Turski et al., 2012; Brady et al., 2014; Tsang et al., 2020). Specifically, we used mouse embryonic fibroblasts (MEFs) in which the gene encoding Ctr1 was deleted to examine if reduction in copper import influences global CK2 signaling. We assessed CK2 signaling by Western blot analysis using a pan-phospho-CK2 substrate motif antibody that demonstrated differential banding when comparing lysates from Ctr1+/+ versus Ctr1−/−cells, suggesting an underlying difference in CK2 substrate phosphorylation dependent on intracellular copper status (Figure 1C). Together, these data suggest that CK2 is a putative copper-regulated kinase.
Copper Enhances CK2 Kinase Activity in vitro
In order to directly assess the influence of copper on CK2 enzymatic activity, we performed an in-vitro kinase assay. A previously validated substrate of CK2, Jabba, was incubated with recombinant CK2 holoenzyme and ATPγS in the presence or absence of copper or other metals, allowing for thiophosphorylation of the substrate (McMillan et al., 2018; Chojnowski et al., 2019). Subsequent addition of the alkylating agent p-nitrobenzyl mesylate (PNBM) generates a thiophosphate ester moiety that can be detected with an anti-thiophosphate ester antibody by Western blotting. Copper, and to a lesser extent silver (which is isoelectric to cuprous copper), increased CK2 kinase activity as evidenced by increased phosphorylation of Jabba, whereas iron had no apparent effect (Figure 2A). Due to the observed increase in CK2 activity when incubated with copper, a titration experiment was performed that demonstrated a dose-dependent copper-mediated 2.5-fold enhancement in CK2 activity (Figure 2B,C). Copper-mediated enhancement of CK2 activity was confirmed in an independent ELISA assay using p53 as the substrate (Supplemental Figure S2). Interestingly, the enhancement seen with ATPγS or ATP was not observed when GTPγS or GTP was used in either the in vitro reaction or the ELISA (Supplemental Figures S2, S3), suggesting that the effect of the metal is nucleotide-specific.
[image: Figure 2]FIGURE 2 | Copper enhances CK2 activity in vitro. (A) In vitro kinase assay assessing CK2 activity in the presence of various metals. Recombinant heterotetrameric CK2 was incubated with GST-tagged Jabba and ATPγS in the presence or absence of the indicated metals (25 µM). Following incubation with PNBM, reactions were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (B) In vitro kinase assay assessing CK2 activity in the presence of increasing concentrations of copper. Recombinant heterotetrameric CK2 was incubated with GST-tagged Jabba and ATPγS in the presence or absence of copper. Following incubation with PNBM, reactions were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (C) Quantification of the thiophosphate ester signal detected by immunoblot analysis in panel B (n = 4). Data are represented as mean fold change ±SEM. *indicates p < 0.05 as calculated by a paired student t-test. (D) In vitro kinase assay assessing CK2 activity in the presence of copper and increasing concentrations of TTM. Recombinant heterotetrameric CK2 was incubated with GST-tagged Jabba and ATPγS in the presence or absence of copper and various TTM concentrations. Following incubation with PNBM, reactions were resolved by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. (E) Quantification of the thiophosphate signal detected by immunoblot in panel D (n = 3). Data are represented as mean fold change ±SEM. *indicates p < 0.05 as calculated by a paired student t-test.
To further investigate the enhancement of CK2 activity by copper, increasing concentrations of the copper-specific chelator tetrathiomolybdate (TTM) were titrated into the kinase reaction (Ogra et al., 1996). As the concentration of the chelator approached equimolar concentrations of copper in the reaction, the enhancement in CK2 activity was abolished and decreased to baseline (Figure 2D,E), and we confirmed that incubation with TTM alone had no effect on CK2 activity (Supplemental Figure S4). Together, these results indicate that cuprous copper enhances CK2 kinase activity in vitro and that copper chelation abrogates this effect.
CK2 Binds Directly to Copper
Given the enhanced enzymatic activity in the presence of copper, we hypothesized that CK2 directly binds to the metal. We used immobilized metal affinity chromatography (IMAC) to test this hypothesis. Recombinant heterotetrameric CK2 was incubated with uncharged resin or resin charged with various metals, and the extent of binding was assessed by elution of bound protein. Results of this experiment indicate that recombinant CK2 bound to the copper-charged resin but did not bind to the zinc- or iron-charged resins (Figure 3A). To validate the specificity of CK2 for the copper-charged resin, we conducted a competition experiment in which we assessed if CK2 could be eluted from the resin by titration of imidazole. Increasing concentrations of imidazole competed CK2 off the copper-charged resin (Figure 3B), demonstrating a specific interaction between CK2 and the copper-bound resin.
[image: Figure 3]FIGURE 3 | Copper binds directly to CK2α. (A) Resin binding assay assessing the interaction of CK2 with various metals. Recombinant heterotetrameric CK2 was incubated with resin charged with or without copper, zinc, or iron. Input represents 20% of total protein incubated with each resin, respectively. Eluted protein was resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies. (B) Competition assay assessing the capacity of imidazole to compete for CK2 off the copper-charged resin. Recombinant heterotetrameric CK2 was incubated with copper-charged resin and eluted with increasing concentrations of imidazole. Input represents 25% of total protein incubated with resin. Eluted protein was resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies. (C) Quantification of the fold change in copper (parts per million) detected in recombinant CK2α preincubated with or without copper by ICP-MS (n = 2).
To further explore the physical capacity of CK2 to bind copper, we examined how incubating copper with the CK2α subunit influenced copper retention via inductively coupled plasma-mass spectrometry (ICP-MS). Purified CK2α was incubated with copper, excess copper was subsequently removed, and the protein was subjected to ICP-MS. The samples pre-incubated with copper demonstrated a three-fold increase in copper retention compared to control, although there was a baseline amount of copper already bound to purified CK2α prior to incubation (Figure 3C). Together, these results indicate that CK2, specifically the CK2α subunit, binds directly to copper in vitro.
Met153 and His154 of CK2α Are Essential for Copper-Binding
We next aimed to identify residues in CK2 that are critical for binding to copper. Here we focused on residues in MEK1 that were previously identified as being important for copper interaction and that shared substantial homology with the CK2α subunit (Figures 1A, 4A). As both MEK1 and CK2 are RD (arginine-aspartate) kinases containing an arginine immediately preceding the catalytic aspartate in the catalytic domain, we opted to mutate only the residues located directly adjacent to this region, Met153 and His154, due to their importance in regulating enzymatic activity in RD kinases (Johnson et al., 1996) (Figure 1A). To test if Met153 and His154 are indeed critical for copper-binding, we generated a mutant of CK2 (hereafter referred to as copper binding mutant, CBM) in which Met153 and His154 were mutated to alanine. We first assessed how the mutations influenced the catalytic activity of the CBM. We transiently expressed either HA-tagged CK2αWT or CK2αCBM in HEK293 cells and performed a subsequent immunoprecipitation (IP)-kinase assay. CK2αWT or CK2αCBM were immunoprecipitated using an anti-HA antibody and used in an in vitro kinase assay with Jabba as a substrate as previously described. While CK2αWT was able to phosphorylate Jabba, the CK2αCBM did not and thus appeared to be catalytically compromised (Figure 4A). To confirm that CK2αCBM was not catalytically inactive due to misfolding induced by the mutations, we assessed the association of CK2αWT and CK2αCBM with the CK2β subunit by co-immunoprecipitation analysis. HA-tagged CK2αWT and CK2αCBM were immunoprecipitated, and the immunoprecipitates were probed with an anti-CK2β antibody. Results from these experiments showed that both WT and CBM bind the CK2β subunit equally (Supplemental Figure S5), indicating that the mutations do not interfere with the interaction between CK2α and CK2β and suggest the heterotetramer is properly assembled.
[image: Figure 4]FIGURE 4 | Met153 and His154 are essential for copper-binding. (A) Top: Sequence of human CK2α. Blue letters represent residues in CK2α that share homology with MEK1 at copper-binding sites. Red letters represent residues Met153 and His154 that were mutated to alanine to generate the CK2αCBM. Bottom: in-vitro kinase assay assessing CK2αWT and CK2αCBM enzyme activity. Constructs encoding HA-tagged CK2αWT or CK2αCBM were transfected into HEK293 cells. CK2α was then immunoprecipitated and incubated with GST-tagged Jabba and ATPγS. Following incubation with PNBM, reactions were resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies. (B) Resin binding assay assessing the interaction of CK2αWT and CK2αCBM with copper-charged resin. Constructs encoding HA-tagged CK2αWT or CK2αCBM were transfected into HEK293 cells. Cell lysates were prepared and incubated with resin charged with or without copper. Input represents 25% total protein incubated with resin. Eluted protein was resolved by SDS-PAGE, assessed by immunoblotting with the indicated antibodies, and quantified. (C) In-vitro kinase assay assessing enzymatic activity of bacterially expressed CK2αWT and CK2αCBM. Constructs encoding GST-tagged CK2αWT or CK2αCBM were transformed into bacteria. The purified kinases were then incubated with GST-tagged Jabba and ATPγS or GTPγS. Following incubation with PNBM, reactions were resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies.
We next tested if the CK2αCBM had a reduced ability to bind to copper using IMAC. Lysates from HEK293 cells transiently expressing CK2αWT or CK2αCBM were incubated with the (IMAC) copper-charged resin. Protein bound to the resin was eluted to assess the extent of binding, and the eluates were probed for CK2α. CK2αCBM demonstrated a reduction in its capacity to bind the copper-charged resin compared to CK2αWT (Figure 4B). To further validate the influence of the mutations on CK2 enzymatic activity, we expressed and purified GST-tagged CK2αWT and CK2αCBM from bacteria and performed an in vitro kinase assay using GST-tagged Jabba as a substrate. Results from this experiment corroborated that CK2αCBM appears to be catalytically impaired (Figure 4C). Collectively, these results indicate that residues Met153 and His154 are vital for copper binding and the enzymatic activity of CK2α.
Copper Modulates CK2 Kinase Signaling in vivo
To support the findings of the in vitro experiments, we next investigated the effect of copper on CK2 signaling in cells. We first utilized Ctr1−/− MEFs to evaluate whether loss of copper import influenced phosphorylation of CK2-specific substrates. We validated the reduction of intracellular copper in the Ctr1−/− MEFs via the reduction in phosphorylation of ERK by MEK (Brady et al., 2014; Turski et al., 2012), a copper-dependent kinase, and by the increase in the expression of the copper chaperone for superoxide dismutase (CCS), which is an indirect readout for copper status: its expression is inversely proportional to intracellular copper levels (Figure 5A) (Bertinato and L'Abbé, 2003). Lysates from WT and Ctr1−/− MEFs were probed with antibodies to assess CK2 signaling. We found that Ctr1 knockout resulted in a reduction in site-specific phosphorylation of two CK2 substrates, AKT at Ser129 and CDC37 at Ser13 (Miyata & Nishida, 2004; Di Maira et al., 2005), indicating that a reduction in intracellular copper concentration reduces CK2 kinase activity (Figure 5A). Importantly, there were no observed changes in protein expression of CK2α, CK2α′, or CK2β, that could account for these signaling differences.
[image: Figure 5]FIGURE 5 | Copper modulates cellular CK2 kinase signaling. (A) Lysates from Ctr1+/+ and Ctr1−/− MEFs were resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies. (B) Lysates from HeLa cells treated with or without Cu-ATSM and/or CX-4945 were resolved by SDS-PAGE and assessed by immunoblotting with the indicated antibodies.(C) Quantification of the CK2-phospho-substrate to CK2α ratio by immunoblot in panel B (n = 4). Data are represented as mean fold change ±SEM. *indicates p < 0.05 as calculated by a paired student t-test. (D) Quantification of the p-PTEN (S380/T382/T383) to total PTEN ratio by immunoblot in panel B (n = 4). Data are represented as mean fold change ±SEM. *indicates p < 0.05 as calculated by a paired student t-test. (E) Quantification of the p-CDC37 (S13) to total CDC37 ratio by immunoblot in panel B (n = 4). Data are represented as mean fold change ±SEM. *indicates p < 0.05 as calculated by a paired student t-test. (F) Quantification of the p-AKT (S129) to total AKT ratio by immunoblot in panel B (n = 4). Data are represented as mean fold change ±SEM. *indicates p < 0.05 as calculated by a paired student t-test.
We next employed a pharmacological approach to increase levels of intracellular copper. In addition to incubating cells with excess copper, we also used a copper ionophore delivery system, namely diacetyl-bis(4-methyl-3-thiosemicarbazonato) copper II (Cu-ATSM). Importantly, there is evidence that Cu-ATSM facilitates the delivery of copper to cupro-enzymes, such as SOD1, by increasing the pool of metallated protein (Roberts et al., 2014). We first verified that CK2 activity is enhanced in vitro by Cu-ATSM (Supplemental Figures S6, 7), similar to incubation with copper using both Jabba and AKT as substrates. To assess the efficacy of the copper delivery methods, we then treated serum-starved HeLa cells with serum, copper, or Cu-ATSM, and then analyzed changes to the copper-modulated MAPK pathway. Following treatments, cell lysates were assessed by immunoblotting. We observed a slight increase in ERK phosphorylation in response to serum and copper, whereas Cu-ATSM induced a dramatic increase in phosphorylation of ERK (Supplemental Figure S8). In addition, Cu-ATSM was able to induce an increase in CK2-specific phosphorylation of AKT at Ser129 and CDC37 at Ser13 (Miyata & Nishida, 2004; Di Maira et al., 2005), as well as slightly increase the intensity of the CK2-substrate motif antibody, which is used as a global CK2 phosphorylation readout (Supplemental Figure S8).
Given the observed increase in CK2 substrate phosphorylation upon treatment with Cu-ATSM, we next wanted to test if we could modulate these Cu-ATSM-induced changes with the ATP-competitive CK2 inhibitor CX-4945 (silmitastertib). We pre-incubated serum-starved HeLa cells with CX-4945 to ensure inhibition of CK2 prior to Cu-ATSM delivery. Following treatments, cell lysates were prepared and assessed by immunoblotting. As previously observed, treatment with Cu-ATSM increased site-specific phosphorylation of AKT at Ser129 and CDC37 at Ser13, as well as the signal obtained with the CK2-substrate motif antibody and phosphorylated PTEN at Ser380/Thr382/Thr382, an additional CK2-specific substrate (Torres & Pulido, 2001) (Figure 5B). As expected, treatment with CX-4945 resulted in a reduction in phosphorylation of all CK2 substrates analyzed, with the exception of AKT that, at baseline, showed no detectable phosphorylation (Figure 5B). Interestingly, the combination treatment of CX-4945 and Cu-ATSM demonstrated that the reduction seen by CX-4945 could be partially rescued by the treatment of Cu-ATSM on all of the CK2 substrate readouts (Figure 5C–F). We corroborated these findings in two other cancer cell lines, U87-MG glioblastoma cells and A375 melanoma cells (Supplemental Figures S9, S10). Together, these results indicate that CK2-dependent signaling pathways are modulated by copper availability.
DISCUSSION
Despite the long-held notion that copper is predominantly a static inorganic co-factor, there is now substantial evidence that copper plays a more dynamic role within the cell. Copper has been shown to regulate the activity of multiple kinases, including MEK1, ULK1, and PDK1 (Brady et al., 2014; Tsang et al., 2020; Guo et al., 2021), and here we demonstrate that copper also regulates CK2. Specifically, we demonstrate that copper enhances CK2 activity and that this effect can be abolished using a copper-specific chelator. We also showed that CK2 directly binds to copper and identified residues critical for copper-binding. Finally, we demonstrated that decreases in intracellular copper reduce CK2 signaling, whereas increases in intracellular copper increase CK2 signaling.
While copper enhances CK2 activity, the conditions under which this occurs are dependent on the redox state of copper. Indeed, cuprous copper is the predominant intracellular form of copper, and it has been shown that MEK and ULK also require reduced copper for catalytic enhancement. Our ICP-MS data demonstrate that a portion of purified CK2α was copper-bound prior to incubation with additional copper, indicating a potential for reduced capacity for further copper interaction and, therefore, enzymatic enhancement (Figure 3C). While not directly tested, we further speculate that copper would also enhance the catalytic activity of CK2α′ based on homology of predicted copper-binding residues between CK2α and CK2α’.
Understanding the physiological role of copper on kinase activity has the added intricacy of determining the cellular mechanism of copper delivery. A recent study established that CCS delivers copper to MEK1, thereby modulating the signaling activity of MEK1 (Grasso et al., 2021). However, the copper delivery mechanism for CK2 is unknown, and whether CCS serves in this capacity or whether another chaperone is involved has yet to be determined. This study also identified two residues essential for copper-binding, Met153, and His154. However, these residues are conserved in many kinases across the kinome. Therefore, we cannot discount the influence of these mutations as being potentially copper-independent. Future studies will be directed at systematically identifying all putative copper-binding residues using an unbiased approach.
Two findings emerged from our work suggesting that copper-mediated regulation of CK2 may be more nuanced than simple enhancement of enzymatic activity. The first was that the enhancement in substrate phosphorylation by CK2 in the presence of copper only occurred using ATP, whereas there was no apparent enhancement with GTP (Supplemental Figures S2, S3). Although CK2 exhibits dual co-substrate specificity, to our knowledge, this is the first evidence suggesting that nucleotide-specific regulation may exist (Niefind et al., 1999). The second intriguing finding was the observation of differential banding patterns in lysates from the Ctr1 wildtype versus null MEFS when probed with the CK2-substrate motif antibody (Figure 1C). Without knowing the identity of the specific proteins corresponding to the bands, we cannot discount changes in protein abundance due to the presence or absence of Ctr1. However, both of these findings suggest a potential underlying complexity in the enhancement of CK2 activity by copper that warrants further exploration.
Since CK2 plays a critical role in the progression of multiple types of cancer and other diseases, there has been significant interest in CK2 inhibition in the clinical setting, highlighted by several clinical trials with the CK2 inhibitor CX-4945 (clinicaltrials.gov ID# NCT02128282, NCT03897036, NCT01199718, NCT03904862, NCT00891280, NCT04668209). With inhibition as the targeted outcome, it is critical to understand any potential mechanisms that might modulate the effect of the inhibitor in a cellular context. Here we report that copper enhances CK2 activity and that treatment with Cu-ATSM appears to partially restore CK2 activity following CX-4945 treatment. These data suggest that copper may modulate the efficacy of CX-4945, suggesting the potential benefit of combining CX-4945 with copper chelation therapy to achieve the best outcome.
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Casein Kinase 2 (CSNK2) is an extremely pleiotropic, ubiquitously expressed protein kinase involved in the regulation of numerous key biological processes. Mapping the CSNK2-dependent phosphoproteome is necessary for better characterization of its fundamental role in cellular signalling. While ATP-competitive inhibitors have enabled the identification of many putative kinase substrates, compounds targeting the highly conserved ATP-binding pocket often exhibit off-target effects limiting their utility for definitive kinase-substrate assignment. To overcome this limitation, we devised a strategy combining chemical genetics and quantitative phosphoproteomics to identify and validate CSNK2 substrates. We engineered U2OS cells expressing exogenous wild type CSNK2A1 (WT) or a triple mutant (TM, V66A/H160D/I174A) with substitutions at residues important for inhibitor binding. These cells were treated with CX-4945, a clinical-stage inhibitor of CSNK2, and analyzed using large-scale triple SILAC (Stable Isotope Labelling of Amino Acids in Cell Culture) quantitative phosphoproteomics. In contrast to wild-type CSNK2A1, CSNK2A1-TM retained activity in the presence of CX-4945 enabling identification and validation of several CSNK2 substrates on the basis of their increased phosphorylation in cells expressing CSNK2A1-TM. Based on high conservation within the kinase family, we expect that this strategy can be broadly adapted for identification of other kinase-substrate relationships.
Keywords: protein kinase CK2, CSNK2, chemical genetics, CX-4945, phosphoproteomics, SILAC, mass spectrometry, kinase-substrate relationship validation
INTRODUCTION
The coordinated phosphorylation of serine, threonine, and tyrosine residues at distinct sites within proteins enables intricate control of cellular processes (Cohen, 2002). It is estimated that up to 90% of all proteins are phosphorylated (Wilson et al., 2018). Despite an increasing wealth of information regarding phosphorylated sites in living cells, the majority have yet to be attributed to any one of the more than 500 kinases encoded in the genome (Manning et al., 2002; Lemeer and Heck, 2009; Wilson et al., 2018). The lack of knowledge surrounding kinase-substrate relationships prevents a thorough understanding of complex signalling networks and biological processes in cells.
Casein Kinase 2 (CSNK2) is a ubiquitously expressed protein kinase with an integral role in the regulation of key cellular processes (Litchfield and Gyenis, 2015; Rabalski et al., 2016). These include cell cycle progression (Litchfield and Lüscher, 1993; St-Denis et al., 2009; St-Denis et al., 2011), transcription (Cabrejos et al., 2004), circadian rhythms (Tsuchiya et al., 2009), apoptosis (Ahmad et al., 2008; Wang et al., 2008; Duncan et al., 2010; Duncan et al., 2011; Turowec et al., 2011; Turowec et al., 2013; Turowec et al., 2014), and DNA repair (Loizou et al., 2004; Ali et al., 2009; Xu et al., 2014). With approximately 20% of the known phosphoproteome adhering to its [S/T]-X-X-[D/E] minimal recognition motif (Meggio and Pinna, 2003; Salvi et al., 2009), CSNK2 is suggested to be one of the most pleiotropic human kinases. The CSNK2-dependent phosphoproteome is likely even more expansive when considering the ability of CSNK2 to phosphorylate outside of this recognition motif (Meek et al., 1990). In mammalian cells, CSNK2 exists primarily as a tetrameric holoenzyme composed of two catalytic alpha (CSNK2A1, UniProt: P68400) and/or alpha’ (CSNK2A2, UniProt: P19784) subunits complexed with two regulatory beta subunits (CSNK2B, UniProt: P67870). However, the catalytic CSNK2A1 and CSNK2A2 subunits can also function independently of the regulatory CSNK2B subunits (Litchfield, 2003). Deletion of either the CSNK2A1 or CSNK2B subunits results in an embryonic lethal phenotype in mice indicating that CSNK2 is essential for organismal development. Due to its fundamental role in regulating cellular processes, CSNK2 is also implicated in neurological disease (e.g., Alzheimers) and numerous malignancies when dysregulated (Rosenberger et al., 2016; Castello et al., 2017; Chua et al., 2017; Strum et al., 2021).
Mapping the CSNK2-dependent phosphoproteome is necessary for better characterization of its central role in cellular signalling. An increased understanding of the physiological signalling coordinated by CSNK2 will further reveal how perturbation of these pathways is implicated in disease. While several studies have attempted direct, large-scale CSNK2 substrate identification, they have done so either in vitro or in cell lysate. In vitro studies which attempt to determine bona fide CSNK2 substrates using purified components do not fully recapitulate kinase activity and substrate specificity in living cells, which is not only dictated by the recognition motif of substrates, but also by subcellular localization, scaffolding/adaptor protein interactions, and post-translational modification of substrates and CSNK2 itself (Pinna and Ruzzene, 1996; Good et al., 2011; Roffey and Litchfield, 2021). Although CSNK2 substrate discovery experiments performed in lysate offer some improvement over those done in vitro, they are unable to capture the spatiotemporal context of CSNK2 activity in living, intact cells.
Indirect methods of kinase-substrate identification better reflect the spatiotemporal context of kinase activity in living cells and may therefore be more likely to identify true cellular substrates. For example, a chemical genetics approach in which cells are treated with a membrane-permeable kinase inhibitor is most often utilized. Those sites which demonstrate reduced phosphorylation relative to control cells not treated with inhibitor are presumed to be substrates. Combination of this method with quantitative phosphoproteomic analysis enables the large-scale identification of putative substrates (Shah and Kim, 2019; Jurcik et al., 2020). The success of this approach relies mainly on the availability of specific, potent inhibitors for the kinase of interest. Due to the central role of protein kinase CSNK2 in multiple cellular processes and malignancies (Chua et al., 2017; Strum et al., 2021), several CSNK2-directed inhibitors have been developed (Sarno et al., 2001; Pagano et al., 2004a; Pagano et al., 2004b; Cozza et al., 2006; Perea et al., 2008; Cozza et al., 2009; Sandholt et al., 2009; Siddiqui-Jain et al., 2010; Hou et al., 2012). However, these CSNK2-directed compounds exhibit variable specificity and selectivity towards their intended kinase target—this is especially true of compounds targeting the highly conserved ATP-binding site (Duncan et al., 2008; Gyenis et al., 2011; Duncan et al., 2012; Gyenis et al., 2013a; Gyenis et al., 2013b). Consequently, the differential phosphorylation of several phosphosites may be incorrectly attributed to CSNK2 activity when they are in fact due to off-target effects of the inhibitor. Moreover, CSNK2-directed inhibitors exhibit variable potency in living cells, which is not only dependent on their ability to bind CSNK2 and effectively compete with ATP and GTP, but also their ability to cross cellular and internal membranes. To achieve a sufficient level of CSNK2 inhibition, inhibitors of low potency must be utilized at high concentrations, which results in further decreased specificity (Knight and Shokat, 2005).
To overcome limitations noted above, we devised an approach for the large-scale identification and validation of CSNK2 substrates in living cells. The use of an inhibitor-resistant mutant kinase can clarify differential phosphorylation resulting from on- versus off-target effects of inhibitors. The mutant kinase remains active in the presence of the inhibitor and therefore, bona fide sites remain phosphorylated when compared with the inhibitor-sensitive wild-type kinase. Phosphosites which are downregulated due to off-target effects remain downregulated in cells expressing the inhibitor-resistant mutant. Previously, we had developed a Flp-In T-REx osteosarcoma (U2OS) cell line expressing a double mutant of CSNK2A1 (DM, V66A/I174A) under tetracycline control, a CSNK2 mutant which resisted inhibition by TBB and derivatives. This inhibitor-resistant mutant was instrumental in identifying and validating eukaryotic elongation factor 1 delta (EEF1D) pS162 as a bona fide CSNK2 phosphosite substrate (Gyenis et al., 2011). We have since developed a Flp-In T-REx U2OS cell line expressing a triple mutant of CSNK2A1 (TM, V66A/H160D/I174A) under tetracycline control. When compared with DM-CSNK2A1, TM-CSNKA1 better resists inhibition of catalytic activity by CX-4945, a clinical stage CSNK2-directed ATP-competitive inhibitor. Therefore, we exploited this TM-CSNK2A1 in combination with a triple SILAC-based (Stable Isotope Labelling of Amino Acids in Cell Culture) quantitative phosphoproteomics strategy for the systematic identification of bona fide CSNK2 substrates in living cells.
EXPERIMENTAL PROCEDURES
Reagents, Antibodies, and Immunoblotting
All reagents used in the assays were from Sigma or indicated otherwise. CSNK2 inhibitors tested in this study were TBB (4,5,6,7-Tetrabromobenzotriazole), TBBz (4,5,6,7-Tetrabromobenzimidazole), DMAT (2-Dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole; Calbiochem), Ellagic acid, Quinalizarin (1,2,5,8-Tetrahydroxy-9,10-anthraquinone; ACP Chemicals, Inc. Canada), Resorufin (7-Hydroxy-3H-phenoxazin-3-one), CSNK2 inhibitor 8 (4-(2-(4-Methoxybenzamido)thiazol-5-yl)benzoic acid), CX-4945 (5-(3-chlorophenylamino)benzo[c][2,6]naphthyridine-8-carboxylic acid; for earlier works synthesized at Department of Pharmacology, University of North Carolina at Chapel Hill; or at MedKoo Biosciences, Inc., Chapel Hill, NC, USA). Immunoblotting was done as described earlier by Gyenis et al. (2013b). Briefly, for the detection of CSNK2A1 and CSNK2A2, polyclonal rabbit antibodies were raised against the C-terminal 51 amino acid sequence of CSNK2A2 (CSK21 and CSK22, 1:2,000; BAbCO, Berkley, CA) that can recognize both catalytic subunits of CSNK2 (Bosc et al., 1995). For detection of total CSK2B (1:2,000) we followed established protocols (Towbin et al., 1992) at the indicated dilutions in 3% BSA in TBST (contains 0.05% Tween 20, used for all rabbit antibodies) or PBST (contains 0.1% Tween 20, used for all mouse antibodies) for primary, and 1% BSA in TBST or PBST for secondary antibodies. For the C-terminal HA-tagged form of CSNK2A1-HA detection the monoclonal anti-HA 3F10 (1:500; Roche) antibody was used. The anti-Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), clone 6C5 (1:1,000; Millipore) antibody was used to assess equal loading. We monitored CSNK2-dependent phosphorylation with the following commercially available phospho-specific antibodies: CSNK2 pS/pTDXE motif antibody (1:1,000; Cell Signaling), XRCC1 pS518/T519/T523 (1:2,500; Cell Signaling), CDC37 pS13 (1:25,000; Abcam). Additionally, we raised phosphospecific rabbit antibodies against eukaryotic translation initiation factor 2 subunit beta pS2 (EIF2S2; 1:10,000) using the ac-pS-GDEMIFDPTMSKC-amide peptide; against CSNK2B pS2/3/8 (CSNK2B pS2/3/8; 1:10,000) using ac-pS–pS–pS–EEVSMISWFC-amide mixed with ac-pS–pS–pS–EEV-pS-MISWFC-amide peptides (1:1); against DNA ligase 1 pS36 (LIG1, 1:5,000) using the C-Ahx-KAARVLGpSEGEEED-amide peptide; and against single stranded binding protein SSB pS366 using the C-Ahx-KTKFApSDDEHDEH-amide peptide (1:10,000). We also raised rabbit antibodies against the nonphosphorylated SSB protein site S366 using the C-Ahx-KTKFASDDEHDEH-amide peptide (1:5,000). All antibody production and affinity purification were done as was reported earlier (Gyenis et al., 2011) for eukaryotic elongation factor 1 delta pS162 (EEF1D pS162; 1:20,000) at YenZym Antibodies, LLC, San Francisco, CA following their proprietary company protocols. To visualize and validate the phospho-specificity of our antibodies, we treated cell lysate +/-λ-protein phosphatase (New England Biolabs). We also immunoblotted with total EIF2S2 (1:500, Novus in Figure 4D; or 1:3,000; GeneTex in Supplementary Figure S2A). Infrared IRDye-labeled antibodies (1:10,000; LiCor) were used for immunoblot visualization and densitometry quantification on the LiCor Odyssey Infrared Imaging System with the Odyssey V3.0 software.
Peptide competition assays were performed with the visualization procedure previously stated with the exception that primary antibodies were pre-incubated for 30 min at room temperature with at least 200-fold molar excess of the non-phosphorylated peptide or phosphorylated peptide against which the antibody was raised.
Cell Culture and Cell Line Development
The human adenocarcinoma HeLa Tet-Off (HeLaT, Clontech) and osteosarcoma U2OS derived cells expressing the tetracycline responsible element (U2OS, gift from Dr. Christoph Englert, Forschungszentrum Karlsruhe, Germany (Englert et al., 1995)), or U2OS cells expressing the tetracycline responsible element of Flp-In™ T-REx system (FT-U2OS, gift from Karmella Haynes, Arizona State University (Haynes and Silver, 2011)) were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Wisent) supplemented with 10% fetal bovine serum (FBS, HyClone), 100 μg/ml streptomycin and 100 units/mL penicillin (Thermo) at 37 °C with 5% CO2 in 10 or 15 cm dishes (TPP, FroggaBio), 6- or 12-well plates (Greiner Bio-One). Following the recommendations of Flp-In™ T-REx cell line development of Thermo Fisher Scientific (www.thermofisher.com) we developed and characterized FT-U2OS cell lines stably expressing the wild type CSNK2A1-WT (C-terminal HA tag) or inhibitor-resistant forms of triple mutant CSNK2A1-TM (V66A/H16D/I174A, C-terminal HA tag) with tight tetracycline regulation.
Inhibitor Treatment–Evaluation by Immunoblotting
Prior to the inhibitor treatments the U2OS cells were plated at 8 × 105 cells per well in 6-well dishes. The cells were challenged with CSNK2 inhibitors at 80% cell confluency using three different inhibitor concentrations (1 μM, 10 μM, or 50 µM) for 24 h. Equal volume of DMSO was used for experiment control. At the time of harvest on ice, all cells were washed three times with ice cold PBS following established protocols (Gyenis et al., 2011). One of the two DMSO controls (λ-phosphatase treated lysates) was harvested with the same lysis buffer but without any phosphatase inhibitors. Protein concentration was measured by BCA Protein Assay Kit (Pierce) using BSA as standard.
SILAC Cell Incorporation
SILAC-dropout DMEM (Wisent) lacking l-arginine and l-lysine was supplemented with isotope-encoded l-arginine (Arg-6) (13C6) and l-lysine (Lys-4) (4.4,5,5-D4) (Silantes) at respective concentrations of 86.2 mg/L (0.398 mM) and 61.16 mg/L (0.274 mM) to create a “Medium” labelled cell medium (M). “Heavy” labelled medium (H) was created by supplementing the SILAC-dropout DMEM with isotope encoded l-arginine (Arg-10) (13C6, 15N4) and l-lysine (Lys-8) (13C6, 15N2) at respective concentrations of 87.7 mg/L (0.397 mM) and 52.4 mg/L (0.274 mM). “Light” labelled medium (L) was created using the SILAC-dropout DMEM and supplementing it with unlabeled l-arginine (R0) (83.9 mg/ml) and l-lysine (K0) (60.04 mg/ml). All media used for SILAC studies were supplemented with 10% of 10 kDa dialyzed FBS (Wisent), penicillin (100 U/mL), streptomycin (100 mg/ml) and l-proline (400 mg/ml, Cambridge Isotope Laboratories Inc.) to prevent arginine to proline conversion (Bendall et al., 2008). Cell media was filter-sterilized using 0.2 µm filter (Nalgene) prior to use for cell culture.
FT-U2OS cells expressing wild type CSNK2A1-HA were either adapted to “Light” (L) or “Medium” (M) SILAC media for 21 days and the isotope incorporation was verified by LC-MS/MS to be >95%. FT-U2OS cells expressing the inhibitor-resistant triple mutant form of CSNK2A1-HA was adapted to “Heavy” (H) SILAC media for 21 days and the isotope incorporation was verified by LC-MS/MS to be >95%. The WT (L, M) and TM (H) cell lines were treated with 1 μg/ml tetracycline for 48 h (cells were 80% confluent) to induce expression of the appropriate form of CSNK2A1. “Medium” WT and “Heavy” TM cells were treated with 30 µM CX-4945 for 4 h. “Light” WT cells were treated with equal volume of DMSO vehicle. Experiments were carried out with five biological replicates of each treatment.
Phosphoproteome and Proteome Sample Preparation
Following treatment +/-CX-4945, the cells were lysed following the protocol established by Humphrey et al. (2015). Briefly, the cell media was vacuum-aspirated and cells were washed with ice cold PBS twice followed by lysis on ice in 1 ml of buffer containing 6 M guanidinium chloride (GdmCl), 100 mM tris pH 8.5, 10 mM tris (2-carboxyethyl)phosphine (TCEP), and 40 mM 2-chloroacetamide (CAA). Lysates were then heated for 5 min at 95°C, cooled on ice for 15 min, sonicated for 2 × 15 s, and heated again at 95°C for 5 min. Lysates were cleared for 10 min at 13,000 x g at 4°C. Lysate protein concentration was determined using a NanoDrop™ (Thermo).
An equal amount (0.5 mg) of lysate from each treatment—L, M, and H—were mixed for all five biological replicates. Proteins were then precipitated by chloroform (Sigma-Aldrich) and methanol (Fisher) extraction method (Wessel and Flügge, 1984) and protein pellets were resuspended in 1 ml of digestion buffer (5% 2,2,2-trifluoroethanol (TFE) (Aldrich) and 50 mM ammonium bicarbonate (FLUKA). Trypsin/Lys-C (Promega) was added at 1:100 enzyme:protein ratio and incubated for 4 h at 37°C with gentle agitation. Subsequently, additional trypsin (Promega) was added at 1:100 enzyme:protein ratio and the sample was incubated at 37°C for 16 h with gentle agitation. For phosphoproteome analysis, phosphopeptide enrichment was performed using titanium dioxide (TiO2) beads (Titansphere TiO Bulk 10 μm, Canadian Life Science) and styrenedivinylbenzene–reversed phase sulfonated (SDB-RPS) (3M Empore) StageTips, as described by Humphrey et al. (2015). Enriched phosphopeptide solutions were acidified using 0.1% formic acid and peptide concentrations were determined using a NanoDrop™ (Thermo). Lastly, 1 µg was injected for LC-MS/MS analysis. For proteome analysis, digested proteins were desalted using a C18 StageTip (3M Empore) (Rappsilber et al., 2007) and the peptide concentrations were determined using a NanoDrop™. Finally, 0.7 µg was injected for LC-MS/MS analysis.
Mass Spectrometry
Phosphoproteome and proteome samples were analyzed using an Orbitrap Elite Hybrid Ion Trap-Orbitrap mass spectrometer (Thermo Scientific) connected to a NanoFlex (Thermo Electron Corp., Waltham, MA) nanospray ionization source with a source voltage of 2.4 kV. Samples were injected using a NanoAcquity UPLC (Waters) onto a Symmetry C18 trapping column (20 mm × 180 μm i. d., 5 μm, 100 Å) at a flow rate of 10 μL/min in 99% mobile phase A (0.1% FA (v/v), 1% mobile phase B (0.1% FA (v/v) in ACN) for 4 min. Samples were then separated on a NanoAcquity Peptide BEH C18 analytical column (250 mm × 75 μm i. d., 1.7 μm, 130 Å) at a flow rate of 300 nL/min by a linear gradient of increasing mobile phase B from initial condition 5%–7.5% over 1 min, followed by 7.5%–25% over 179 min, 25%–32.5% over 40 min, and culminating at 60% at 240 min. Mass spectrometer was operated by Thermo XCalibur software (version 2.7.0) in data-dependent acquisition (DDA) mode using an FT/IT/CID Top 20 scheme. MS1 survey scans were performed at 120,000 resolution from 400–1,450 m/z with full Automatic Gain Control (AGC) set to 106 and an isolation window of 1.0 m/z. The top 20 most abundant ions were selected for MS2. A lock mass ion was enabled at 445.120025 m/z. Peptide ions were fragmented using a CID (Collision-Induced Dissociation) with Normalized Collision Energy (NCE) set to 35%, an activation time of 10 ms, and a Q value of 0.25. Data-dependent MS2 scans were acquired in the linear ion trap using rapid scan type, with a dynamic exclusion window of 30 s. Five biological replicates were analyzed without technical replicates.
Data Analysis
Raw mass spectrometric data of the five biological replicates were analyzed using MaxQuant (version 1.6.2.10., Max Planck Institute of Biochemistry, Munich (Cox et al., 2009; Tyanova et al., 2016a) and searched against the Human UniProtKB database (9 May 2020), which contained 20,362 entries. Default settings of MaxQuant (Tyanova et al., 2016a) were used with minor changes: multiplicity was set to 3, medium labels were selected as Arg6 and Lys4 and heavy labels were selected as Arg8 and Lys10; maximum number of 3 missed cleavages was chosen for trypsin/P; carbamidomethyl (C) was set as a fixed modification while oxidation (M), acetylation (protein N-terminal), deamidation (NQ), and phosphorylation (STY) were set as variable modifications for phosphopeptide enriched samples while the proteome data were searched using analogue modifications yet excluding the phosphorylation (STY). For quantification, unmodified peptides as well as those with fixed and variable modifications, excluding phosphorylation (STY), were included. “Re-quantify” and “Match Between Runs” were selected using default parameters. The maximum number of variable modifications was set to 5. The minimum score for modified peptides was set to 40, and the decoy-database setting was “Revert.” The False Discovery Rate (FDR) of PSM, protein and site of 0.01 was used.
Output data from MaxQuant were interpreted using Perseus software (version 1.6.14.0) (Max Planck Institute of Biochemistry, Munich) as described (Tyanova et al., 2016b) (https://maxquant.net/perseus/). Briefly, the light condition (“L”) comprised CSNK2A1-WT subjected to DMSO treatment, the medium condition (“M”) comprised CSNK2A1-WT subjected to CX-4945 treatment, and the heavy condition (“H”) comprised CSNK2A1-TM subjected to CX-4945 treatment. The Phospho (STY)Sites.txt table was annotated with PTMSigDB (Krug et al., 2019). Normalized ratios of medium to light (M/L), heavy to light (H/L), and heavy to medium (H/M) intensities from the Phospho (STY)Sites.txt output were log2 transformed. Phosphorylation sites were considered for further analysis only if the localization probability was ≥0.75. Reverse sequences and contaminants were removed. Our differential expression filtering workflow was the following: Phosphopeptides were considered significantly downregulated and significantly upregulated if mean M/L < 0 and mean M/L > 0, respectively (One-sample t-test of M/L values, Benjamini–Hochberg (BH) FDR multiple testing correction q < 0.05). Phosphopeptides were inhibited or upregulated to a biologically relevant level if the M/L log2 value < -0.585 or M/L log2 value >0.585 (1.5-fold regulation), respectively.
Phosphopeptides were considered ‘rescued’ if -0.585 < mean H/L < 0.585 (One-sample t-test of H/M values, q < 0.05 BH FDR). Several phosphopeptides were significantly downregulated 1.5-fold but did not satisfy our strict biological criterion for ‘rescue’. Instead, they demonstrated ‘partial rescue’ (H/M > 0) (One-sample t-test H/M, q < 0.05 BH FDR). Therefore, partially rescued phosphopeptides include those which were significantly upregulated in cells expressing exogenous CSNK2A1-TM in the presence of CX-4945 (H), but not to the same level as cells overexpressing exogenous CSNK2A1-WT in the absence of any inhibitor (L).
Proteins inhibited and upregulated—and subsequently rescued—were determined using the same criteria, except applied to the normalized log2 transformed M/L, H/L, and H/M ratios originating from the proteinGroups.txt MaxQuant output.
Further interpretation and visualization of our filtered phosphoproteomic and proteomic data were conducted using R Studio (Version 1.2.5033; RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA URL http://www.rstudio.com/). Sequence logo analysis of phosphopeptides was conducted using the WebLogo tool (University of California, Berkeley, https://weblogo.berkeley.edu/logo.cgi) (Crooks et al., 2004). Network creation was performed using the online GeneMANIA tool (University of Toronto, https://genemania.org/) (Warde-Farley et al., 2010). An “equal by data type” weighting method was utilized, and the following networks were utilized for network creation: physical interaction, genetic interaction, shared protein domains, co-localization, pathway, and predicted, as well as our own dataset. Protein substrates which were identified by our rescued phosphopeptides were assigned a value of 1 to indicate an interaction. If a partially rescued phosphopeptide could have originated from several proteins (e.g., CDK1, CDK2, or CDK3), then all proteins were included in the uploaded gene list at a value of 1. Gene Ontology (GO) terms, which were enriched among the proteins depicted in the GeneMANIA network (protein substrates of CSNK2 and those implicated in relevant cellular signalling), were visualized using R Studio.
RESULTS
Comparison of CSNK2 Inhibitors by Western Blotting
To compare the potency of CSNK2 inhibitors, cells were treated with eight commercially available and previously published compounds (TBB, TBBz, DMAT, Ellagic Acid, Quinalizarin, Resorufin, Inhibitor 8, CX-4945) and lysates were analyzed by immunoblotting (Figure 1A). We treated human osteosarcoma (U2OS) cells with 1 μM, 10 μM, and 50 μM (Figure 1B) and HeLaT cells with 1 μM, 10 μM, and 20 μM (Supplementary Figure S1) of each inhibitor for 24 h. We subsequently compared the level of CSNK2 inhibition using a panel of commercial phospho-specific antibodies (CSNK2 pS/pTDXE motif, XRCC1 pS518/T519/T523, CDC37 pS13) as well as antibodies we developed for sites previously validated to be CSNK2-dependent (EIF2S2 pS2 (Gandin et al., 2016), EEF1D pS162 (Gyenis et al., 2011)) (Figure 1B, Supplementary Figure S1, S2A). Additionally, we developed a phosphospecific antibody for CSNK2B pS2/3/4/8 to monitor CSNK2A1-dependent auto-phosphorylation of the regulatory beta subunit (Figure 1B, Supplementary Figure S1, S2B). We immediately noticed disparities in potency of cellular CSNK2 inhibition. Six of eight CSNK2 inhibitors demonstrated little to no inhibition of CSNK2 at the tested concentrations in U2OS cells as indicated by our immunoblotting results (Figure 1B and Supplementary Figure S1). By comparison, Inhibitor 8 and CX-4945 showed dose-dependent inhibition of CSNK2. Inhibitor 8 demonstrated the strongest inhibition of CSNK2 at all three tested concentrations in these evaluations (Figure 1B and Supplementary Figure S1). Similar results were seen in human adenocarcinoma HeLaT cells (Supplementary Figure S1), confirming that our results were not restricted to U2OS cells.
[image: Figure 1]FIGURE 1 | Comparing the efficacy of CSNK2 inhibitors in U2OS cells. (A) Schematic illustration of the CSNK2 inhibitors that were evaluated in this study with reported in vitro IC50 values (B) CSNK2 inhibition was assessed by immunoblotting with the indicated phospho-specific antibodies after 24 h of inhibitor CX-4945 treatment at the indicated concentrations in U2OS cells. Lysis buffer of lysates marked with * did not contain phosphatase inhibitors. DMSO treated lysates +/-λ-phosphatase were used as immunoblotting controls for the phospho-specific antibodies. Results are representative of two independent experiments.
Despite effective inhibition of CSNK2 by CX-4945 and Inhibitor 8, the phosphoantibody recognizing EEF1D pS162 did not demonstrate reduced phosphorylation. In our previous study in which we demonstrated EEF1D pS162 to be a bona fide substrate of CSNK2 in cells, in vitro phosphorylation by CSNK2 at this site was dramatically increased following λ-phosphatase treatment of EEF1D immunoprecipitates. This observation demonstrates high occupancy of the site in living cells suggesting that the site is not readily acted upon by phosphatases (Gyenis et al., 2011).
Although we observed Inhibitor 8 to be the most potent inhibitor of CSNK2 in these experiments, we chose CX-4945 for use in our systematic CSNK2 substrate identification and validation approach for a number of reasons. CX-4945 was previously demonstrated to have a favorable specificity profile in vitro. When tested against a panel of 238 kinases, only 7 were inhibited greater than 90% at a concentration of 500 nmol/L. CSNK2A1 and CSNK2A2 exhibited the lowest IC50 of the 7 kinases inhibited at 1 nmol/L CX-4945 (Siddiqui-Jain et al., 2010). Furthermore, CX-4945 is the only small molecule CSNK2 inhibitor of those we tested which is currently in clinical trials (NCT04663737, NCT04668209, NCT03904862). CSNK2-independent cellular effects of CX-4945 have been well documented (Kim et al., 2014; Kim et al., 2016; Lertsuwan et al., 2018), and while they may in part be responsible for clinical efficacy of the inhibitor, they are detrimental to definitive kinase-substrate assignment when employed without a robust method of validation. When utilized with CX-4945, our strategy might therefore provide some insight on the extent to which CSNK2-dependent inhibition contributes to the clinical efficacy of this inhibitor. Taken together, we reasoned CX-4945 was a suitable CSNK2 inhibitor for the development of a systematic CSNK2-substrate identification and validation workflow.
Employing Chemical Genetics for CSNK2 Kinase Substrate Validation
To start, we developed Flp-In T-REx U2OS (FT-U2OS) cell lines expressing the CSNK2A1-HA wild-type (CSNK2A1-WT) or CSNK2A1-HA triple mutant (CSNK2A1-TM, V66A/H160D/I174A) form of the kinase with tight tetracycline regulation (Figures 2A,B; Supplementary Figure S4). When characterizing these cell lines for their response to CX-4945 treatment, we observed the earliest inhibition of CSNK2A1-WT occurred at 4 h post-treatment with 30 µM CX-4945 using the phospho-EIF2S2 pS2 antibody (Figure 2B). This inhibitory effect on CSNK2 was then ‘rescued’ in the CSNK2A1-TM cell line under the same conditions (Figures 2B,C). Therefore, we proceeded to treat cells with 30 µM of CX-4945 for 4 h in our phosphoproteomics evaluation (outlined in Figure 2D).
[image: Figure 2]FIGURE 2 | Use of a triple mutant CSNK2A1 for validation of CSNK2 substrates. (A) Crystal structure of CX-4945 interacting with the ATP-binding site of CSNK2A1 (PDB ID: 3PE1). Highlighted are the residues mutated in CSNK2A1-TM (V66A/H160D/I174A) to create an inhibitor tolerant/resistant kinase. (B) Immunoblots demonstrate the inhibition and rescue of CSNK2-dependent phosphorylation using Flp-In T-REx U2OS cell lines stably expressing CSNK2A-HA WT or CSNK2A-HA TM with tight Tetracycline (Tet-ON) regulation. Cells were treated with 30 µM of CX-4945 for the indicated times. (C) Bar charts demonstrate residual CSNK2 activity based on EIF2S2 pS2/total EIF2S2 or EEF1D pS162/GAPDH ratios, with CSNK2 activity in the DMSO control defined as 100%. Each column represents the mean value of two independent experiments with range bars displayed. Band intensities on blots were quantified with LiCor Odyssey v3.0 software. Results are representative of two independent experiments (D) Overview of large-scale identification and validation of CSNK2 substrates using a chemical genetics approach combined with triple SILAC quantitative phosphoproteomics.
To identify phosphopeptides which were diminished following CX-4945 treatment, normalized intensity ratio values were calculated between CSNK2A1-WT cells treated with CX-4945 and CSNK2A1-WT cells treated with DMSO (control). To validate phosphopeptides as CSNK2-dependent, normalized intensity ratio values were calculated between CSNKA1-TM cells treated with CX-4945 and CSNK2A1-WT cells treated with DMSO (control). Those phosphopeptides which maintained phosphorylation in cells expressing CSNKA1-TM despite the presence of CX-4945 were designated as rescued. Using this method, we could identify and validate bona fide CSNK2 substrates.
Identification and Validation of CSNK2 Substrates
Using the MaxQuant-Andromeda integrated computation platform, we identified 4,511 proteins and 3,319 distinct phosphosites corresponding to 2,970 distinct phosphopeptides. We performed downstream bioinformatic analyses of the MaxQuant output using Perseus (Figure 3A). Data tables were annotated with PTMSigDB, a database which contains curated, site-specific signature data regarding perturbation, kinase activity, and signalling pathways. Consensus sequence analysis of distinct phosphosites was performed at each filtering step using WebLogo (Figure 3B) (Crooks et al., 2004). Following initial removal of reverse sequences and contaminants, log2 transformation, and localization probability filtering for >75%, 403 distinct phosphopeptides (481 distinct phosphosites) were significantly downregulated by 1.5-fold or greater (M/L < -0.585) following 4 h of 30 µM CX-4945 treatment (One-sample t-test M/L, q < 0.05 BH FDR). Of these 403 phosphopeptides significantly downregulated 1.5-fold or greater, 29 distinct phosphopeptides mapping to 22 proteins (36 distinct phosphosites) demonstrated rescue according to our biological criterion (-0.585 < H/L < 0.585) (One-sample t-test H/M, q < 0.05 BH FDR) (Figure 4A; Supplementary Figure S5). Of the 36 distinct phosphosites identified, 30 phosphosites (∼83%) adhered to the minimal CSNK2 recognition motif further reinforcing the promise of this strategy. Rescued phosphopeptides were cross referenced with proteomic analysis of the same samples to ensure that differential abundance of these phosphopeptides was not a result of differential protein expression (Supplementary Figure S6).
[image: Figure 3]FIGURE 3 | Filtering criteria utilized in CSNK2 substrate identification and validation. (A) Filtering criteria utilized to identify CSNK2-dependent phosphopeptides. The number of distinct phosphopeptides that remained after each filtering step is displayed in the Venn diagram variation. WebLogo consensus sequence analysis was conducted on phosphosites identified (B) prior to filtering, (C) after filtering for phosphopeptides significantly inhibited, (D) after filtering for phosphopeptides demonstrating partial rescue, and (E) after filtering for phosphopeptides demonstrating rescue. The n values represent the number of phosphosites used for consensus sequence analysis.
[image: Figure 4]FIGURE 4 | Inhibition and rescue profile of CSNK2 substrates. Differential expression of (A) phosphopeptides and (C) proteins after treating U2OS cells expressing CSNK2A1-WT with 30uM of CX-4945 for 4 h. Phosphopeptides/proteins highlighted in gold are significantly down- or upregulated 1.5-fold. Phosphopeptides/proteins highlighted in purple demonstrate rescue in U2OS cells expressing CSNK2A1-TM with 30uM of CX-4945 for 4 h. Rescued phosphopeptides are labelled with the gene name of the corresponding protein. Vertical dashed lines (−/+ 0.585) represent 1.5-fold down- and upregulation, respectively. The horizontal dashed line represents an adjusted p-value cutoff of 0.05 (B) Inhibition and rescue profiles of CSNK2 substrate phosphopeptides. The horizontal dashed line is representative of significant inhibition (-0.585).
Of note, 177 distinct phosphopeptides (200 distinct phosphosites) were significantly upregulated 1.5-fold or greater (M/L > 0.585) following 30 µM CX-4945 treatment (One-sample t-test M/L, q < 0.05 BH FDR). Of these 177 phosphopeptides significantly upregulated 1.5-fold or greater, nine distinct phosphopeptides (10 distinct phosphosites) demonstrated rescue (-0.585 < H/L < 0.585) (One-sample t-test H/M, q < 0.05 BH FDR) (Figure 4A, Supplementary Table S1).
Altogether, we were able to identify and validate 22 CSNK2 substrates which correspond to 29 phosphopeptides having demonstrated robust inhibition and rescue (Figure 4B). Out of 29 phosphopeptides which were identified to be CSNK2-dependent, 11 phosphopeptides were of multiplicity 1 (i.e., one phosphorylation site present on the identified peptide). Thus, our method identified 11 high-confidence CSNK2 phosphosite substrates within a subset of the proteins identified to be CSNK2-substrates.
Several phosphopeptides were significantly downregulated 1.5-fold but did not satisfy our strict biological criterion (-0.585 < H/L < 0.585). Instead, they demonstrated ‘partial rescue’ (H/M > 0) (One-sample t-test H/M, q < 0.05 BH FDR). Partially rescued phosphopeptides include those which were significantly upregulated in cells expressing exogenous CSNK2A1-TM in the presence of CX-4945, but not to the same level as cells overexpressing exogenous CSNK2A1-WT in the absence of any inhibitor. Considering this filtering was less stringent than that which was applied to our list of rescued phosphopeptides, this list of partially rescued substrates naturally also included those which were rescued (-0.585 < H/L < 0.585). In total, our partially rescued list of substrates identified 55 protein substrates, 74 distinct phosphopeptides, and 95 distinct phosphosites. This list warrants further attention and serves as a potential source of bona fide CSNK2 substrates (Supplementary Table S1).
Motif Analysis of CSNK2-dependent Phosphosites
Kinase assays performed with purified components in vitro have repeatedly demonstrated CSNK2 activity to highly favor the presence of acidic residues downstream of the phosphoacceptor. One notable negative sequence determinant of CSNK2-catalyzed phosphorylation has been reported to be the presence of Proline at the +1 position. We conducted consensus sequence analysis using the online WebLogo tool at each filtering step to visualize the phosphorylation landscape of cellular CSNK2 substrates (Crooks et al., 2004). The sequence generated from our list of rescued phosphopeptides closely adheres to the minimal consensus sequence of CSNK2 frequently noted in the literature—[S/T]-x-x-[D/E] (Figure 3B) (Meggio and Pinna, 2003; Salvi et al., 2009). The high frequency of aspartic acid and glutamic acid residues downstream from the phosphoacceptor residue reflects the well-characterized acidophilic nature of CSNK2. Upstream residues do not seem to demonstrate a high level of conservation and are likely less important to CSNK2 phosphorylation, as also previously noted in the literature. Although CSNK2 has demonstrated the ability to phosphorylate tyrosine residues in previous studies (Vilk et al., 2008), we did not see phosphorylated tyrosine sites following our stringent filtering.
Despite strong adherence of identified phosphosites to the typical CSNK2 recognition motif, our WebLogo analysis demonstrated that proline is quite prevalent at position +1 despite previous studies claiming it is a negative determinant (Marin et al., 1992). While we do not suggest that proline at this position positively influences phosphorylation, it is possible that proline at the +1 position is not enough of a negative sequence determinant to absolutely prevent CSNK2 phosphorylation in vivo.
Characterizing the CSNK2-dependent Proteome
In comparison to the phosphoproteome, the proteome was minimally perturbed in response to CX-4945 treatment (Figures 4A,C). Only a small number of proteins were differentially regulated in a CSNK2-dependent manner. Of the 4,511 proteins identified and quantified by MaxQuant, only eight proteins were significantly downregulated 1.5-fold or greater (M/L < -0.585) (One-sample t-test M/L, q < 0.05 BH FDR). One of these proteins, lysozome-associated membrane glycoprotein 2 (LAMP2), demonstrated rescue (-0.585 < H/L < 0.585) (One-sample t-test H/M, q < 0.05 BH FDR). In contrast, proteins which were significantly upregulated 1.5-fold or greater (M/L > 0.585) in response to CX-4945 treatment numbered 19 (One-sample t-test M/L, q < 0.05 BH FDR). Eight of these proteins demonstrated rescue (-0.585 < H/L < 0.585) (One-sample t-test H/M, q < 0.05 BH FDR) (Figure 4B, Supplementary Table S2).
Development of Novel Antibodies for Bona Fide CSNK2 Substrates
To extend this work, we developed novel antibodies against a number of putative CSNK2 substrates identified by the chemical genetics strategy that we devised. When deciding on antibody candidates from those identified and validated within our MS analysis, our selection criteria also included: i) (phospho)peptide uniqueness, ii) molecular weight of the protein, iii) reported cellular abundance of the protein, iv) adherence to CSNK2 motif, and v) literature relating the site to CSNK2. We also utilized our list of partially rescued sites as a source of candidates. We developed and characterized phospho-specific antibodies for DNA ligase 1 (LIG1) pS66 (ARVLGpSEGEEE) and Lupus La protein (SSB) pS366 (KTKFApSDDEHD) (Supplementary Figure S3A). Each of these phosphoproteins exhibited significant inhibition and subsequent ‘rescue’ following 4 hours of CX-4945 treatment in the CSNK2A1-WT and CSNK2A1-TM cell lines, respectively (Figure 6). These candidates originated from the list of partially rescued sites identified by our MS analysis, thus further increasing our confidence in the bona fide nature of this list of substrates. During the course of phospho-specific antibody development, we also obtained an anti-SSB antibody which selectively recognizes the unphosphorylated version of the peptide (KTKFASDDEHD) (Figure 6 and Supplementary Figure S3B). This antibody demonstrated a decrease in phosphorylation at S366 with increased CX-4945 incubation times, perfectly opposing the trend seen with the antibody targeting SSB pS366. With these newly developed phospho-specific antibodies, we gained additional tools to monitor CSNK2 activity and further increased confidence in our kinase-substrate identification method.
CSNK2A1 Interaction Network
Biological network representation can simultaneously display several interaction types which occur between constituents in living cells by extracting data from numerous databases and existing literature. Network depictions can also provide meaningful information and leads on potential CSNK2 interactors and downstream effector molecules. Therefore, using GeneMANIA, we generated a CSNK2A1 interaction network of the proteins which were rescued in our analysis (Figure 6A) (Warde-Farley et al., 2010). Previous database information regarding physical interactions, co-expression, genetic interactions, co-localization, and shared protein domains, as well as predicted interactions, were employed in network creation with an “equal by data type” weighting. Our own uploaded dataset was also utilized in network creation; rescued CSNK2A1 protein substrates were assigned a value of 1. If a phosphopeptide was not unique and could have originated from several proteins (e.g., EIF3C or EIF3CL) all potential proteins were included in the uploaded gene list at a value of 1. The network displays 26 proteins which were manually inputted and 19 proteins which were implicated by some relationship to our proteins of interest. Proteins displayed in this network were enriched for several GO terms, including numerous biological processes with which CSNK2 has previously been associated (Figure 6B).
DISCUSSION
Collective efforts to characterize the CSNK2-dependent phosphoproteome have resulted in no shortage of phosphoproteomic studies directed at identifying putative substrates using CSNK2-directed inhibitors. These inhibitors exhibit variable specificity, display off-target effects, and they are typically not accompanied by rigorous validation. In this study, we describe a strategy for the systematic identification and validation of CSNK2 substrates by employing an inhibitor-resistant mutant of CSNK2 mutant in conjunction with triple SILAC phosphoproteomics.
We began by evaluating the ability of several commercially available CSNK2 inhibitors to effectively inhibit CSNK2 in U2OS and HeLaT cells. Using multiple phospho-specific antibodies recognizing previously determined bona fide CSNK2 substrates, we demonstrated that only two of eight CSNK2 inhibitors—CX-4945 and Inhibitor-8—were effective in inhibiting CSNK2 in cells. These observations fail to demonstrate utility of a number of these compounds for cell-based studies despite previous in vitro studies demonstrating strong potency of these compounds as inhibitors of CSNK2 in enzymatic assays (Sarno et al., 2001; Pagano et al., 2004a; Pagano et al., 2004b; Cozza et al., 2006; Cozza et al., 2009; Sandholt et al., 2009). The potency of small molecule inhibitors in living cells can be vastly different from their in vitro inhibition profiles, thereby highlighting the importance of testing inhibitors in cell-based assays using validated CSNK2 activity markers. With the increased identification of bona fide CSNK2 substrates in cells, our repertoire of CSNK2 activity markers will also expand to serve this purpose.
Evaluating CX-4945 with the chemical genetics validation strategy described here, we identified 29 phosphopeptides which were both inhibited in cells expressing CSNK2A1-WT in the presence of CX-4945 and also rescued (i.e., maintained) in cells expressing CSNK2A1-TM in the presence of CX-4945. This led to the identification of 22 CSNK2 protein substrates (Supplementary Figure S5). For some of these protein substrates, it is not exactly clear which protein isoform from which the phosphopeptide originates. For example, QPLLLpSEDEEDTKR is a multiplicity 1 CSNK2 phosphopeptide substrate which was inhibited and rescued, yet this tryptic peptide is present in both EIF3C and EIF3CL. Moreover, numerous tryptic phosphopeptides which demonstrated rescue were multiply phosphorylated (multiplicity >1), making confident identification of the CSNK2-dependent phosphosite(s) challenging. Despite these limitations, several phosphopeptides of multiplicity 1 were also rescued, and we were therefore able to definitively identify 11 CSNK2 phosphosite substrates. None of these sites have been previously validated to be CSNK2-dependent phosphosites, highlighting the utility of this strategy to identify and validate novel CSNK2 sites. While we acknowledge that some of the phosphopeptides which demonstrated inhibition and rescue may be downstream effects of CSNK2 inhibition (i.e., due to sequential phosphorylation by CSNK2-activated kinases), a high proportion (∼83%) of phosphosites identified adhere to the minimal CSNK2 recognition motif.
Several phosphopeptides were significantly downregulated 1.5-fold but did not satisfy our strict biological criterion for ‘rescue’ (-0.585 < H/L < 0.585). Instead, they demonstrated ‘partial rescue’ (H/M > 0) (One-sample t-test H/M, q < 0.05 BH FDR). We successfully raised antibodies against the following sites which were identified in our list of partially rescued substrates: ARVLGpSEGEEE (LIG1 pS36), KTKFApSDDEHD (SSB pS366), and KTKFASDDEHD (SSB S366). A dose-dependent decrease in both phosphoproteins was observed with increasing concentrations of CX-4945 (and in the case of SSB, a coordinated increase in the unphosphorylated protein variant) using these antibodies. These effects were then rescued in cells expressing CSNK2A1-TM in the presence of CX-4945, thus confirming that these phosphosites are bona fide CSNK2 sites. CSNK2 was previously demonstrated to phosphorylate the N-terminal region of LIG1 in vitro resulting in an increase in LIG1 activity (Prigent et al., 1992). LIG1 pS66 is part of a strong CSNK2 consensus sequence and was subsequently shown to be a CSNK2 site in vitro (Rossi et al., 1999). To our knowledge, our systematic method of CSNK2 substrate identification and validation is the first to confirm this specific site to be a true cellular substrate of CSNK2. CSNK2-dependent phosphorylation of SSB pS366 has been extensively characterized and previously validated in vivo (Fan et al., 1997; Schwartz et al., 2004). SSB plays a crucial role in the termination and re-initiation of the RNA polymerase 3 complex by binding the poly Uridine 3′ tails of nascent polypeptides. With the development and characterization of these novel phospho-specific antibodies, we demonstrated the partially rescued list of substrates to be a source of bona fide CSK2 substrates. Remarkably, 28 phosphopeptides of multiplicity 1 are present in this list of partially rescued phosphopeptides, providing site-specific information regarding CSNK2 activity in living cells (Supplementary Figure S7).
Other previously known CSNK2 substrates were also identified in our list of partially rescued phosphopeptides, increasing confidence in the bona fide nature of this list to the same effect. The pS109 site of ATP-binding cassette 1 (ABCF1/ABC50) was identified in our analysis and has been shown to be phosphorylated by CSNK2 in vitro. Phosphoablative mutation of this site to alanine resulted in a marked decrease in EIF2S2 binding to 80S ribosomes and polysomal fractions, identifying a role for CSNK2 in regulation of mRNA translation (Paytubi et al., 2008). Additionally, translation initiation factors EIF2S2 and EIF5B (also identified in our list of partially rescued substrates) have also been previously reported to be bona fide CSNK2 substrates (Wang et al., 2001; Majumdar et al., 2002; Llorens et al., 2003; Homma et al., 2005; Gandin et al., 2016). The pS121 and pS122 sites of protein phosphatase inhibitor 2 (PPP1R2) were also identified in our analysis, and they have too been previously determined to be CSNK2 sites using radiolabeled [γ -32P] ATP in vitro (Holmes et al., 1986).
To gain insight regarding the involvement of CSNK2 in cellular processes, we conducted network analysis on the list of rescued protein substrates (Figure 6A), and the list of partially rescued protein substrates (Supplementary Figure S8). The importance of these depictions is that they allow for integrative visualization of network constituents using multiple different types of interaction data including physical interactions, predicted interactions, genetic interactions, pathway information, co-localization data, and shared protein domains. Several GO terms were enriched among the proteins depicted in the GeneMANIA network of both rescued (Figure 6B; Supplementary Table S3) and partially rescued protein substrates (Supplementary Figure S9; Table S4) including translation regulator activity, spliceosomal complex, ribosome biogenesis, telomere maintenance via telomere lengthening, and several other biological processes which have been previously associated with CSNK2. An added benefit was the ability of GeneMANIA to highlight studies which demonstrated large overlap in physical CSNK2 interactors. Numerous phosphopeptides which demonstrated partial rescue (including a few that satisfied our strict criterion for rescue) were previously identified as CSNK2 substrates in a study by Zhang and colleagues (Zhang et al., 2011). In the study by Zhang et al., proteins from HeLa cell lysate were immobilized onto solid-phase beads and phosphorylated by a recombinant CSNK2 heterotetramer composed of catalytic alpha subunits. Tryptic phosphopeptide substrates were obtained following digestion and MS analysis. The identification of thirteen phosphosites (underscore followed by number indicates the multiplicities of their respective phosphopeptides) overlapped with those identified and validated in our partially rescued list. These include the following (Site_Multiplicity): DHX16 S103_2, EIF5B S214_1, EXOSC9 S306_1, IWS S398_2 and IWS S400_2, MFAP S52_2 and MFAP S53_2, NOP58 S502_1, PRCC S157_2, RPRD2 S374_1, SSB S366_1, and TNKS1BP1 S1620_2 and TNKS1BP1 S1621_2. The following sites identified on partially rescued phosphopeptides in our dataset also overlapped but were identified on phosphopeptides of differing multiplicities in the Zhang study: DKC1 S451_2 and DKC1 S453_2, NOP56 S519_1, and SRRM1 S874_1. Such extensive overlap with this in vitro lysate study further demonstrates that our list of partially rescued phosphosites is a source of CSNK2 cellular substrates.
In addition to identifying numerous CSNK2 substrates which are downregulated and rescued, nine phosphopeptides were upregulated in response to CX-4945 treatment with restoration of baseline phosphorylation levels in the presence of CSNK2A1-TM. Strikingly, eight of these nine peptides presented with a CSNK2 recognition motif. Cell systems have previously been demonstrated to enact compensatory mechanisms in response to kinase inhibition. This might include upregulating other kinases which directly compensate for reduced CSNK2 activity. It is also possible that the sequences which flank these phosphosites contain positive sequence determinants for other kinases, or that the spatial regulation of these proteins is altered in response to CSNK2 inhibition such that phosphorylation by a nearby kinase is favoured. CSNK2 has also been demonstrated to prime phosphorylation by other kinases at nearby residues—and vice versa—in what is known as hierarchical phosphorylation (St-Denis et al., 2015; Nuñez de Villavicencio-Diaz et al., 2017). In this regard, one potential explanation of the apparent upregulation of phosphopeptides which contain the CSNK2 recognition motif is that phosphopeptides of higher multiplicity (e.g., 2 or 3 phosphorylated residues) may not be phosphorylated by CSNK2 when cells are treated with CX-4945, thereby resulting in an increased abundance of the same peptide of a lower multiplicity. It is often difficult to observe this relationship given the stochastic sampling of abundant peptides by MS; the same peptide of a different multiplicity may not be identified or if it is, it may not be quantified. If this explanation holds true, it underscores the practical limitations of MS in dissecting the phosphoproteome.
CONCLUDING REMARKS AND IMPLICATIONS
By using an inhibitor-resistant CSNK2 mutant to validate on-target effects of CX-4945, we devised a strategy for the large-scale identification of CSNK2-dependent substrates in an unbiased, systematic manner. In addition to identifying bona fide substrates for CSNK2 that increases our understanding of the role of CSNK2 in cellular signaling, we identified a number of sites which were downregulated in response to CX-4945 treatment due to its off-target effects in cells. This information could help explain the extent to which CX-4945 exhibits its clinical efficacy in the treatment of certain diseases due to CSNK2-dependent inhibition. Considering the promise of CSNK2 as potential therapeutic target, a natural extension of this work could be to exploit this strategy in both normal cells and in cancer cells to reveal the divergence of CSNK2-dependent signaling that accompanies cancer. In a similar respect, we can envisage that the strategy could also be adapted to investigate the relationship between the two closely related isoforms of CSNK2 (ie. CSNK2A1 and CSNK2A2), particularly in terms of determining the extent to which they share overlapping substrates within cells. From this perspective, the need for isoform-specific inhibitors could be overcome by selectively generating inhibitor-resistant mutants of either isoform to elucidate signaling events requiring either CSNK2A1 or CSNK2A2.
Despite having used CX-4945, other inhibitors of CSNK2 could also be employed in this workflow for substrate discovery and characterization of inhibitor potency within cells. For example, during the preparation of this manuscript, a novel CSNK2 inhibitor, SGC-CK2-1, was described as a potent inhibitor of cellular CSNK2 with exceptional specificity in vitro (Wells et al., 2021). Although our focus was on CSNK2 substrate elucidation, we also expect that this validation strategy can be adapted for the study of other kinases given the high conservation within the kinase family. Overall, it is of great importance that studies employ a method of validation so that our collective understanding of cellular signalling is not limited by small molecule specificity.
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Supplementary Figure S1 | Comparison of CSNK2 inhibitors for their ability to inhibit cellular CSNK2 with 24 h of treatment at the indicated concentrations in human adenocarcinoma HeLa (HeLaT) cells. DMSO treated lysates +/- λ-phosphatase were used as immunoblotting controls of phospho-specific antibodies. GAPDH was used to demonstrate equal gel loading. Results are representative of two independent experiments.
Supplementary Figure S2 | Anti-EIF2S2 pS2 and anti-CSNK2B pS2/3/4/8 antibody (Ab) characterization using HeLaTt cell lysates. Lysate control lanes are treated with +/- λ-phosphatase. The listed EIF2S2 pS2 (A) or CSNK2B pS2/3/4/8 (B) peptide sequences were used for phospho-antibody development. The specificity of anti-EIF2S2 pS2 (A) or anti-CSNK2B pS2/3/4/8 (B) antibodies was demonstrated in the peptide competition using 200X molar excess of phospho- or nonphospho-peptides. Equal amount of lysate loading was demonstrated with the anti-GAPDH antibody.
Supplementary Figure S3 | Anti-SSB pS366, anti-SSB non-phospho S366 and anti-LIG1 pS36 antibody characterization using U2OS cell lysates. Lysate control lanes are treated with +/- λ-phosphatase. The listed SSB pS366 (A, B) or LIG1 pS36 (C) peptide sequences were used for phospho-antibody development. The specificity of (A) anti-SSB pS366 (B) anti-SSB non-phospho S366 or (C) anti-LIG1 pS36 antibodies is demonstrated in peptide competitions using 200X molar excess of phospho- or nonphospho-peptides. Equal amount of lysate loading was demonstrated with anti-GAPDH antibody.
Supplementary Figure S4 | Characterization of Flp-In T-REx U2OS parental, CSNK2A1-HA wild type (WT) and triple mutant (TM, V66A/H160D/I174A) cell lines in immunofluorescence (IF) experiments. Exogenous CSNK2A1-HA WT or CSNK2A1-HA TM expression in the cells were induced with 1 μg/mL Tetracycline. Cells were asynchronous or cell cycle arrested with double Thymidine block (Roberts et al., 2006) before IF labelling with the indicated anti-HA/Alexa 488 (FITC, Thermo Fisher Scientific) antibody and the nucleus was stained with Hoescht 33342 (DAPI, Thermo Fisher Scientific). Scalebar indicates 50 μm on images. Figures are presenting results from two independent experiments.
Supplementary Figure S5 | Profile plots of distinct phosphopeptides which were significantly inhibited and rescued, categorized based on corresponding protein. The horizontal dashed line represents 1.5-fold significant inhibition (−0.585).
Supplementary Figure S6 | Comparison of rescued phosphopeptides with corresponding differential protein expression. Vertical and horizontal lines (-/+ 0.585) are indicative of significant down- and upregulation of phosphosites and proteins.
Supplementary Figure S7 | Profile plots of multiplicity 1 phosphopeptides which were significantly inhibited and partially rescued. Phosphosites with a * represent multiplicity 1 phosphopeptides which satisfied our stringent biological criterion for rescue. The horizontal dashed line represents 1.5-fold significant inhibition (-0.585).
Supplementary Figure S8 | CSNK2A1 interaction network. Partially rescued CSNK2 protein substrates and related proteins are depicted in a GeneMANIA network. Previous database information regarding physical interactions (red), co-expression (purple), predicted interactions (orange), genetic interactions (green), co-localization (blue), and shared protein domains (yellow) were employed in network creation in an ‘equal by data type’ weighting approach. Our own list of partially rescued substrates was utilized in network creation and each assigned a value of 1. If a phosphopeptide was not unique and could have originated from several proteins, all potential proteins were assigned a value of 1. Hashed gene names indicate proteins included in our query list, while those with a solid background are related proteins inserted during GeneMANIA network creation. Proteins implicated in Gene Ontology biological processes are labelled.
Supplementary Figure S9 | Gene Ontology terms enriched amongst proteins displayed in the GeneMANIA network created using partially rescued protein substrates. Coverage represents the proportion of displayed proteins which are annotated with a certain Gene Ontology term when compared to all genes in the genome annotated with that same term.
REFERENCES
 Ahmad, K. A., Wang, G., Unger, G., Slaton, J., and Ahmed, K. (2008). Protein Kinase CK2 - A Key Suppressor of Apoptosis. Adv. Enzyme Regul. 48, 179–187. doi:10.1016/j.advenzreg.2008.04.002
 Ali, A. A. E., Jukes, R. M., Pearl, L. H., and Oliver, A. W. (2009). Specific Recognition of a Multiply Phosphorylated Motif in the DNA Repair Scaffold XRCC1 by the FHA Domain of Human PNK. Nucleic Acids Res. 37 (5), 1701–1712. doi:10.1093/nar/gkn1086
 Bendall, S. C., Hughes, C., Stewart, M. H., Doble, B., Bhatia, M., and Lajoie, G. A. (2008). Prevention of Amino Acid Conversion in SILAC Experiments with Embryonic Stem Cells. Mol. Cell. Proteomics 7 (9), 1587–1597. doi:10.1074/mcp.m800113-mcp200
 Bosc, D. G., Slominski, E., Sichler, C., and Litchfield, D. W. (1995). Phosphorylation of Casein Kinase II by P34cdc2. J. Biol. Chem. 270 (43), 25872–25878. doi:10.1074/jbc.270.43.25872
 Cabrejos, M. a. E., Allende, C. C., and Maldonado, E. (2004). Effects of Phosphorylation by Protein Kinase CK2 on the Human Basal Components of the RNA Polymerase II Transcription Machinery. J. Cell. Biochem. 93 (1), 2–10. doi:10.1002/jcb.20209
 Castello, J., Ragnauth, A., Friedman, E., and Rebholz, H. (2017). CK2-An Emerging Target for Neurological and Psychiatric Disorders. Pharm. (Basel) 10 (1). doi:10.3390/ph10010007
 Chua, M. M. J., Lee, M., and Dominguez, I. (2017). Cancer-type Dependent Expression of CK2 Transcripts. PLoS One 12 (12), e0188854–e. doi:10.1371/journal.pone.0188854
 Cohen, P. (2002). Protein Kinases - the Major Drug Targets of the Twenty-first Century?Nat. Rev. Drug Discov. 1 (4), 309–315. doi:10.1038/nrd773
 Cox, J., Matic, I., Hilger, M., Nagaraj, N., Selbach, M., Olsen, J. V., et al. (2009). A Practical Guide to the MaxQuant Computational Platform for SILAC-Based Quantitative Proteomics. Nat. Protoc. 4 (5), 698–705. doi:10.1038/nprot.2009.36
 Cozza, G., Bonvini, P., Zorzi, E., Poletto, G., Pagano, M. A., Sarno, S., et al. (2006). Identification of Ellagic Acid as Potent Inhibitor of Protein Kinase CK2: a Successful Example of a Virtual Screening Application. J. Med. Chem. 49 (8), 2363–2366. doi:10.1021/jm060112m
 Cozza, G., Mazzorana, M., Papinutto, E., Bain, J., Elliott, M., di Maira, G., et al. (2009). Quinalizarin as a Potent, Selective and Cell-Permeable Inhibitor of Protein Kinase CK2. Biochem. J. 421 (3), 387–395. doi:10.1042/bj20090069
 Crooks, G. E., Hon, G., Chandonia, J.-M., and Brenner, S. E. (2004). WebLogo: A Sequence Logo Generator: Figure 1. Genome Res. 14 (6), 1188–1190. doi:10.1101/gr.849004
 Deutsch, E. W., Bandeira, N., Sharma, V., Perez-Riverol, Y., Carver, J. J., Kundu, D. J., et al. (2020). The ProteomeXchange Consortium in 2020: Enabling 'big Data' Approaches in Proteomics. Nucleic Acids Res. 48 (D1), D1145–D52. doi:10.1093/nar/gkz984
 Duncan, J. S., Turowec, J. P., Duncan, K. E., Vilk, G., Wu, C., Lüscher, B., et al. (2011). A Peptide-Based Target Screen Implicates the Protein Kinase CK2 in the Global Regulation of Caspase Signaling. Sci. Signal 4 (172), ra30. doi:10.1126/scisignal.2001682
 Duncan, J. S., Gyenis, L., Lenehan, J., Bretner, M., Graves, L. M., Haystead, T. A., et al. (2008). An Unbiased Evaluation of CK2 Inhibitors by Chemoproteomics. Mol. Cell. Proteomics 7 (6), 1077–1088. doi:10.1074/mcp.m700559-mcp200
 Duncan, J. S., Haystead, T. A. J., and Litchfield, D. W. (2012). Chemoproteomic Characterization of Protein Kinase Inhibitors Using Immobilized ATP. Methods Mol. Biol. 795, 119–134. doi:10.1007/978-1-61779-337-0_8
 Duncan, J. S., Turowec, J. P., Vilk, G., Li, S. S. C., Gloor, G. B., and Litchfield, D. W. (2010). Regulation of Cell Proliferation and Survival: Convergence of Protein Kinases and Caspases. Biochimica Biophysica Acta (BBA) - Proteins Proteomics 1804, 505–510. doi:10.1016/j.bbapap.2009.11.001
 Englert, C., Hou, X., Maheswaran, S., Bennett, P., Ngwu, C., Re, G. G., et al. (1995). WT1 Suppresses Synthesis of the Epidermal Growth factor Receptor and Induces Apoptosis. EMBO J. 14 (19), 4662–4675. doi:10.1002/j.1460-2075.1995.tb00148.x
 Fan, H., Sakulich, A. L., Goodier, J. L., Zhang, X., Qin, J., and Maraia, R. J. (1997). Phosphorylation of the Human La Antigen on Serine 366 Can Regulate Recycling of RNA Polymerase III Transcription Complexes. Cell 88 (5), 707–715. doi:10.1016/s0092-8674(00)81913-3
 Gandin, V., Masvidal, L., Cargnello, M., Gyenis, L., McLaughlan, S., Cai, Y., et al. (2016). mTORC1 and CK2 Coordinate Ternary and eIF4F Complex Assembly. Nat. Commun. 7 (1), 11127. doi:10.1038/ncomms11127
 Good, M. C., Zalatan, J. G., and Lim, W. A. (2011). Scaffold Proteins: Hubs for Controlling the Flow of Cellular Information. Science 332 (6030), 680–686. doi:10.1126/science.1198701
 Gyenis, L., Duncan, J. S., Turowec, J. P., Bretner, M., and Litchfield, D. W. (2011). Unbiased functional Proteomics Strategy for Protein Kinase Inhibitor Validation and Identification of Bona Fide Protein Kinase Substrates: Application to Identification of EEF1D as a Substrate for CK2. J. Proteome Res. 10 (11), 4887–4901. doi:10.1021/pr2008994
 Gyenis, L., Kuś, A., Bretner, M., and Litchfield, D. W. (2013). Functional Proteomics Strategy for Validation of Protein Kinase Inhibitors Reveals New Targets for a TBB-Derived Inhibitor of Protein Kinase CK2. J. Proteomics 81, 70–79. doi:10.1016/j.jprot.2012.09.017
 Gyenis, L., Turowec, J. P., Bretner, M., and Litchfield, D. W. (2013). Chemical Proteomics and functional Proteomics Strategies for Protein Kinase Inhibitor Validation and Protein Kinase Substrate Identification: Applications to Protein Kinase CK2. Biochimica Biophysica Acta (BBA) - Proteins Proteomics 1834 (7), 1352–1358. doi:10.1016/j.bbapap.2013.02.006
 Haynes, K. A., and Silver, P. A. (2011). Synthetic Reversal of Epigenetic Silencing. J. Biol. Chem. 286 (31), 27176–27182. doi:10.1074/jbc.c111.229567
 Holmes, C. F. B., Kuret, J., Chisholm, A. A. K., and Cohen, P. (1986). Identification of the Sites on Rabbit Skeletal Muscle Protein Phosphatase Inhibitor-2 Phosphorylated by Casein Kinase-II. Biochimica Biophysica Acta (BBA) - Protein Struct. Mol. Enzym. 870 (3), 408–416. doi:10.1016/0167-4838(86)90248-7
 Homma, M. K., Wada, I., Suzuki, T., Yamaki, J., Krebs, E. G., and Homma, Y. (2005). CK2 Phosphorylation of Eukaryotic Translation Initiation factor 5 Potentiates Cell Cycle Progression. Proc. Natl. Acad. Sci. U.S.A. 102 (43), 15688–15693. doi:10.1073/pnas.0506791102
 Hou, Z., Nakanishi, I., Kinoshita, T., Takei, Y., Yasue, M., Misu, R., et al. (2012). Structure-Based Design of Novel Potent Protein Kinase CK2 (CK2) Inhibitors with Phenyl-Azole Scaffolds. J. Med. Chem. 55 (6), 2899–2903. doi:10.1021/jm2015167
 Humphrey, S. J., Azimifar, S. B., and Mann, M. (2015). High-throughput Phosphoproteomics Reveals In Vivo Insulin Signaling Dynamics. Nat. Biotechnol. 33 (9), 990–995. doi:10.1038/nbt.3327
 Jurcik, J., Sivakova, B., Cipakova, I., Selicky, T., Stupenova, E., Jurcik, M., et al. (2020). Phosphoproteomics Meets Chemical Genetics: Approaches for Global Mapping and Deciphering the Phosphoproteome. Ijms 21 (20), 7637. doi:10.3390/ijms21207637
 Kim, H., Lee, K. S., Kim, A. K., Choi, M., Choi, K., Kang, M., et al. (2016). A Chemical with Proven Clinical Safety Rescues Down-Syndrome-Related Phenotypes in through DYRK1A Inhibition. Dis. Model Mech. 9 (8), 839–848. doi:10.1242/dmm.025668
 Kim, H., Choi, K., Kang, H., Lee, S.-Y., Chi, S.-W., Lee, M.-S., et al. (2014). Identification of a Novel function of CX-4945 as a Splicing Regulator. PLoS One 9 (4), e94978. doi:10.1371/journal.pone.0094978
 Knight, Z. A., and Shokat, K. M. (2005). Features of Selective Kinase Inhibitors. Chem. Biol. 12 (6), 621–637. doi:10.1016/j.chembiol.2005.04.011
 Krug, K., Mertins, P., Zhang, B., Hornbeck, P., Raju, R., Ahmad, R., et al. (2019). A Curated Resource for Phosphosite-specific Signature Analysis. Mol. Cell. Proteomics 18 (3), 576–593. doi:10.1074/mcp.tir118.000943
 Lemeer, S., and Heck, A. J. (2009). The Phosphoproteomics Data Explosion. Curr. Opin. Chem. Biol. 13 (4), 414–420. doi:10.1016/j.cbpa.2009.06.022
 Lertsuwan, J., Lertsuwan, K., Sawasdichai, A., Tasnawijitwong, N., Lee, K. Y., Kitchen, P., et al. (2018). CX-4945 Induces Methuosis in Cholangiocarcinoma Cell Lines by a CK2-independent Mechanism. Cancers (Basel) 10 (9). doi:10.3390/cancers10090283
 Litchfield, D., and Gyenis, L. (2015). Protein Kinase CK2: Systematic Relationships with Other Posttranslational Modifications. Pharm. (Basel) 10 (1), 27. doi:10.3390/ph10010027
 Litchfield, D. W. (2003). Protein Kinase CK2: Structure, Regulation and Role in Cellular Decisions of Life and Death. Biochem. J. 369 (Pt 1), 1–15. doi:10.1042/BJ20021469
 Litchfield, D. W., and Lüscher, B. (1993). Casein Kinase II in Signal Transduction and Cell Cycle Regulation. Mol. Cell Biochem. 127-128 (1), 187–199. doi:10.1007/bf01076770
 Llorens, F., Roher, N., Miró, F. A., Sarno, S., Ruiz, F. X., Meggio, F., et al. (2003). Eukaryotic Translation-Initiation factor eIF2beta Binds to Protein Kinase CK2: Effects on CK2alpha Activity. Biochem. J. 375 (Pt 3), 623–631. doi:10.1042/BJ20030915
 Loizou, J. I., El-Khamisy, S. F., Zlatanou, A., Moore, D. J., Chan, D. W., Qin, J., et al. (2004). The Protein Kinase CK2 facilitates Repair of Chromosomal DNA Single-Strand Breaks. Cell 117 (1), 17–28. doi:10.1016/s0092-8674(04)00206-5
 Majumdar, R., Bandyopadhyay, A., Deng, H., and Maitra, U. (2002). Phosphorylation of Mammalian Translation Initiation factor 5 (eIF5) In Vitro and In Vivo. Nucleic Acids Res. 30 (5), 1154–1162. doi:10.1093/nar/30.5.1154
 Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002). The Protein Kinase Complement of the Human Genome. Science 298 (5600), 1912–1934. doi:10.1126/science.1075762
 Marin, O., Meggio, F., Draetta, G., and Pinna, L. A. (1992). The Consensus Sequences for Cdc2 Kinase and for Casein Kinase-2 Are Mutually Incompatible A Study with Peptides Derived from the β-subunit of Casein Kinase-2. FEBS Lett. 301 (1), 111–114. doi:10.1016/0014-5793(92)80221-2
 Meek, D. W., Simon, S., Kikkawa, U., and Eckhart, W. (1990). The P53 Tumour Suppressor Protein Is Phosphorylated at Serine 389 by Casein Kinase II. EMBO J. 9 (10), 3253–3260. doi:10.1002/j.1460-2075.1990.tb07524.x
 Meggio, F., and Pinna, L. A. (2003). One‐thousand‐and‐one Substrates of Protein Kinase CK2?FASEB J. 17 (3), 349–368. doi:10.1096/fj.02-0473rev
 Nuñez de Villavicencio-Diaz, T., Rabalski, A. J., and Litchfield, D. W. (2017). Protein Kinase CK2: Intricate Relationships within Regulatory Cellular Networks. Pharm. (Basel) 10 (1), 27. doi:10.3390/ph10010027
 Pagano, M. A., Andrzejewska, M., Ruzzene, M., Sarno, S., Cesaro, L., Bain, J., et al. (2004). Optimization of Protein Kinase CK2 Inhibitors Derived from 4,5,6,7-Tetrabromobenzimidazole. J. Med. Chem. 47 (25), 6239–6247. doi:10.1021/jm049854a
 Pagano, M. A., Meggio, F., Ruzzene, M., Andrzejewska, M., Kazimierczuk, Z., and Pinna, L. A. (2004). 2-Dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole: a Novel Powerful and Selective Inhibitor of Protein Kinase CK2. Biochem. Biophysical Res. Commun. 321 (4), 1040–1044. doi:10.1016/j.bbrc.2004.07.067
 Paytubi, S., Morrice, N. A., Boudeau, J., and Proud, C. G. (2008). The N-Terminal Region of ABC50 Interacts with Eukaryotic Initiation factor eIF2 and Is a Target for Regulatory Phosphorylation by CK2. Biochem. J. 409 (1), 223–231. doi:10.1042/bj20070811
 Perea, S. E., Reyes, O., Baladron, I., Perera, Y., Farina, H., Gil, J., et al. (2008). CIGB-300, a Novel Proapoptotic Peptide that Impairs the CK2 Phosphorylation and Exhibits Anticancer Properties Both In Vitro and In Vivo. Mol. Cell Biochem. 316 (1), 163–167. doi:10.1007/s11010-008-9814-5
 Perez-Riverol, Y., Bai, J., Bandla, C., García-Seisdedos, D., Hewapathirana, S., Kamatchinathan, S., et al. (2022). The PRIDE Database Resources in 2022: a Hub for Mass Spectrometry-Based Proteomics Evidences. Nucleic Acids Res. 50 (D1), D543–D552. doi:10.1093/nar/gkab1038
 Pinna, L. A., and Ruzzene, M. (1996). How Do Protein Kinases Recognize Their Substrates?Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1314 (3), 191–225. doi:10.1016/s0167-4889(96)00083-3
 Prigent, C., Lasko, D. D., Kodama, K., Woodgett, J. R., and Lindahl, T. (1992). Activation of Mammalian DNA Ligase I through Phosphorylation by Casein Kinase II. EMBO J. 11 (8), 2925–2933. doi:10.1002/j.1460-2075.1992.tb05362.x
 Rabalski, A. J., Gyenis, L., and Litchfield, D. W. (2016). 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. 22 (12), 2840–2847. doi:10.1158/1078-0432.ccr-15-1314
 Rappsilber, J., Mann, M., and Ishihama, Y. (2007). Protocol for Micro-purification, Enrichment, Pre-fractionation and Storage of Peptides for Proteomics Using StageTips. Nat. Protoc. 2 (8), 1896–1906. doi:10.1038/nprot.2007.261
 Roberts, E. C., Hammond, K., Traish, A. M., Resing, K. A., and Ahn, N. G. (2006). Identification of G2/M Targets for the MAP Kinase Pathway by functional Proteomics. Proteomics 6 (16), 4541–4553. doi:10.1002/pmic.200600365
 Roffey, S. E., and Litchfield, D. W. (2021). CK2 Regulation: Perspectives in 2021. Biomedicines 9 (10), 1361. doi:10.3390/biomedicines9101361
 Rosenberger, A. F. N., Morrema, T. H. J., Gerritsen, W. H., van Haastert, E. S., Snkhchyan, H., Hilhorst, R., et al. (2016). Increased Occurrence of Protein Kinase CK2 in Astrocytes in Alzheimer's Disease Pathology. J. Neuroinflammation 13, 4. doi:10.1186/s12974-015-0470-x
 Rossi, R., Villa, A., Negri, C., Scovassi, I., Ciarrocchi, G., Biamonti, G., et al. (1999). The Replication factory Targeting sequence/PCNA-Binding Site Is Required in G1 to Control the Phosphorylation Status of DNA Ligase I. EMBO J. 18 (20), 5745–5754. doi:10.1093/emboj/18.20.5745
 Salvi, M., Sarno, S., Cesaro, L., Nakamura, H., and Pinna, L. A. (2009). Extraordinary Pleiotropy of Protein Kinase CK2 Revealed by Weblogo Phosphoproteome Analysis. Biochimica Biophysica Acta (BBA) - Mol. Cell Res. 1793 (5), 847–859. doi:10.1016/j.bbamcr.2009.01.013
 Sandholt, I. S., Olsen, B. B., Guerra, B., and Issinger, O.-G. (2009). Resorufin: a Lead for a New Protein Kinase CK2 Inhibitor. Anticancer Drugs 20 (4), 238–248. doi:10.1097/cad.0b013e328326472e
 Sarno, S., Reddy, H., Meggio, F., Ruzzene, M., Davies, S. P., Donella-Deana, A., et al. (2001). Selectivity of 4,5,6,7-tetrabromobenzotriazole, an ATP Site-Directed Inhibitor of Protein Kinase CK2 ('casein Kinase-2'). FEBS Lett. 496 (1), 44–48. doi:10.1016/s0014-5793(01)02404-8
 Schwartz, E. I., Intine, R. V., and Maraia, R. J. (2004). CK2 Is Responsible for Phosphorylation of Human La Protein Serine-366 and Can Modulate rpL37 5′-Terminal Oligopyrimidine mRNA Metabolism. Mol. Cell Biol. 24 (21), 9580–9591. doi:10.1128/mcb.24.21.9580-9591.2004
 Shah, K., and Kim, H. (2019). The Significant Others: Global Search for Direct Kinase Substrates Using Chemical Approaches. IUBMB Life 71 (6), 721–737. doi:10.1002/iub.2023
 Siddiqui-Jain, A., Drygin, D., Streiner, N., Chua, P., Pierre, F., O'Brien, S. E., et al. (2010). CX-4945, an Orally Bioavailable Selective Inhibitor of Protein Kinase CK2, Inhibits Prosurvival and Angiogenic Signaling and Exhibits Antitumor Efficacy. Cancer Res. 70 (24), 10288–10298. doi:10.1158/0008-5472.can-10-1893
 St-Denis, N. A., Bailey, M. L., Parker, E. L., Vilk, G., and Litchfield, D. W. (2011). Localization of Phosphorylated CK2alpha to the Mitotic Spindle Requires the Peptidyl-Prolyl Isomerase Pin1. J. Cell Sci. 124 (Pt 14), 2341–2348. doi:10.1242/jcs.077446
 St-Denis, N. A., Derksen, D. R., and Litchfield, D. W. (2009). Evidence for Regulation of Mitotic Progression through Temporal Phosphorylation and Dephosphorylation of CK2α. Mol. Cell Biol. 29 (8), 2068–2081. doi:10.1128/mcb.01563-08
 St-Denis, N., Gabriel, M., Turowec, J. P., Gloor, G. B., Li, S. S.-C., Gingras, A.-C., et al. (2015). Systematic Investigation of Hierarchical Phosphorylation by Protein Kinase CK2. J. Proteomics 118, 49–62. doi:10.1016/j.jprot.2014.10.020
 Strum, S. W., Gyenis, L., and Litchfield, D. W. (2021). CSNK2 in Cancer: Pathophysiology and Translational Applications. Br. J. Cancer 126 (7), 994–1003. doi:10.1038/s41416-021-01616-2
 Towbin, H., Staehelin, T., and Gordon, J. (1979). Electrophoretic Transfer of Proteins from Polyacrylamide Gels to Nitrocellulose Sheets: Procedure and Some Applications. Biotechnology. 1992 24, 145–9.
 Tsuchiya, Y., Akashi, M., Matsuda, M., Goto, K., Miyata, Y., Node, K., et al. (2009). Involvement of the Protein Kinase CK2 in the Regulation of Mammalian Circadian Rhythms. Sci. Signal 2 (73), ra26. doi:10.1126/scisignal.2000305
 Turowec, J. P., Duncan, J. S., Gloor, G. B., and Litchfield, D. W. (2011). Regulation of Caspase Pathways by Protein Kinase CK2: Identification of Proteins with Overlapping CK2 and Caspase Consensus Motifs. Mol. Cell Biochem. 356 (1-2), 159–167. doi:10.1007/s11010-011-0972-5
 Turowec, J. P., Vilk, G., Gabriel, M., and Litchfield, D. W. (2013). Characterizing the Convergence of Protein Kinase CK2 and Caspase-3 Reveals Isoform-specific Phosphorylation of Caspase-3 by CK2α′: Implications for Pathological Roles of CK2 in Promoting Cancer Cell Survival. Oncotarget 4, 560–571. doi:10.18632/oncotarget.948
 Turowec, J. P., Zukowski, S. A., Knight, J. D. R., Smalley, D. M., Graves, L. M., Johnson, G. L., et al. (2014). An Unbiased Proteomic Screen Reveals Caspase Cleavage Is Positively and Negatively Regulated by Substrate Phosphorylation. Mol. Cell. Proteomics 13 (5), 1184–1197. doi:10.1074/mcp.m113.037374
 Tyanova, S., Temu, T., and Cox, J. (2016). The MaxQuant Computational Platform for Mass Spectrometry-Based Shotgun Proteomics. Nat. Protoc. 11 (12), 2301–2319. doi:10.1038/nprot.2016.136
 Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M. Y., Geiger, T., et al. (2016). The Perseus Computational Platform for Comprehensive Analysis of (Prote)omics Data. Nat. Methods 13 (9), 731–740. doi:10.1038/nmeth.3901
 Vilk, G., Weber, J. E., Turowec, J. P., Duncan, J. S., Wu, C., Derksen, D. R., et al. (2008). Protein Kinase CK2 Catalyzes Tyrosine Phosphorylation in Mammalian Cells. Cell. Signal. 20 (11), 1942–1951. doi:10.1016/j.cellsig.2008.07.002
 Wang, G., Ahmad, K. A., Harris, N. H., and Ahmed, K. (2008). Impact of Protein Kinase CK2 on Inhibitor of Apoptosis Proteins in Prostate Cancer Cells. Mol. Cell Biochem. 316 (1-2), 91–97. doi:10.1007/s11010-008-9810-9
 Wang, X., Paulin, F. E., Campbell, L. E., Gomez, E., O'Brien, K., Morrice, N., et al. (2001). Eukaryotic Initiation factor 2B: Identification of Multiple Phosphorylation Sites in the Epsilon-Subunit and Their functions In Vivo. EMBO J. 20 (16), 4349–4359. doi:10.1093/emboj/20.16.4349
 Warde-Farley, D., Donaldson, S. L., Comes, O., Zuberi, K., Badrawi, R., Chao, P., et al. (2010). The GeneMANIA Prediction Server: Biological Network Integration for Gene Prioritization and Predicting Gene function. Nucleic Acids Res. 38 (Web Server issue), W214–W220. doi:10.1093/nar/gkq537
 Wells, C. I., Drewry, D. H., Pickett, J. E., Tjaden, A., Krämer, A., Müller, S., et al. (2021). Development of a Potent and Selective Chemical Probe for the Pleiotropic Kinase CK2. Cell Chem. Biol. 28 (4), 546–558. e10. doi:10.1016/j.chembiol.2020.12.013
 Wessel, D., and Flügge, U. I. (1984). A Method for the Quantitative Recovery of Protein in Dilute Solution in the Presence of Detergents and Lipids. Anal. Biochem. 138 (1), 141–143. doi:10.1016/0003-2697(84)90782-6
 Wilson, L. J., Linley, A., Hammond, D. E., Hood, F. E., Coulson, J. M., MacEwan, D. J., et al. (2018). New Perspectives, Opportunities, and Challenges in Exploring the Human Protein Kinome. Cancer Res. 78 (1), 15–29. doi:10.1158/0008-5472.can-17-2291
 Xu, W., Chen, Q., Wang, Q., Sun, Y., Wang, S., Li, A., et al. (2014). JWA Reverses Cisplatin Resistance via the CK2-XRCC1 Pathway in Human Gastric Cancer Cells. Cell Death Dis. 5 (12), e1551. doi:10.1038/cddis.2014.517
 Zhang, M., Han, G., Wang, C., Cheng, K., Li, R., Liu, H., et al. (2011). A Bead-Based Approach for Large-Scale Identification of In Vitro Kinase Substrates. Proteomics 11 (24), 4632–4637. doi:10.1002/pmic.201100339
NOMENCLATURE
AKT1 AKT serine/threonine kinase 1
BH Benjamini-Hochberg
CDC37 Hsp90 co-chaperone Cdc37
CSNK2 casein kinase 2
CSNK2 inhibitor 8 4-(2-(4-Methoxybenzamido)thiazol-5-yl)benzoic acid
CSNK2A1 Casein kinase II subunit alpha
CSNK2A2 Casein kinase II subunit alpha'
CSNK2B Casein kinase II subunit beta
CX-4945 5-(3-chlorophenylamino)benzo[c][2,6]naphthyridine-8-carboxylic acid
DMAT 2-Dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole
EEF1D Elongation factor 1-delta
EIF2S2 Eukaryotic translation initiation factor 2 subunit 2
Ellagic acid Ellagic acid/Benzoaric acid
FT-U2OS U2OS cells expressing the tetracycline responsible element of Flp-In™ T-Rex
GO Gene Ontology
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HA Human influenza hemagglutinin
HeLaT human adenocarcinoma HeLa Tet-Off (Clontech) expressing the tetracycline responsible element
LIG1 DNA ligase 1
PBST phosphate-buffered saline with 0.1% Tween 20
Quinalizarin 1,2,5,8-Tetrahydroxy-9,10-anthraquinone
Resorufin 7-Hydroxy-3H-phenoxazin-3-one
SILAC Stable Isotope Labeling by/with Amino acids in Cell culture
SSB Lupus La protein
TBB 4,5,6,7-Tetrabromobenzotriazole
TBBz 4,5,6,7-Tetrabromobenzimidazole
TBST Tris-buffered saline with 0.05% Tween 20
TM Triple Mutant (V66A/H160D/I174A) of CSNK2A1-HA with c-term HA tag
U2OS Human osteosarcoma cell (Tet-Off) expressing tetracycline responsible element
WT Wild Type
XRCC1 DNA repair protein XRCC1
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A main pathological event in Alzheimer’s disease is the generation of neurofibrillary tangles originating from hyperphosphorylated and subsequently aggregated tau proteins. Previous reports demonstrated the critical involvement of members of the protein kinase family CK1 in the pathogenesis of Alzheimer’s disease by hyperphosphorylation of tau. However, precise mechanisms and effects of CK1-mediated tau phosphorylation are still not fully understood. In this study, we analyzed recombinant tau441 phosphorylated by CK1δ in vitro via mass spectrometry and identified ten potential phosphorylation sites, five of them are associated to Alzheimer’s disease. To confirm these results, in vitro kinase assays and two-dimensional phosphopeptide analyses were performed with tau441 phosphomutants confirming Alzheimer’s disease-associated residues Ser68/Thr71 and Ser289 as CK1δ-specific phosphorylation sites. Treatment of differentiated human neural progenitor cells with PF-670462 and Western blot analysis identified Ser214 as CK1δ-targeted phosphorylation site. The use of an in vitro tau aggregation assay demonstrated a possible role of CK1δ in tau aggregation. Results obtained in this study highlight the potential of CK1δ to be a promising target in the treatment of Alzheimer’s disease.
Keywords: Alzheimer’s disease, AD, casein kinase 1δ, CK1δ, tau phosphorylation, tau aggregation
INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by an irreversible process of changes involving specific neurons of the neocortex, hippocampus, and other regions of the brain, leading to a cognitive impairment followed by a mental and functional decline. Generally, AD is responsible for more than 80% of dementia cases in elderly people worldwide (Anand et al., 2014). One of the main neuropathological characteristics is the presence of intraneuronal aggregated neurofibrillary tangles (NFTs) assembled from paired helical filaments (PHF) composed of highly phosphorylated tau proteins (Buée et al., 2000; Kumar and Dogra, 2008).
Tau proteins belong to the family of microtubule-associated proteins (MAPs) (Weingarten et al., 1975) and occur mainly in the axonal compartment of neurons (Binder et al., 1985). In the central nervous system, six alternatively spliced tau isoforms in a range from 352 to 441 amino acids were identified (Goedert et al., 1989), that regulate microtubule assembly by modulating the functional organization of neurons, particularly in growth, polarity and axonal morphology (Buée et al., 2000). Extensive tau phosphorylation at various amino acid residues converts soluble tau proteins into PHF leading to the development of NFTs, which cause tau pathologies in AD and other tauopathies (Grundke-Iqbal et al., 1986; Kosik et al., 1986; Brion et al., 1991). A wide range of proline-directed kinases (e.g., glycogen synthase kinase 3 β (GSK3β) (Llorens-Martín et al., 2014), cyclin-dependent kinase 5 (CDK5) (Kimura et al., 2014)), nonproline-directed kinases (e.g., tau-tubulin kinases (TTBK) (Tomizawa et al., 2001)), microtubule affinity regulated kinases (e.g., MARK) (Matenia and Mandelkow, 2009) and tyrosine kinases (e.g., Fyn and Abl (Lee et al., 2004; Derkinderen et al., 2005)) have been found to phosphorylate tau and contribute to the pathophysiological hallmark of AD.
Potential kinases catalyzing the hyperphosphorylation of tau in AD also include members of the CK1 (formerly named casein kinase 1) family. Members of the CK1 family are highly conserved serine/threonine-specific, ubiquitously expressed protein kinases. So far, seven different CK1 isoforms (α, β, γ1-3, δ and ε) and their splice variants were identified in mammals. CK1 is able to recognize canonical as well as noncanonical consensus sequences within a substrate resulting in over 150 different in vitro and in vivo substrates (reviewed in Knippschild et al., 2014). The role of CK1 as a potential kinase phosphorylating tau has become of particular interest, because it has been reported that levels of CK1δ were elevated by a factor of 30 in the hippocampus in the brain of AD patients compared with equivalent controls (Ghoshal et al., 1999). Additionally, CK1α and CK1δ have been shown to be tightly associated with neurofibrillary lesions of AD, further implicating CK1 in PHF formation (Kuret et al., 1997; Schwab et al., 2000). CK1δ site-specific tau phosphorylation was detected at Ser202/Thr205 and Ser396/Ser404 in non-neuronal human embryonic kidney 293 (HEK293) cells using immunodetection (Li et al., 2004). In a more comprehensive study, various CK1δ-specific phosphorylation sites were detected analyzing recombinant tau, which was phosphorylated by CK1δ in vitro by using mass spectrometry (MS). MS analysis revealed 33 CK1δ-specific tau phosphorylation sites, while previously detected phosphorylation of Ser202/Thr205 and Ser396/Ser404 could not be confirmed (Hanger et al., 2007). In both studies, CK1δ-specific phosphorylation of tau was verified by treating HEK293 or rat cortical neurons with IC261, which was later observed to induce CK1δ- and ε-independent cytotoxic effects by its binding to tubulin leading to microtubule polymerization (Cheong and Virshup, 2011; Stöter et al., 2014; Xian et al., 2021). Because of qualitative methods used in these studies, connection between CK1-mediated tau phosphorylation identified by MS analysis or immunological methods and the role of CK1 in AD by determining the effect of CK1-mediated phosphorylation on tau aggregation has remained elusive.
Tau hyperphosphorylation and tau-phosphorylating kinases have become attractive targets in the treatment of AD. Therefore, the characterization of tau hyperphosphorylation by tau-targeting kinases, such as CK1, is necessary to understand the pathophysiological mechanisms and to provide better therapeutical approaches addressing tau pathology. Here, we characterized the contribution of CK1δ to AD-associated tau phosphorylation sites in vitro by using different techniques including MS, in vitro kinase assays and two-dimensional phosphopeptide analysis. The results were further supported by a cell-based assay and Western blot analysis using phospho-specific antibodies. Additionally, we demonstrated that CK1δ co-localized with tau in neuronal cells and that CK1δ-mediated phosphorylation led to an increased in vitro tau aggregation. With our data, we provide a comprehensive analysis of CK1δ-mediated site-specific tau phosphorylation and confirm a functional influence of CK1δ on tau aggregation.
MATERIALS AND METHODS
Plasmid Constructs for Protein Expression
The codon-optimized bacterial expression vector pET28a(+)tau441 encoding for N-terminal 6xHis-tagged human microtubule-associated protein tau (MAPT) isoform 4 (tau441) was synthesized by Biomatik (Kitchener, ON, Canada). Plasmids encoding for tau441 fragments (tau4411-155 and tau441243-441) and phosphorylation site mutants of full-length tau441 (tau441S68A+T69A+T71A, tau441S198A+S199A+S202A+T205A, tau441T212A+S214A+T217A+T220A, tau441S289A, tau441S409A+S412A+S413A+T414A+S416A and tau441S422A+T427A) were created by using inverse PCR and the PCR primer pairs as indicated in Supplementary Table S1 (see Figure 1). Subsequently, PCR products were ligated. To generate plasmid pET28a(+)tau441156-242, Gibson Assembly® was performed according to manufacturer’s instructions (New England Biolabs Inc., Ipswich, NY, United States). Sanger DNA sequencing (Eurofins Genomics, Munich, Germany) confirmed successful introduction of mutations.
[image: Figure 1]FIGURE 1 | Tau441 contains several potential target sites for CK1. (A) Adjacent amino acid sequences of potential phosphorylation sites for CK1 on tau441 predicted by ScanSite 4.0 at low stringency according to Krismer et al. (2021). (B) Consensus motifs for CK1. (C) Tau441 fragments were generated according to different tau domains. (D) Tau441 phosphomutants were generated according to the positions of the predicted CK1 phosphorylation sites or the detection via MS analysis. MT: microtubule, pS/pT: pre-phosphorylated serine or threonine, S: serine, T: threonine, X: no amino acid preference.
Expression and Purification of Recombinant 6xHis- and GST-Tagged Fusion Proteins
Plasmids encoding for 6xHis-tagged tau441 fragments or phosphorylation site mutants of full-length tau441 were transformed into E. coli SHuffle® T7 Express (New England Biolabs Inc., Ipswich, NY, United States). Protein production was conducted in 450 ml lysogeny broth (LB) medium supplemented with 15 μg/ml kanamycin and induced with 0.5 mM IPTG at an OD600 of 0.6 AU for 3 h at 30°C. Bacteria were harvested by centrifugation for 10 min at 3,200 g and 4°C. Bacteria were lysed in lysis buffer composed of 50 mM sodium phosphate buffer (pH 7.0), 350 mM NaCl, 15 mM imidazole, 0.5% NP-40, 10% glycerol, 1 mM benzamidine, 0.25 g/L aprotinin and 10 mg lysozyme. Cell lysates were cleared by centrifugation for 20 min at 15,500 g and 4°C. According to Barghorn et al. (Barghorn et al., 2005), cleared lysates were boiled for 10 min and centrifuged for 30 min at 25,000 rpm and 4°C. Supernatant was mixed with 600 µl TALON® Metal Affinity Resin (Takara Bio Inc., Kyoto, Japan) (50% (v/v) in PBS) and incubated at 4°C rotating overnight. Bound proteins were washed (50 mM sodium phosphate buffer (pH 7.0), 350 mM NaCl, 15 mM imidazole, 10% glycerol, 0.25 g/L aprotinin) and eluted stepwise (50 mM Na2PO4 pH 7.0, 350 mM NaCl, 350 mM imidazole, 10% glycerol, 0.25 g/L aprotinin) followed by dialysis using PD-10 desalting columns (Cytiva, Freiburg, Germany). Production of GST-tagged and 6xHis-tagged kinases was carried out as described previously (Knippschild et al., 1997; Roth et al., 2021b). All protein solutions were adjusted to 10% glycerol, quick frozen and stored at −80°C for subsequent use.
In Vitro Kinase Assay and Two-Dimensional Phosphopeptide Analysis
The reaction was performed in a total volume of 15 µl containing the kinase buffer (25 mM Tris pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 10 µM ATP), 2 µCi [γ-32P]-ATP (only for radiometric determination), 300 nM CK1δ and 1 µg (4 µg for phosphopeptide analysis) substrate. As substrates either tau441, tau441 fragments or tau441 phosphorylation site mutants were used. Reaction was carried out for 30 min at 30°C in triplicates. Proteins were separated by SDS-PAGE on 10% gels followed by Coomassie blue staining. Radioactively labeled substrate bands were visualized on dried gels by autoradiography. For quantification of phosphorylated products, radioactively labeled substrate bands were excised from dried gels and phosphate incorporation was determined by Cherenkov counting (LC6000IC, Beckman Coulter, USA). In vitro phosphorylated tau441 (wild type), fragments and phosphorylation site mutants were analyzed by two-dimensional phosphopeptide analysis using standard protocols described previously (van der Geer and Hunter, 1994). In vitro phosphorylated proteins were separated via SDS-PAGE and transferred onto a PVDF membrane (Cytiva, Freiburg, Germany). Protein bands of interest were incubated with 5% (w/v) polyvinylpyrrolidone (in 10 mM acetic acid) at 37°C for 30 min, washed with 50 mM ammonium bicarbonate buffer and digested with 10 µg TPCK-trypsin. Digested proteins were further oxidized with performic acid on ice for 2 h. Radioactively labeled phosphopeptides were separated on cellulose TLC plates (Merck Millipore, Darmstadt, Germany) by electrophoresis at pH 1.9 (containing 6% (v/v) formic acid, 1.25% (v/v) acetic acid and 0.25% (v/v) pyridine in dH2O) followed by ascending chromatographic separation in buffer (composed of 37.5% (v/v) n-butanol, 7.5% (v/v) acetic acid and 25% (v/v) pyridine in dH2O). Radioactively labeled phosphopeptides were visualized by autoradiography.
LC-MS/MS Analysis of Purified tau441
In vitro phosphorylated proteins were separated by SDS-PAGE and SDS gel pieces were in-gel digested with trypsin as described previously (Borchert et al., 2010). Extracted peptides were desalted using C18 StageTips (Rappsilber et al., 2007) and subjected to LC-MS/MS analysis. LC-MS/MS analyses were performed on an Easy-nLC 1200 UHPLC (Thermo Fisher Scientific Inc., Waltham, MA, United States) coupled to an QExactive HF Orbitrap mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, United States) as described elsewhere (Schmitt et al., 2019). Peptides were eluted with a segmented gradient at a flow rate of 200 nl/min for 60 min, selecting seven most intensive peaks for fragmentation with HCD. The MS data was processed with MaxQuant software suite v.1.6.7.0 (Cox and Mann, 2008). Search for variable modification phosphorylation (STY) was enabled. Database search was provided against human (96817 entries) UniProt database using the Andromeda search engine (Cox et al., 2011). Since the goal of the analysis was to identify tau phosphorylation sites targeted by CK1δ, no global normalization of phosphorylation sites to proteome was performed. The amount of the identified phosphorylation sites within the aa 1 to 155, 156 to 242 and 243 to 441 were normalized to the total amount of the detected phosphorylation sites.
Tau Aggregation and Thioflavin S Assay
Tau441 was phosphorylated in vitro as described above with 1,000 µM ATP and 300 nM GST-CK1δ. The reactions were incubated for 30 min at 30°C and afterwards centrifuged for 10 min at full speed and 4°C. Formation of cross-β structures of phosphorylated and non-phosphorylated tau441 (4 µM) in 100 mM Tris/HCl (pH 6.8) was induced with freshly prepared 150 µM arachidonic acid (10 mM in ethanol) as described previously (Barghorn et al., 2005; Chirita et al., 2005). Tau aggregation was detected by the addition of Thioflavin S (ThS). Changes in the emission fluorescence spectra with the excitation wavelength set at 430 nm and the emission wavelength set at 480 nm were monitored using a TriStar2 LB 942 multimode plate reader (Berthold Technologies, Bad Wildbad, Germany) at intervals of 1.5 min within 30 min. Data were displayed and fit to one-phase association exponential model using Prism 8 (GraphPad, San Diego, CA, United States).
Cell Culture, Stable Transfection, and Treatment
Immortalized human neural progenitor cells (hNPCs) (ReNcell® VM from Merck Millipore, Darmstadt, Germany) were expanded and maintained in proliferation medium (DMEM/F12 (Gibco/Life Technologies, Carlsbad, CA, United States) supplemented with 2% (v/v) B-27 neural supplement (Gibco/Life Technologies, Carlsbad, CA, United States), 2 μg/μl heparin (Stemcell Technologies Inc., Vancouver, BC, Canada), 20 ng/ml human basic fibroblast growth factor (bFGF) (Reprocell Inc., Glasgow, UK), 20 ng/ml human epidermal growth factor (EGF) (Sigma Aldrich, St. Louis, MO, United States), and 100 U/ml penicillin-streptomycin solution (Gibco/Life Technologies, Carlsbad, CA, United States)) as described previously (Roth et al., 2021a). For co-localization experiments, 0.3 × 106 naïve hNPCs were seeded onto Matrigel-coated glass slides in a 6-well with differentiation medium (proliferation medium without growth factors) and differentiated for 2 weeks.
To generate a cell culture system for modeling the AD pathology, hNPCs were stably transfected with lentiviral DNA constructs pCSCW-APPSL-IRES-GFP and pCSCW-PSEN1(ΔE9)-IRES-mCherry, which encode full-length human APP695 with K670N/M671L/V717I (Swedish and London mutation) and GFP or human presenilin 1 with a deletion in exon 9 (PSEN1 (ΔE9)) and mCherry. The lentiviral DNA constructs were kindly provided by Prof. Dr. Doo Kim (Massachusetts General Hospital, Harvard Medical School, Charlestown, MA, United States). Lentiviral transduction and the subsequent enrichment of high-expressing transduced hNPCs via fluorescence-activated cell sorting (FACS) was performed according to Choi et al. (2014) and Kim et al. (2015). For the analysis of CK1δ-specific tau phosphorylation, 0.9 × 106 transduced hNPCs were seeded into a Matrigel-coated 6-well and differentiated for 2 weeks. After 2 weeks, cells were treated with 1 µM PF-670462 (Sigma Aldrich, St. Louis, MO, United States) or DMSO as vehicle control for 24 h and subsequently lysed.
Cell Lysis and Western Blot Analysis
Transduced hNPCs were washed with 20 mM Tris-HCl (pH 7.6) buffer containing 140 mM NaCl. Cell lysates used for Western blot analyses were prepared in RIPA lysis buffer composed of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 1 mM EDTA, 2 mM PMSF, 2 mM PNT, 1 mM Na3VO4, 1 mM NaF containing fresh phosphatase inhibitor cocktail (phosSTOPTM, Roche, Basel, Switzerland) and cOmpleteTM protease inhibitor cocktail (Roche, Basel, Switzerland). Cell lysates were cleared by centrifugation at 10,000 x g for 10 min at 4°C. 10 µg of cleared lysates were separated on 10% (v/v) gels in SDS-PAGE and transferred to a 0.2 µm PVDF membrane (Hybond-P, Amersham, Buckinghamshire, United Kingdom). Membranes were blocked in 5% (w/v) BSA in TBST for 1 h and incubated with anti-tau antibody (HT7, Thermo Fisher Scientific Inc., Waltham, MA, United States; 1:1000), anti-pSer202/pThr205-tau antibody (AT8, Thermo Fisher Scientific Inc., Waltham, MA, United States; 1:1000), anti-pSer214-tau antibody (D1Q2X, Cell Signaling Technology, Danvers, MA, United States; 1:1000), anti-pSer416-tau antibody (D7U2P, Cell Signaling Technology, Danvers, MA, United States, 1:1000) and anti-β-actin antibody (AC-15, Sigma Aldrich, St. Louis, MO, United States, 1:5000) overnight. Immunocomplexes were detected using a secondary antibody (horseradish-peroxidase (HRP)-conjugated anti-mouse or anti-rabbit antibody, 1:10,000). Immunoreactivity was detected by enhanced chemiluminescence using the Fusion FX imaging system (Vilber, Collégien, France). Signal intensities were quantitatively determined by using ImageJ (Schneider et al., 2012).
Immunofluorescence Staining and Co-Localization Analysis
After differentiation and inhibitor treatment, cells were washed briefly with 1x PBS and fixed with 4% (v/v) paraformaldehyde in 1x PEM buffer (80 mM PIPES (pH 6.8), 1 mM EGTA, 5 mM MgCl2) at 4°C for 20 min followed by permeabilization with 0.3% (v/v) Triton-X 100 in 1x PEM buffer at RT for 5 min. Cells were washed briefly with 1x PEM and blocked with 5% (w/v) BSA in 1x PEM at RT for 30 min. Thereafter, cells were incubated with anti-tau antibody (HT7, Thermo Fisher Scientific Inc., Waltham, MA, United States; 1:500) at 4°C overnight. Cells were washed three times with 1x PEM and subsequently incubated with Alexa Fluor 488 anti-mouse antibody (InvitrogenTM, Carlsbad, CA, United States; 1:250) at RT for 1 h. Then, cells were washed three times with 1x PEM. Cultures were blocked again in 5% (w/v) BSA in 1x PEM at RT for 30 min, washed three times with 1x PEM and stained with anti-CK1δ antibody (ab10877, abcam, Cambridge, UK; 1:500) or anti-MAP2 antibody (Poly18406, BioLegend, San Diego, CA, United States; 1:500). After washing the 2D grown cells, they were incubated with Alexa Fluor 647 anti-goat antibody (InvitrogenTM, Carlsbad, CA, United States; 1:250) or Alexa Fluor 633 anti-rabbit antibody (InvitrogenTM, Carlsbad, CA, United States; 1:250) at RT for 1 h. Then, cells were washed three times with 1x PEM and stained with 0.1 μg/ml DAPI (Sigma Aldrich, St. Louis, MO, United States) at RT for 5 min. Washed cells were finally mounted with ProLongTM Glass Antifade Mountant (InvitrogenTM, Carlsbad, CA, United States). Images were captured using the Leica SP8 confocal microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) at ×63 magnification.
Co-localization analysis was carried out using R (version 4.2.0, R Foundation for Statistical Computing, Vienna, Austria) and RStudio (version 2022.02.2, RStudio PBC, Boston, MA, United States). The required packages include imager (Barthelmé and Tschumperlé, 2019) and colocr (Ahmed et al., 2019). In brief, at least three regions of interest (ROI) were selected in the gray-scale image. The threshold value was set to 95. For evaluation of the co-localization the Pearson’s correlation coefficient (PCC) and the Mander’s overlap coefficient (MOC) were determined according to Ahmed et al. (2019). PCC describes the co-variance of the pixel intensities from both channels (Cy5, FITC). MOC describes the fraction of pixels from each channel (Cy5, FITC) with values above the background.
Statistical Analysis
Results are presented as the mean of experiments at least performed in triplicates. Evaluation and statistical analysis of the results were performed using Prism 8 (GraphPad, San Diego, CA, United States). Statistical significance was tested by using the nonparametric Mann-Whitney U test. p values ≤0.05 (shown as * for p ≤ 0.05 and ns for not significant) were considered to be statistically significant.
RESULTS
Tau441 Is Phosphorylated by CK1δ in vitro
Hyperphosphorylation of tau by various kinases plays an important role in the pathogenesis of AD. Previously, several studies demonstrated a potential role of CK1 in the hyperphosphorylation of tau that could be linked to the development of AD. The present study intends to demonstrate a specific involvement of CK1 in tau hyperphosphorylation and aggregation.
According to the canonical consensus sequence for CK1 substrates, the longest tau isoform (tau441) contains several putative target sites for CK1-mediated phosphorylation (Figure 1A). Initially, mass spectrometric examination of CK1δ-phosphorylated tau441 was used to detect whether CK1δ is able to phosphorylate tau441. Therefore, full-length human N-terminal 6xHis-tagged tau441 encoded on pET28a(+) (purchased from Biomatik (Kitchener, ON, Canada)) was recombinantly expressed in E. coli, purified via immobilized metal affinity chromatography and subsequently phosphorylated by human recombinant CK1δ in vitro. LC-MS/MS data generated from in vitro phosphorylated and trypsin-digested tau441 revealed 91.8% and 94.1% sequence coverage of non-phosphorylated tau441 and CK1δ-phosphorylated tau441, respectively, based on the amino acid sequence of the longest human tau isoform tau441 (UniProt: P10636-8). Additionally, MS analysis did not detect any phosphorylation of non-phosphorylated tau441. In total, we detected phosphopeptides corresponding to ten different phosphorylation sites (Figure 2A; Table 1). In the majority of cases, precise phosphorylation sites could be identified. A clear identification was not possible for the residues Thr414 and Ser416, which belong to a phosphopeptide sequence containing four closely spaced potential CK1-specific phosphorylation sites (Ser412, Ser413, Thr414 and Ser416).
[image: Figure 2]FIGURE 2 | LC-MS/MS analysis identified ten tau441 phosphorylation sites targeted by CK1δ. Tau441 was recombinantly produced and used for in vitro phosphorylation by CK1δ. Phosphorylated tau441 was digested with trypsin and analyzed by LC-MS/MS. (A) Results of the LC-MS/MS analysis identified ten tau441 phosphorylation sites targeted by CK1δ mainly located in the MT-binding domain and the C-terminus of tau441. (B) Sequences of tau including the detected phosphorylation sites. Detected phosphorylation sites are covered in grey. Phospho-primed, acidic or non-canonical consensus motifs of CK1 are marked in red, orange and blue, respectively.
TABLE 1 | LC-MS/MS analysis of tau441 in vitro phosphorylated by CK1δ. Tau441 was recombinantly expressed in E. coli and purified. Subsequently, tau441 was phosphorylated by CK1δ in vitro, digested with trypsin and analyzed by LC-MS/MS. Positions of the identified phosphorylation sites within tau441 (indicated with p) as well as phosphorylation probability data are shown.
[image: Table 1]Most of the phosphorylation sites, which could be detected in our study, were recently identified by Hanger et al. (2007). Additionally, we found two phosphorylation sites, Ser324 and Thr427, that have not been identified so far. However, we did not detect CK1δ-mediated phosphorylation of Thr17, Ser46/Thr50, Thr95, Thr101/Thr102, Ser113, Ser131, Thr149, Thr169, Ser184, Ser208, Ser210/Thr212, Ser237/Ser238, Ser241, Ser258, Ser262, Thr263, Ser285, Ser341, Ser352/Ser356/Thr361, Thr373, Ser412/Ser413, Ser433, and Ser435, which were recently identified by using LC-MS/MS (Hanger et al., 2007). Of the ten phosphorylation sites, which we detected by LC-MS/MS analysis, five were located within the MT-binding domain, which plays a special role in the interaction of tau with the microtubule (Lee et al., 1989) (Figure 2A). CK1-specific consensus sequences were identified for Ser198, Ser214, Ser289, Ser324, Thr361 and Ser416 (Figure 2B). No typical CK1-specific consensus sequence was observed for Ser305, Thr386, Thr414 and Thr427. Interestingly, five out of ten CK1δ-specific phosphorylation sites (including Ser198, Ser214, Ser289, Thr414/Ser416 and Thr427) have been associated to AD in previous studies (see Table 1).
In order to support the results obtained by MS analysis, fragments of tau441 were generated. Therefore, the sequence of tau441 was divided into three shorter fragments (tau4411-155, tau441156-242 and tau441243-441). Each of them contains a specific domain of tau441 (Figure 3). Phosphorylation by CK1δ has been observed for all fragments, indicating that phosphorylation sites for CK1δ are located within all domains of tau441 protein (Figure 3). Most intense phosphorylation could be observed for fragment tau441156-242, which contains the second most predicted CK1-specific phosphorylation sites on tau441 (Figure 4). MS analysis revealed that most of the phosphorylation sites are located on tau441243-441, which cannot be supported by the findings obtained from the in vitro kinase assay measuring the transfer of radioactively labeled phosphate.
[image: Figure 3]FIGURE 3 | Tau441 and tau441 fragments are phosphorylated by CK1δ in vitro. Tau441 as well as tau4411-155, tau441156-242 and tau441243-441 fragments were phosphorylated by CK1δ in vitro. (A) After separation of phosphorylated proteins by SDS-PAGE followed by Coomassie staining, determination of phosphate incorporation into the different tau proteins was performed by Cerenkov counting. Data is shown as mean values of the experiments performed in triplicates and error bars represent the standard deviation. Data was normalized to full-length tau441. Statistical significance was tested using the nonparametric Mann-Whitney U test. * indicates p ≤ 0.05. MT: microtubule. Full-length tau441 as well as (B) tau4411-155, (C) tau441156-242 and (D) tau441243-441 were phosphorylated by CK1δ in vitro, processed and analyzed by two-dimensional phosphopeptide analysis. Arabic numerals indicate major phosphorylated peptides, which can be assigned to full-length tau441. Phosphopeptides, that are exclusively phosphorylated in the respective tau441 fragment are indicated with letters. Roman numerals indicated phosphopeptides that correspond to autophosphorylated CK1δ. ■: loading point of samples, +: anode, −: cathode.
[image: Figure 4]FIGURE 4 | Overview of the results obtained from in silico prediction, LC-MS/MS analysis, in vitro kinase assays and phosphopeptide analysis. Amount of the identified phosphorylation sites (in silico prediction of CK1-specific phosphorylation sites by ScanSite 4.0 at low stringency according to Krismer et al. (2021) and LC-MS/MS analysis) or phosphopeptides (visualized by phosphopeptide analysis) were normalized to the total amount of phosphorylation sites or phosphopeptides detected by the respective method. Data of the in vitro kinase assays is shown as mean values of the experiments performed in triplicates and was normalized to full-length tau441.
After MS analysis and in vitro kinase assays, two-dimensional phosphopeptide analyses were performed to confirm the results obtained from the previous experiments. Due to technical limitations, it was not possible to fully separate the protein band of tau441 from that of CK1δ by SDS-PAGE. However, by performing phosphopeptide analysis also with CK1δ alone, phosphopeptides corresponding to the autophosphorylated kinase could be clearly identified (see Supplementary Figure S1, roman numerals). Two major phosphopeptides and one additional phosphopeptide, which cannot be allocated to full-length tau441, were visible in the autoradiograph of tau4411-155 (peptides 1, 2 and A in Figure 3B). The autoradiograph of tau441156-242 showed only one major full-length tau441-associated phosphopeptide and two additional phosphopeptides, which are exclusively phosphorylated in the fragment (peptides 4, B and C in Figure 3C). The phosphorylation pattern of tau441243-441 showed most major peptide signals that could be assigned to full-length tau441 (peptides 5 to 9 in Figure 3D).
In sum, data obtained from MS analysis and classical biochemical approaches provide evidence that CK1δ is able to phosphorylate tau441 at several different phosphorylation sites. Interestingly, the distribution of in silico predicted CK1-specific phosphorylation sites on tau441 could be verified by in vitro kinase assays especially for tau441156-242 and tau441243-441 (Figure 4). In contrast to that, data obtained from MS analysis clearly supported the results of the phosphopeptide analysis. In conclusion, most CK1δ-specific phosphorylation sites on tau441 are located within its MT-binding and the C-terminal domain, both located on fragment tau441243-441. To prove this right, we performed in vitro kinase assays and phosphopeptide analysis with tau441 phosphomutants in combination with cell-based assays, which together provide enough information about specific phosphorylation sites within the domains.
CK1δ Targets AD-Associated Phosphorylation Sites on Tau
To validate potential AD-associated phosphorylation sites predicted by the consensus motif via Scansite 4.0 or identified by MS analysis, six tau441 phosphomutants encompassing amino acids 68–71, 198–205, 212–220, 289, 409–416, and 422–427 were designed and generated by using primers given in Supplementary Table S1. Equal amounts of wild type tau441 and tau441 phosphomutants were then subjected to in vitro phosphorylation by CK1δ and phosphate incorporation was quantified. Mutation of Ser68/Thr69/Thr71, Thr212/Ser214/Thr217/Thr220, Ser289 as well as Ser409/Ser412/Ser413/Thr414/Ser416 showed major reduction of CK1δ-mediated phosphorylation by 18%, 16%, 39%, and 22% compared to wild type tau441 (see Figure 5A). Only minor reduction in phosphorylation was observed for Ser198/Ser199/Ser202/Thr205 and Ser422/Thr427 with 65 % and 58% compared to wild type tau441.
[image: Figure 5]FIGURE 5 | CK1δ targets AD-associated phosphorylation sites on tau441. (A) Tau441 and tau441 phosphomutants were phosphorylated by CK1δ in vitro using radioactively labeled 32P phosphate. Phosphate incorporation was quantified and normalized to wild type (wt) tau441. Information about the localization of the mutated phosphorylation sites on tau441 are shown on the left side of the figure. A: alanine, S: serine, T: threonine, wt: wild type. Phosphopeptide analysis of CK1δ-phosphorylated tau441 phosphomutants (B) tau441S68A+T69A+T71A and (C) tau441S289A. Arrow position indicate the loss of a major phosphopeptide or changes in the phosphorylation pattern. Phosphopeptide analysis of mixed samples confirm the identity of the marked phosphopeptides. ■: loading point of samples, +: anode, −: cathode. (D) Transduced and differentiated hNPCs were treated with 1 µM PF-670462 or DMSO as vehicle control (CTRL). Tau phosphorylation was determined by Western blots and antibodies targeting pSer202/pThr205-tau, pSer214-tau, pSer416-tau and total tau. β-actin was used as loading control. (E–H) Western blot signal intensities were quantified and normalized to β-actin and CTRL (vehicle control). Experiments were performed in triplicates and are shown as mean values. Error bars represent the standard deviation. Statistical significance was tested using the nonparametric Mann-Whitney U test with *p ≤ 0.05.
In addition, the significance of these results was further confirmed by phosphopeptide analysis using tau441 (wild type) and corresponding phosphomutants tau441S68A+T69A+T71A, tau441S198A+S199A+S202A+T205A, tau441T212A+S214A+T217A+T220A, tau441S289A, tau441S409A+S412A+S413A+T414A+S416A and tau441S422A+T427A. As expected from in silico prediction (Figure 1A), one phosphopeptide (peptide 2) is missing in the phosphopeptide analysis of tau441S68A+T69A+T71A compared to wild type tau441 (Figure 5B). Additionally, phosphopeptide analysis of tau441S289A showed changes in the phosphorylation pattern concerning phosphopeptides 7 and 9, thereby confirming that Ser289 can by phosphorylated by CK1δ in vitro (Figure 5C). No new information has arisen from the phosphopeptide patterns of tau441S198A+S199A+S202A+T205A, tau441T212A+S214A+T217A+T220A, tau441S409A+S412A+S413A+T414A+S416A and tau441S422A+T427A (Supplementary Figure S2).
To determine whether CK1δ modulates tau phosphorylation in neurons, transduced hNPCs were differentiated for 2 weeks and treated with 1 µM PF-670462 or DMSO as vehicle control for 24 h. After cell lysis, site-specific tau phosphorylation was determined by Western blot and phospho-specific tau antibodies targeting pSer202/pThr205, pSer214 or pSer416. We observed that treatment with PF-670462 did not affect the expression of tau (Figure 5D). Additionally, tau phosphorylation in cells treated with PF-670462 was significantly decreased at Ser214 verifying the results obtained by MS analysis and in vitro kinase assay. However, CK1δ-specific inhibition by PF-670462 did not affect tau phosphorylation at Ser202/Thr205 and Ser416 (Figure 5E).
CK1δ Co-Localizes With tau441 in Neuronal Cells
We further explored whether tau and CK1δ are co-locating in human neuronal cells that were generated from hNPCs. By double immunofluorescence staining and confocal microscopy, the expression of tau and CK1δ was visualized in neuronal cells (Figure 6A). Control staining with secondary antibodies only is depicted in Supplementary Figure S3. Neuronal differentiation level was verified by immunofluorescence staining of the neuron-specific marker MAP2 shown in Figure 6B. Analysis of PCC and MOC was performed to determine the subcellular co-localization of CK1δ with tau Figures 6C–G.
[image: Figure 6]FIGURE 6 | Co-localization of tau and CK1δ in neuronal cells. Immunofluorescence was performed with differentiated human neuronal cells. (A) Cells were fixed and stained with DAPI (blue, nuclei), anti-CK1δ goat antibody/Alexa Fluor 647 anti-goat antibody (Cy5/red, CK1δ) and anti-tau mouse antibody/DyLight 488 anti-mouse antibody (FITC/green, tau). (B) Differentiation level was examined by staining of neuron-specific marker MAP2. Images were taken at ×63 magnification using the Leica SP8 confocal microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). Scale bar: 0.25 µm. (C,D) Merged images were processed and analyzed using R according to Ahmed et al. (2019). (C) Low-resolution image (pixel set) of the merged image with selected ROIs. (D) Selected ROIs are highlighted (red line) within both channels (Cy5, FITC). (E) Raw pixel intensities of both channels (Cy5, FITC) from three selected regions (shown in black, green, and red). (F) Density of the pixel values of both channels (Cy5 (red) and FITC (green)) from summarized ROIs. (G) Analysis of PCC and MOC according to (Ahmed et al., 2019) (n = 5). Values are given as mean and error bars represent the standard deviation. MOC: Mander’s overlap coefficient, PCC: Pearson’s correlation coefficient, ROI: region of interest.
As shown in Figure 6A, immunofluorescence staining of tau as well as CK1δ revealed a variety of subcellular localizations. A clear staining pattern for both proteins was especially observed around the nuclei and in the cell body. Co-localization was determined by performing PCC and MOC analysis using R (Figures 6C–G). Co-localization analyses gave a PCC of 75% (0.75) and a MOC of 87% (0.87) for the overlay of CK1δ (Cy5) with tau (FITC) (Figure 6G) indicating a strong co-localization of CK1δ and tau in differentiated neuronal cells.
CK1δ-Mediated Phosphorylation has an Impact on Tau Aggregation
Hyperphosphorylation of tau by various kinases leads to the aggregation of tau into PHFs causing NFT formation and neuronal cell death in AD. We therefore considered the possibility that CK1δ enhances tau aggregation by phosphorylating tau at AD-associated phosphorylation sites.
Tau aggregation assay was performed with CK1δ-phosphorylated and non-phosphorylated tau441. Standard reaction mix without protein served as a negative control. The tau aggregation kinetics was strongly affected by the phosphorylation of CK1δ (Figure 7A). Phosphorylation by CK1δ highly increased the formation of tau441 aggregations (correlating with an increased plateau value) as well as the aggregation velocity (correlating with a decreased half-time of the aggregation kinetics) (Figure 7B).
[image: Figure 7]FIGURE 7 | CK1δ-mediated phosphorylation is linked to tau aggregation. (A) Tau aggregation assay was performed with CK1δ-phosphorylated tau441 (ptau441) and non-phosphorylated tau441 (tau441). Control reaction (CTRL) was performed with standard reaction mix without protein. Tau aggregation was measured by the ThS assay at 480 nm. Shown are the mean values of the triplicates and the error bars of the standard deviation. Data were fit to one-phase association exponential model within the first 15 min. (B) Amount of formed aggregates and velocity of aggregation was calculated as plateau value [RFU] and half-time [min]. CTRL: control reaction, ptau441: CK1δ-phosphorylated tau441, RFU: relative fluorescence units, tau441: non-phosphorylated tau441.
DISCUSSION
Hyperphosphorylation of tau leads to the formation of PHF and can only be achieved by the activities of various kinases. A wide range of kinases have been found to phosphorylate tau and contribute to this pathophysiological hallmark of AD (Grundke-Iqbal et al., 1986; Kosik et al., 1986; Brion et al., 1991). Here, our data strongly support previous findings that CK1δ is one of the kinases specifically phosphorylating tau441 at several AD-associated residues. Furthermore, we show that CK1δ and tau are co-localized in neuronal cells and that CK1δ-mediated phosphorylation affects tau aggregation.
Initially, site-specific phosphorylation of tau441 was predicted for CK1 canonical consensus motifs using ScanSite 4.0 revealing ten potential phosphorylation sites. Complementary information was obtained via MS analysis resulting in ten potential CK1δ-specific phosphorylation sites. Classical biochemical methods (such as in vitro kinase assays and two-dimensional phosphopeptide analysis) revealed that CK1δ prefers to phosphorylate tau441 within the MT-binding and C-terminal domain (aa 244-441) as well as the proline-rich domain (aa 197-244), which is in line with the findings of several other studies, demonstrating that most of the known AD-associated phosphorylation sites are located within the central region (172-251) and the C-terminal region (aa 368-441) (Liu et al., 2007; Rudrabhatla et al., 2011; Noble et al., 2013).
Combined results of in silico approaches and MS analysis showed that CK1δ specifically phosphorylates the AD-associated phosphorylation sites Ser68, Thr71, Ser198, Ser214, Ser289, Thr414/Ser416 and Thr427 (Figure 8; Table 2). Biochemical methods and Western blot analysis with phospho-specific antibodies of cell lysates obtained from treatment with CK1δ-specific inhibitor were used to verify these findings. Our results demonstrate that not all predicted sites, which are included in the CK1 consensus motif suggested by Krismer et al. (2021) are phosphorylated by CK1δ in vitro. Additionally, several CK1δ-targeted phosphorylation sites detected by MS analysis could not be confirmed in other in vitro experiments (Ser198, S202, Thr427) and vice versa. In vitro experiments based on in vitro kinase assays confirmed that the AD-associated phosphorylation sites Ser68 and/or Thr71 and Ser289 on tau441 are targeted by CK1δ. Although Ser68 and/or Thr71 were not detected by MS analysis, in vitro kinase assays and phosphopeptide analysis clearly identified these phosphorylation sites as CK1δ-specific highlighting the potential of these methods. The failure to detect these phosphorylation sites by MS analysis could have been due to difficulties in separation, the loss of phosphorylation at these residues during sample preparation or reduced peptide lengths (Liu et al., 2005; Vandermarliere et al., 2013; Solari et al., 2015). Differences between in vitro kinase assay and phosphopeptide analysis could be explained by technical limitations within sample preparation prior to phosphopeptide mapping. For sample preparation, we performed on-membrane digestion with trypsin, that has distinct advantages over in-gel digestion. However, we experienced a loss of some (phopho)peptides, that is probably caused by peptide precipitation and unpolymerized acrylamide cross-linked to proteins interfering tryptic digestion, that leads to inefficient tryptic peptide digestion and insufficient membrane detachment (Luque-Garcia and Neubert, 2009). Phosphorylation of Thr414/Ser416 was detected in silico and experimentally via MS analysis and in vitro kinase assays, but Ser416 could not be verified by Western blot analysis indicating no physiological relevance for the phosphorylation of Ser416 by CK1δ. However, significant physiological relevant phosphorylation by CK1δ was demonstrated for Ser214. Previous studies emphasize that the combination of results obtained from different methods is essential to reliably provide evidence for the phosphorylation of certain amino acid residues (Bischof et al., 2013; Dephoure et al., 2013; Ianes et al., 2016; Meng et al., 2016; Meng et al., 2019). Considering all methods, which were performed, it is very likely that Ser68/Thr71, Ser214 and Ser289 are targeted by CK1δ.
[image: Figure 8]FIGURE 8 | Potential CK1δ-specific phosphorylation sites on tau protein. Tau441 phosphorylation sites were predicted in silico or detected experimentally via MS analysis, in vitro kinase assay or phosphopeptide analysis. Shown are CK1-specific phosphorylation sites, which were predicted/identified with at least two methods. Red: Tau epitopes phosphorylated in AD brain. Blue: Tau epitopes phosphorylated in AD and control brains.
TABLE 2 | AD-associated phosphorylation sites of CK1 within tau. Results were obtained from different methods including different sources of tau as indicated. Positive identified phosphorylation sites are shown as “✓” and positive results within a tau441-phosphomutant including multiple amino acid are shown as “✓*.”
[image: Table 2]Ser68 and/or Thr71 are newly identified CK1δ-specific phosphorylation sites, which are tightly connected to the pathogenesis of AD. Previously, comprehensive MS analysis identified phosphorylated Ser68 and Thr71 in brain tissue isolated from patients with AD (Hanger et al., 2007). So far, only a few kinases have been identified to phosphorylate Thr69 or Thr71 including GSK3 (Hanger et al., 2009) or AMP-activated protein kinase (AMPK) (Thornton et al., 2011), respectively. Interestingly, in vitro phosphorylation of Thr71 was observed after combining GSK3β with CK1δ indicating a potential priming role of CK1δ for GSK3β (Hanger et al., 2007). Hyperphosphorylated tau in PHFs was reported to contain several double-site phosphorylation residues, such as Thr212/Ser214. Comparable to Ser68 and Thr71, phosphorylation of Thr212/Ser214 is absent in biopsy-derived normal tau (Matsuo et al., 1994). Phosphorylation of Ser214 is of particular interest, because its phosphorylation alone potentially leads to the disruption of microtubule binding and reduces the affinity of tau for microtubules (Illenberger et al., 1998). Phosphorylation of Ser214 was detected to be mediated by PKA (Zheng-Fischhöfer et al., 1998; Hanger et al., 2007), Akt (Ksiezak-Reding et al., 2003), CDK5, GSK3 and CK1δ (Hanger et al., 2007; Hanger et al., 2009). Among the identified CK1δ-specific phosphorylation sites, Ser289 is located within the microtubule-binding domain of tau important for its microtubule-binding property. Phosphorylation events within this domain were associated with conformational changes of tau and its disruption from microtubules (Biernat et al., 1993; Liu et al., 2007). Other kinases, which are involved in the phosphorylation of Ser289 are checkpoint kinase (Chk)1, Chk2 (Mendoza et al., 2013) and GSK3 (Hanger et al., 2009).
In addition, we provide evidence that tau co-localizes with endogenous CK1δ in differentiated neuronal cells, which was demonstrated in double immunofluorescence staining of both proteins. Co-localization is required for the interaction of both proteins and subsequent phosphorylation. These findings support the hypothesis that CK1δ has a possible role in the modulation of tau, which is further supported by the findings that CK1 is an active physiological kinase in neuronal cells and that the expression of CK1δ is strongly increased in AD brains probably leading to severe and pathological disruption of tau-MT binding (Ghoshal et al., 1999; Yasojima et al., 2000; Hanger et al., 2007).
CK1δ phosphorylates tau at specific AD-associated residues in vitro and in cells, it co-localizes with tau in neuronal cells and its expression is up-regulated in the brain of patients suffering from AD (Ghoshal et al., 1999). To directly demonstrate the functional effect of CK1δ-mediated phosphorylation on tau aggregation, we performed in vitro tau aggregation assays with pre-phosphorylated tau441 and non-phosphorylated tau441. Tau aggregation assay is not only used to study mechanisms of tau misfolding and aggregation, but it is also a robust tool for the screening of drugs, that interfere and inhibit tau aggregation. The relevance of this assay was previously demonstrated by Pickhardt et al. (2005). In this study, anthraquinone-based small molecule inhibitors were identified in an initial drug screening for their ability to prevent tau aggregation by using the tau aggregation assay. Promising compounds were further successfully identified for their ability to prevent tau aggregation in a cell-based assay using a genetically modified neuroblastoma (N2a) cell line. By using the tau aggregation assay in our experimental set-up, a remarkable increase in the aggregation kinetics of pre-phosphorylated tau441 could be observed. In aggregated PHF-tau, several amino acid residues were shown to be phosphorylated including Ser68, Ser69, Thr71, Ser184, Ser185, Ser202, Thr205, Ser208, Ser210, Thr212, Ser214, Thr231, Ser235, Ser258, Ser262, Ser289, Thr403, Ser412, Thr414/Ser416, Ser422, Thr427, Ser433 and Ser435 (Wolozin et al., 1986; Morishima-Kawashima et al., 1995a; Zheng-Fischhöfer et al., 1998; Hanger et al., 2007; Despres et al., 2017). Within this study, several phosphorylation sites, which are associated to tau aggregation, were predicted to be phosphorylated by CK1 in silico (Ser68, Thr71, Ser198, Ser202, Thr403, Ser416) or experimentally identified (Ser68, Thr71, Ser214, Ser289). Results obtained from our aggregation experiments demonstrated a potential role of CK1δ in tau aggregation, which has already been shown for several other kinases including TTBK1 and Fyn (Xu et al., 2010; Briner et al., 2020). In a bi-transgenic mouse model (overexpressing TTBK1 and P301L tau mutant) enhanced tau phosphorylation at Ser202/Thr205, Ser262/Ser356, Ser396/Ser404, Ser422 was observed leading to increased accumulation of tau aggregates (Xu et al., 2010). TTBK1 is known to be a neuron-specific kinase that regulates tau phosphorylation. Interestingly, TTBK1 shares high homology and characteristics with CK1δ explaining why both kinases are assigned to the CK1 family within the phylogenetic kinase tree (Liachko et al., 2014).
In summary, we clearly identified AD-associated tau phosphorylation sites, which can be targeted by CK1δ. Furthermore, we demonstrated that CK1δ co-localizes with tau in differentiated neuronal cells. For the first time, we provide experimental proof that CK1δ-mediated phosphorylation plays an important role at least in the in vitro aggregation of tau. Therefore, our findings clearly support the assumption that CK1δ has an essential role in tau hyperphosphorylation and the pathogenesis of AD.
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CK2 is a hetero-tetrameric serine/threonine protein kinase made up of two CK2α/αʹ catalytic subunits and two CK2β regulatory subunits. The free CK2α subunit and the tetrameric holoenzyme have distinct substrate specificity profiles, suggesting that the spatiotemporal organization of the individual CK2 subunits observed in living cells is crucial in the control of the many cellular processes that are governed by this pleiotropic kinase. Indeed, previous studies reported that the unbalanced expression of CK2 subunits is sufficient to drive epithelial to mesenchymal transition (EMT), a process involved in cancer invasion and metastasis. Moreover, sub-stoichiometric expression of CK2β compared to CK2α in a subset of breast cancer tumors was correlated with the induction of EMT markers and increased epithelial cell plasticity in breast carcinoma progression. Phenotypic changes of epithelial cells are often associated with the activation of phosphotyrosine signaling. Herein, using phosphotyrosine enrichment coupled with affinity capture and proteomic analysis, we show that decreased expression of CK2β in MCF10A mammary epithelial cells triggers the phosphorylation of a number of proteins on tyrosine residues and promotes the striking activation of the FAK1-Src-PAX1 signaling pathway. Moreover, morphometric analyses also reveal that CK2β loss increases the number and the spatial distribution of focal adhesion signaling complexes that coordinate the adhesive and migratory processes. Together, our findings allow positioning CK2β as a gatekeeper for cell spreading by restraining focal adhesion formation and invasion of mammary epithelial cells.
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INTRODUCTION
The serine/threonine protein kinase CK2 has been implicated in the phosphorylation of hundreds of cellular proteins, and more than 10% of the phosphoproteome matches the consensus sequence for CK2 phosphorylation (Meggio and Pinna, 2003; Salvi et al., 2009). CK2 exists as a tetrameric complex made up of two CK2α or CK2αʹ catalytic subunits and two CK2β regulatory subunits (Litchfield, 2003). Extensive studies have established that CK2 regulates the crosstalk among multiple signaling pathways critical for cell differentiation, proliferation, and survival (Ahmed et al., 2002; Litchfield, 2003; Hong and Benveniste, 2021; Roffey and Litchfield, 2021), thereby justifying its potential as a therapeutic target in diverse human diseases (Borgo et al., 2021; Strum et al., 2021). A variety of experimental evidence supports the view that deregulated CK2 is functionally linked to cancer (Chua et al., 2017; Nunez de Villavicencio-Diaz et al., 2017). For instance, CK2α, whose expression is abnormally high in a wide range of tumors, operates as a cancer driver by creating the cellular environment favorable to neoplasia (Guerra and Issinger, 2008; Kreutzer et al., 2010; Schmitt et al., 2021) and the CK2α gene (CSNK2A1) is one of 186 genes making up an “invasiveness signature” (Rozanov et al., 2008). CK2α overexpression in human breast cancers is predictive of metastatic risk and poor outcome (Giusiano et al., 2011). In contrast to other multi-subunit protein kinases, the free CK2α catalytic subunits possess a constitutive activity, while the homodimer of CK2β regulatory subunits operates as a regulatory component, modifying the accessibility of binding substrates to the catalytic site of the holoenzyme (Filhol et al., 2003; Filhol and Cochet, 2009; Deshiere et al., 2011). The spatiotemporal organization of the CK2 individual subunits in living cells coupled with the observation that the free CK2α subunit and the tetrameric holoenzyme have distinct, though overlapping, substrate specificity profiles has led to postulate that such a balance is crucial in the control of the many cellular processes that are governed by this pleiotropic kinase (Filhol et al., 2003; Filhol et al., 2004). Interestingly, a sub-stoichiometric expression of CK2β compared to CK2α in a subset of breast cancer tumors is correlated with the induction of hypoxia and epithelial to mesenchymal transition (EMT) markers, providing evidence that unbalanced expression of CK2 subunits may influence key cellular processes associated with epithelial cell plasticity in breast carcinoma progression (Deshiere et al., 2013; Golden and Cantley, 2014). We further demonstrate that CK2β depletion in non-transformed mammary epithelial cells induced dissociation of cell–cell contacts, led to the acquisition of a mesenchymal cell shape (properties described for EMT-induced cells), and drove breast cell stemness (Deshiere et al., 2008; Deshiere et al., 2011; Deshiere et al., 2013; Golden and Cantley, 2014; Filhol et al., 2015; Duchemin-Pelletier et al., 2017). These disparate effects may be dependent on the levels of free CK2α, which is markedly elevated in metastatic tumors compared to non-transformed cells (Kim et al., 2007; Laramas et al., 2007; Giusiano et al., 2011; Lin et al., 2011; Roelants et al., 2015; Choy et al., 2017; Schmitt et al., 2021). Phenotypic changes in cancer cells are controlled by a network of positive and negative regulators (Qian et al., 2015). In particular, phosphorylation-mediated signaling networks drive tumor progression and regulate inherent and acquired therapeutic resistance (Burridge, 2017). While tyrosine phosphorylation (pTyr) accounts for only 0.1–1% of the total phosphoproteome, 30% of the known oncoproteins are protein tyrosine kinases (PTKs) that regulate a vast array of cellular signaling networks necessary for processes such as survival, growth, migration, and invasion (Hunter, 1995; Blume-Jensen and Hunter, 2001; Olsen et al., 2006; Hochgrafe et al., 2010). Phenotypic changes in epithelial cells such as focal adhesion formation, cell spreading, and cytoskeletal reorganization are associated with pTyr signaling pathways. PTK activity can promote invadopodia formation, invasion, and diverse cellular processes implicated in EMT induction and subsequent steps in the metastatic cascade (Kim et al., 2014; Okayama et al., 2015). Since a CK2β level establishes a critical cell fate threshold in the control of epithelial cell plasticity, the purpose of this study was to evaluate the impact of an unbalanced expression of CK2 subunits on the potential activation of pTyr signaling pathways. We demonstrate that CK2β depletion in MCF10A mammary cells (ΔCK2β) promotes the phosphorylation on tyrosine residues of a number of proteins involved in cell migration and focal adhesion formation, including Src and focal adhesion kinase 1 (FAK1) tyrosine kinases. Our findings reveal that the unbalanced expression of the CK2 subunits, which was observed in a subset of breast tumors (Deshiere et al., 2013), may affect pTyr signaling cascades through activation of the FAK-Src-paxillin axis promoting spreading and migration of mammary epithelial cells.
MATERIAL AND METHODS
Cell Culture and Retroviral Infection
MCF10A cells from ATCC-LGS (Molsheim, France) (CRL-10317) are mammary epithelial cells derived from fibrocystic breast tissue from women with no family history of breast cancer and no evidence of disease. MCF7 cells are invasive breast cancer cells. Stable CK2β silencing was accomplished in MCF10A or MCF7 cells by transduction with lentiviruses pLKO1 (Sigma-Aldrich, St. Louis, MO, United States) followed by puromycin selection as previously described (Deshiere et al., 2013). Stable transfected cells were maintained in puromycin-containing medium for 5–6 days before use and the silencing efficiency was evaluated at the protein level by Western blot analysis. Mock-cells are MCF10A or MCF7 cells transduced with an empty pLKO1 vector and are referred in the article as WT MCF10A cells. They were both cultured as described (Debnath et al., 2003). Transient CK2β-siRNA transfection was performed as previously described (Deshiere et al., 2013).
Western Blot Analysis
Western blot membranes were immunostained with primary antibodies as follows: phosphotyrosine 4G10 clone, #05-321 (Merck); P-FAK1 Y576/577, #3281, P-PAX1 Y118, #2541, P-p130CAS Y410, #4011, and P-EGFR Y1173, #4407 (Cell Signaling, Danvers, MA, United States); P-Src Y418, #11091 (SAB Signaling Antibody, Maryland, United States); Src, #sc-19, and EGFR, #sc-03 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States); PAX1, #610052, FAK1, #610088, and p130CAS, #610271 (BD Biosciences, Pont de Claix, France); P-PLCγ Y771, #ab131455, and PLCγ, #ab52200 (Abcam, Paris, France); and GAPDH, #AM4300 (Invitrogen, Thermo Fisher, France). Secondary antibodies were peroxidase-conjugated affinity pure goat anti-rabbit IgG (#111035003) and peroxidase-conjugated affinity pure goat anti-mouse IgG (#115035003) from Jackson Immuno Research. Cells were scrapped in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% NP40, 1 M EDTA, 1 mM EGTA, 10 mM NaF, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1 mM Na2VO4, and protease-inhibitor cocktail, #P8340 (Sigma-Aldrich). The lysate concentrations were normalized after determination of protein concentration using the BCA protein assay kit (Thermo Scientific, Sacley, France). SDS-PAGE was performed using pre-cast 4–12% gradient gel (Bio-Rad, Hercules, CA, United States). Separated proteins at 20–25 μg/lane were transferred to PVDF membranes (100 V for 60 min). Blotted membranes were blocked during 1 h at room temperature with saturation buffer (1% BSA in 10 mM Tris-buffered saline, 0.1% Tween (TBST)) and then incubated with primary antibody diluted in saturation buffer, for 2 h or overnight. After three washes with TBST, appropriate secondary antibodies were added for 1 h at room temperature. Luminata Forte Western HRP substrate (Millipore, Billerica, MA, United States) was added and membranes were read with Fusion Fx7 (PerkinElmer, Waltham, MA, United States). Quantification was performed using ImageJ software.
Immunoaffinity Purification of Tyr-Phosphorylated Cellular Proteins
Subconfluent WT and ΔCK2β MCF10A cells in two 10-cm culture dishes were washed with PBS and then lysed directly in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% NP40, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1 mM Na2VO4, and protease-inhibitor cocktail) for 20 min on ice. After centrifugation at 14,000 g for 15 min, cell lysates were normalized for protein concentration and incubated overnight with 50 μl of anti-phosphotyrosine monoclonal antibody covalently coupled to agarose beads (4G10 resin). The beads were then washed three times with lysis buffer and twice with PBS. The adsorbed proteins were eluted in four successive washes of 100 μl containing100 mM phenyl phosphate in 10 mM Tris-HCl pH 7.5, 50 mM NaCl, and 2% glycerol.
Phosphate Metal Affinity Chromatography of Phosphorylated Cellular Proteins
Phosphoprotein enrichment of cell extracts was performed according to the manufacturer’s protocol (TALON PMAC Phosphoprotein Enrichment Kit, Clontech Laboratories, United States). Subconfluent WT and ΔCK2β MCF10A cells in five 10-cm culture dishes were washed with PBS and then lysed directly in extraction/loading buffer A containing 10 mM NaF, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1 mM Na2VO4, and protease-inhibitor cocktail for 20 min on ice. After centrifugation at 14,000 g for 15 min, Na2VO4 which interferes with phosphoprotein binding to PMAC resin was removed by running the cell lysates through PD10 desalting columns. Samples of desalted cell lysates containing 3.5 mg protein were loaded on 1 ml of phosphoprotein affinity column (PMAC resin) and the column was agitated with the sample at 4°C for 2 h on a platform shaker. The column was then washed with 20 ml buffer A. The adsorbed proteins were eluted in three successive washes of 1 ml of buffer B (20 mM sodium phosphate and 0.5 M sodium chloride).
Immunofluorescence
A total of 10,000 cells were seeded on glass coverslips coated with 2.5 μg vitronectin and incubated at 37°C 5% CO2 for 24 h. The cells were fixed with 4% PFA for 15 min at room temperature, washed three times with PBS, and permeabilized for 10 min with PBS containing 0.3% Triton X-100. After blocking with 3% BSA and 1% goat serum in PBS for 1 h, the cells were incubated with the primary antibody diluted in blocking solution for 1 h. The samples were then washed, incubated with a secondary Alexa Fluor-conjugated antibody (Thermo Fisher Scientific) for 1 h in blocking solution and Alexa-Fluor 647-phalloidin (A22287), when required, and finally washed and mounted using Mowiol-containing DAPI (Santa Cruz). Primary antibodies used for immunostaining are the following: P-tyrosine 4G10 (Millipore #05321), P-paxillin (Invitrogen #44-722G), P-FAK (Invitrogen #44-624G), and P-Src (Invitrogen #44-660G).
Images were acquired on an iMIC Andromeda (FEI, Gräfelfing, Germany) microscope at 40× magnification in spinning disk mode. We analyzed at least 50 cells per experiment in 3 independent experiments. Segmentation of focal adhesions was performed using Ilastik (interactive machine learning for (bio)image analysis) (Berg et al., 2019) and subsequently analyzed with Fiji software (Schindelin et al., 2012). Fiji is an open-source platform for biological image analysis. Statistics analyses were performed with R. Significant differences were evaluated by Student test.
Protein Kinase CK2 Assay
Radiometric CK2 assay was performed in a final volume of 18 μl containing 3 μl of cell extract, and a mixture containing 100 μM of peptide substrate (RRREDEESDDEE), 10 mM MgCl2, and 100 μM [γ-32P]-ATP (6,000 Ci/mmol). Assays were performed at room temperature for 5 min before termination by the addition of 60 μl of 4% trichloroacetic acid. Incorporation of 32P in the peptide substrate was determined as previously described (Filhol et al., 1991). All kinase assays were performed in triplicates.
Multiplex Kinase Activity Profiling
PamGene PTK multiplex activity assays were used to investigate TK activity of 196 PTKs. This platform utilizes a high-throughput peptide microarray system by measuring the phosphorylation of peptide representations of targets/substrates (referred hereafter as phosphosites) that are immobilized on the PamChip® microarrays. Generic fluorescent-labeled antibodies that recognize phosphorylated residues are used to visualize the phosphorylation. Whole-cell lysates of WT and ΔCK2β MCF10A cells were prepared according to the manufacturer’s instructions (PamGene International, ’s-Hertogenbosch, the Netherlands). Cell samples were lysed for 30 min on ice and centrifuged for 15 min at 16,000 g at 4°C in a precooled centrifuge. After protein quantification (BCA protein determination, Pierce Scientific), aliquots of the samples were stored immediately in a −80°C freezer. Per array, 4 μg of protein and 100 μM ATP were loaded onto the appropriate PTK PamChip in kinase buffer. Phosphorylation of peptides was monitored by PamStation 12 following the manufacturer’s protocol as described previously (Arni et al., 2017). Technical triplicates were analyzed, and sequence-specific peptide tyrosine phosphorylation was detected by the fluorescein-labeled antibody PY20 (Exalpha, Maynard, MA). Capture of peptide phosphorylation signal is via a computer-controlled CCD camera. Kinomic profiling was performed using the Evolve software (PamGene International). Data were analyzed using the BioNavigator software version 6.3 (PamGene International) for raw data transformation into kinetic and steady-state values. Data were expressed as the average signal intensity (±SD) of the 196 peptide spots based on end levels of the phosphorylation curve. Prior to statistical analysis, fluorescent signal intensities were log2-transformed to satisfy the normality assumptions. Significant differences between two conditions were determined using two-sided Student’s t-test. The differential activity of kinases was predicted using an in-house bioinformatic approach, upstream kinase analysis (UKA) (Chirumamilla et al., 2019). Briefly, UKA identifies kinase activity based on a permutation analysis of the peptide substrate phosphorylation, by using known associations of phosphoproteins and kinases from literature and in silico databases. This permutation analysis gave a specificity score (mapping of peptides to kinases) and a significance score (kinase statistic that indicates the difference between treatment groups). Prior to UKA, the raw signal intensities were transformed using variance stabilizing normalization (VSN) (Huber et al., 2002).
Mass Spectrometry-Based Proteomic Analyses
After phosphoprotein enrichment (both 4G10 and PMAC), the eluates were solubilized in Laemmli buffer before stacking of proteins in the top layer of a 4–12% NuPAGE gel (Invitrogen) for separation followed by R-250 Coomassie blue staining. The gel bands were manually excised and digested using modified trypsin (sequencing grade, Promega) as previously described (Salvetti et al., 2016). After peptide extraction, the samples were split into two parts before drying: one-third for proteome analysis and two-thirds for phosphopeptide enrichment. The phosphopeptides were enriched with TiO2 beads (GL Science) in batch mode with a modified protocol from Jensen and Larsen (2007). Briefly, the samples were mixed for 1 h with 0.6 mg beads in loading buffer (1 M glycolic acid in 80% acetonitrile (v/v) and 5% TFA (v/v)). The beads were washed three times with loading buffer, 80% acetonitrile with 1% TFA (v/v), and finally 10% acetonitrile (v/v) with 0.1% TFA (v/v). The phosphopeptides were eluted with 10% ammonia solution (v/v) for 10 min. After acidification with formic acid, the peptides were desalted using C18 ultra-micro spin columns (Harvard Apparatus) and dried under vacuum. The dried extracted peptides were resuspended in 5% acetonitrile and 0.1% trifluoroacetic acid and analyzed by online nano-liquid chromatography coupled to tandem mass spectrometry (LC–MS/MS) (Ultimate 3000 RSLCnano and the Q-Exactive HF, Thermo Fisher Scientific). The peptides were sampled on a 300-μm internal diameter, 5-mm length PepMap C18 precolumn (Thermo Fisher Scientific) and separated on a 75-μm internal diameter, 250-mm length C18 column (Reprosil-Pur 120 C18-AQ, 1.9 μm particles, Dr. Maisch HPLC GmbH). The column flow rate was 300 nL/min. The mobile phases consisted of solution A (water with 0.1% (v/v) formic acid) and solution B (acetonitrile with 0.1% (v/v) formic acid). For 4G10 samples, the peptides were eluted with a gradient consisting of an increase in solvent B from 5 to 13% in 1.5 min, then from 13 to 31% over 29 min, and from 31 to 41% over 4.5 min. For data-dependent acquisition (DDA), the spray voltage was set at 2 kV and the heated capillary was adjusted to 270°C. Survey full-scan MS spectra (m/z = 400–2,000) were acquired with a resolution of 60,000 after the accumulation of 3 × 106 ions (maximum filling time 250 ms). The 12 most intense ions were fragmented by higher-energy collisional dissociation (HCD) after the accumulation of 1 × 106 ions (maximum filling time 250 ms). For PMAC samples, the nano-LC method consisted of a 120-min multilinear gradient at a flow rate of 300 nl/min (same gradient slopes as for 4G10 samples). Survey full-scan MS spectra (m/z = 400–2,000) were acquired with a resolution of 60,000 after the accumulation of 1 × 106 ions (maximum filling time 200 ms). The 20 most intense ions were fragmented by HCD after the accumulation of 1 × 105 ions (maximum filling time 50 ms). MS and MS/MS data were acquired using the software Xcalibur (Thermo Scientific).
Mass Spectrometry-Based Proteomic Data Processing
The data were processed automatically using Mascot Distiller software (version 2.7.1.0, Matrix Science). The peptides and proteins were identified using Mascot (version 2.8) through concomitant searches against Uniprot (Homo sapiens taxonomy, September 2021 version) and a database of 250 classical contaminants (homemade) and their corresponding reversed databases. Trypsin/P was chosen as the enzyme and two missed cleavages were allowed. Precursor and fragment mass error tolerances were set, respectively, to 10 and 20 ppm. Peptide modifications allowed during the search were cysteine carbamidomethylation (fixed), acetyl (protein N-terminal, variable), methionine oxidation (variable), and serine, threonine, tyrosine phosphorylation (variable). Proline software (version 2.1) (Bouyssie et al., 2020) was used to merge DDA results from proteome analysis and phosphopeptide enrichment. After combination, the results were filtered: conservation of rank 1 peptide-spectrum matches (PSMs) with a minimal length of 6 amino acids and a minimal score of 25. PSM score filtering was then optimized to reach a false discovery rate (FDR) of PSM identification below 1% by employing the target decoy approach. A minimum of one specific peptide per identified protein group was required. Proline was then used to perform MS1-based label-free quantification of the peptides and protein groups from the different samples with cross-assignment activated. Protein abundances were computed as a sum of specific peptide abundances, without using phosphopeptides and their counterparts. The data from 4G10 and PMAC enrichment were processed separately to obtain two different datasets.
Statistical Analysis of Mass Spectrometry-Based Proteomic Data
Statistical analysis on the proteins from 4G10 dataset was performed using ProStaR (Wieczorek et al., 2017) to determine differentially abundant proteins between WT and ΔCK2β MCF10A cells. Protein sets were filtered out if they were not identified and quantified in at least two biological replicates of one condition. Reverse protein sets and contaminants were also filtered out. These filters downsized the dataset to 249 proteins. After log2 transformation, the data were normalized with VSN method. POV missing values were imputed with slsa method and MEC ones with 1-percentile value of each sample. Statistical testing was conducted using limma test. Differentially expressed proteins were sorted out using a log2 (fold change) cut-off of 1 and a p-value inferior to 0.05. Proteins with more than three imputed values in the upregulated condition were invalidated. For each replicate, pTyr-phosphopeptides were declared upregulated in ΔCK2β cells (or, respectively, WT cells) if they were detected only in this condition or if their log2 (fold change) was higher than 1 (respectively, lower than –1). The peptides upregulated in at least two replicates were further considered. For the PMAC protein dataset, after log2 transformation, missing values were imputed with 1-percentile value. Log2 (fold change) was calculated and normalized.
Pathway Enrichment
Biological pathway enrichment analyses were carried out by Gene Set Enrichment Analysis (GSEA, FDR <0.05) from the 249 proteins quantified by proteomic analysis and kept during statistical analysis (Supplementary Table S1). The enrichGO and the cnet (category net plot used for visualization) functions were executed by ClusterProfiler v4.2.2 (Wu et al., 2015) (Bioconductor 3.14, https://www.bioconductor.org/, accessed on XX February 2022, R v4.1.2 (2021-11-01)). The enrichment analyses were performed using the biological pathway annotations from the Gene Ontology (GO, GO. db_v3.14.0 (2021-09-01), Bioconductor v3.14 Rv4.1.2 (2021-11-01), and KEGG databases (release 101, 2022/01) (Kanehisa and Goto, 2000). Gene sets consisting of at least 10 genes and less than 500 genes were retained for analysis. Thousand permutations were performed to compute p-values corrected by the Benjamini–Hochberg method.
RESULTS
Changes in Tyrosine Kinase Activity in Extracts of WT and ΔCK2β MCF10A Cells
Given the interplay between serine/threonine and tyrosine kinases, we evaluated the potential impact of an imbalanced expression of CK2 subunits on global tyrosine kinase activity in WT non-transformed mammary MCF10A or shRNA-mediated CK2β-silenced MCF10A cells (ΔCK2β) (Deshiere et al., 2013; Deshiere et al., 2011; Deshiere et al., 2008; Filhol et al., 2015; Duchemin-Pelletier et al., 2017; Golden and Cantley, 2014). For this purpose, we used the PamChip PTK multiplex activity profiling (PamGene International BV ’s-Hertogenbosch, Netherlands). This methodology has been developed as a screening tool that allows for the robust analysis of kinase activity from cells and tissues (Anderson et al., 2015; Arsenault et al., 2011). A 73% efficiency in CK2β silencing was evaluated at the protein level in ΔCK2β MCF10A cells (Supplementary Figure S1). Equal amounts of protein extracts of WT or ΔCK2β MCF10A cells were then applied to peptide array chips. In a two-group comparison between these two cell lines, the deregulation of phosphorylation for each peptide represents the changes in kinase activity. There was a clear difference in the mean pattern of peptide substrate phosphorylation on comparing WT and ΔCK2β MCF10A cells as illustrated in the volcano plot of Figure 1A, indicating that upon CK2β silencing, the activity of certain signaling pathways driven by distinct PTK was altered (Figure 1B). Based on those phosphorylation patterns, a computational upstream kinase analysis predicted increased activity of PTKs that are known to contribute to invasive progression and metastasis of breast tumor, namely, FLT4, JAK1b, TRKB, and FLT1 (Zhang et al., 2010; Qian et al., 2015; Choy et al., 2017; Wehde et al., 2018). In contrast, the activity of other TKs (Lyn and Fgr) was decreased in ΔCK2β MCF10A cells (Figure 1B). Thus, a significant change in the pattern of Tyr phosphorylation was noted when comparing WT and ΔCK2β MCF10A cells. A ranked list of possible canonical pathways (and networks) responsible for the differences in the peptide phosphorylation was established. CK2β loss induced changes in transmembrane PTK in correlation with biological events such as cell adhesion and migration (Figure 1C).
[image: Figure 1]FIGURE 1 | Changes in PTK activity in ΔCK2β MCF10A cells compared with WT cells. (A) Functional kinome profiling using the PamChips, which contain multiple copies of individual peptides. Sequence-specific tyrosine phosphorylation is detected by fluorochrome-coupled phospho-specific antibodies and CCD camera. The volcano plot visualizes the result of the tests by plotting, for each test, the effect size (x-axis, LFC or delta) versus significance (y-axis, –log10 (p-value)) of the test. Red spots are peptides that show significant differences compared to control (p < 0.05). (B) PTK score plot highlighting kinases that were modulated in ΔCK2β MCF10A cells compared with WT cells. The plot shows results from the upstream kinase analysis (UKA) tool, a functional scoring tool which rank-orders the top kinases that are differentially active between the two groups. The ranking factor is the final (median) kinase score. This score is based on a combined sensitivity score (difference between “treatment” and “control” groups) and specificity score (for a set of peptides to kinase relationship derived from current databases). The kinase statistics indicates the group differences, with effect size (values) and direction (+ or >0 = activation; – or 0 = inhibition). (C) Signaling pathways and biological process analysis in ΔCK2β MCF10A cells compared with WT cells (GProfiler, Gene Ontology Biological Processes).
Abundant pTyr-Containing Proteins Are Identified in ΔCK2β MCF10A Cells
To obtain an exhaustive landscape of proteins differentially modified on Tyr residues in WT versus ΔCK2β MCF10A cells, we performed a proteomic analysis of pTyr-containing proteins. Since pTyr-containing proteins of low abundance might be difficult to detect within cell extracts, phosphoprotein enrichment was performed using pTyr immunoaffinity chromatography on anti-phosphotyrosine monoclonal antibody covalently coupled to agarose beads (4G10 resin). After extensive washing, the retained proteins were eluted with 100 mM phenyl phosphate, a phosphotyrosine hapten analog (Figure 2A). After trypsin digestion of the enriched proteins, a fraction of peptides was further loaded on a TiO2 resin, to allow the selection of phosphorylated peptides. We identified 542 unique proteins (contaminants filtered) from the total tryptic digest of the proteins retained on the 4G10 resin (Figure 2B, Supplementary Table S1). In addition, by analyzing the tryptic peptides further enriched on the TiO2 resin, 204 phosphosites were identified. Among them, 40 sites from 25 unique proteins were localized on tyrosine with a confidence higher than 75% (Supplementary Table S2). A large part of the pTyr-phosphopeptides was more abundant or specifically detected in ΔCK2β MCF10A cells (Figure 2C, Supplementary Table S2). This was the case not only for the EPH tyrosine receptor A2 (EPHA2) but also for a number of non-receptor tyrosine kinases including FAK1, the signaling pseudokinase pragmin (PRAG1), activated CDC42 kinase 1 (ACK1), glycogen synthase kinase 3α (GSK3A), and mitogen-activated protein kinase 1 (MK01). pTyr-phosphopeptides from signaling proteins, such as p130CAS/BCAR1, paxillin (PAX1), partitioning defective 3 (PARD3), lipoma-preferred partner (LPP), and ARF GTPase-activating protein (GIT1), that are activated by tyrosine phosphorylation, were also enriched or specifically detected in ΔCK2β MCF10A cells (Figure 2C). Interestingly, several of these well-characterized proteins form supra-molecular complexes belonging to adhesive structures at cell membrane known under the name of focal adhesions (FAs), playing important functional roles in integrin signaling (Wozniak et al., 2004; Burridge, 2017) and coordinating the adhesive and migratory processes (Geiger and Bershadsky, 2001). Among them, FAK1 as well as GIT1, ACK1, PAX1, p130CAS, PARD3, and LPP are known substrates of Src kinase (Wang et al., 2006; Sachdev et al., 2009; Meenderink et al., 2010; Totaro et al., 2014; Wu et al., 2015; Ngan et al., 2017; Atashrazm and Ellis, 2021) (Table 1). Of note, even if we did not identify upregulated pTyr-phosphopeptides from their sequences, several proteins such as vimentin (VIME), fibronectin 1 (FINC), sortin nexin-18 (SNX18), BCAR3 adaptor protein (BCAR3), tensin 2 tyrosine protein phosphatase (TNS2), inactive-tyrosine protein kinase PEAK (PEAK1), and growth factor receptor-bound protein 2 (GRB2) were also substantially enriched in ΔCK2β MCF10A cell extracts (Supplementary Table S1). In contrast, pTyr-phosphopeptides from the epidermal growth factor receptor (EGFR) and the SH2 domain-containing adapter protein B (SHB) were downregulated in ΔCK2β MCF10A cells suggesting a de-enrichment of the proliferation signature (Figure 2C, Supplementary Table S2).
[image: Figure 2]FIGURE 2 | LC-MS/MS and GSEA analysis of differentially elevated levels of Tyr-phosphorylated proteins in WT and ΔCK2β MCF10A cells. (A) Proteins immunopurified from WT and ΔCK2β MCF10A cell lysates were analyzed by Western blotting for pTyr proteins using the 4G10 antibody. (B) Venn diagram showing differentially abundant proteins between WT and CK2β-depleted cells in samples obtained by immunoaffinity purification of Tyr-phosphorylated proteins (Supplementary Table S1). (C) Venn diagram showing the proteins in which differentially abundant pTyr-phosphopeptides between WT and CK2β-depleted cells were identified (Supplementary Table S2). These pTyr-phosphopeptides were identified and quantified from the LC-MS/MS analyses of peptide samples coming from a double enrichment starting from the two cell types: immunoaffinity purification of Tyr-phosphorylated proteins followed by the enrichment of their tryptic peptides on a TiO2 resin. (D) Significant gene ontology cellular components enriched from proteomics quantification of phosphoproteins (Supplementary Table S3) according to corrected p-values by the Benjamini–Hochberg method <0.05. Cellular component names are displayed as yellow nodes and bound to core phosphoproteins that led to a significant enrichment by GSEA. The core phosphoproteins are the nodes colored in red according to their log2 fold change value.
TABLE 1 | pTyr proteins enriched in ΔCK2β MCF10A and localized in adhesion complexes.
[image: Table 1]A pathway enrichment analysis by GSEA was carried out to identify deregulated molecular processes from proteomics quantification data (Supplementary Table S1). The enrichment analysis was performed from the log2 (fold change) values computed according to protein abundances between both phenotypes (ΔCK2β/WT). Figure 2D shows the seven significant cellular components enriched using the pathway annotation from the GO database (Supplementary Table S3). Significance was defined as each cellular component with a p-value less than 0.05 after the Benjamini–Hochberg correction. We observed that among them, the focal adhesion, anchoring junction, cell-substrate junction, microtubule cytoskeleton, and microtubule organizing center were significantly enriched in upregulated proteins. These enrichment insights support the idea that the overabundance of phosphoproteins involved in these biological processes following CK2β depletion leads to a revamping of the cell adhesion mechanisms. Moreover, the pathway enrichment by GSEA based on the KEGG database (Supplementary Table S4) reveals the upregulation of actin cytoskeleton as the only significant pathway. These results suggest that changes in phosphoprotein abundances following CK2β downregulation may also impair the actin or microtubule cytoskeleton regulation.
Focal Adhesion Proteins Are Hyperphosphorylated in Extracts of ΔCK2β MCF10A Cells
In line with the phosphoproteomic approach, immunoblotting of cell extracts of subconfluent WT and ΔCK2β MCF10A cells with the 4G10 antibody confirmed the upregulation in CK2β-depleted MCF10A cells of diverse tyrosine-phosphorylated proteins (Figure 3A). Notably, Western blot analysis of pTyr proteins released from immobilized phosphotyrosine antibody (4G10 resin) highlighted the enrichment of two major upregulated phosphoproteins (65 and 115 kDa), most highly phosphorylated on Tyr residues in ΔCK2β cell extracts (Figure 3B). Similar patterns of enhanced tyrosine-phosphorylated proteins could be observed in either MCF10A cells which have been transiently depleted for CK2β or in shRNA-mediated CK2β-silenced MCF7 cells (Supplementary Figure 2 and Supplementary Figure S3). To go further, relevant antibodies also revealed the upregulation of additional pTyr-containing proteins in ΔCK2β MCF10A cells. Among them, non-receptor tyrosine kinases were identified, including FAK1 and the Src kinase. Important adhesion complex proteins such as PAX1 and p130CAS were also highly tyrosine phosphorylated (Figure 3C). Immunoblotting as well as immunoprecipitation analysis in these immunoaffinity-purified proteins suggested that the major 65-kDa tyrosine-phosphorylated protein may represent the scaffolding protein PAX1 (Supplementary Figure S4). PAX1 phosphorylation on tyrosine residue (Y118) is a prominent event during EMT and cell migration, through its recruitment into adhesion sites called FAs (Nakamura et al., 2000). PAX1 is also a well-known substrate for the FAK1/Src adhesion protein complex, which phosphorylates its residues Tyr31 and Tyr118 in dynamic adhesions, thus regulating both the assembly and the turnover of FAs (Schindelin et al., 2012). Plasma membranes act as transient trapping sites for signaling molecules playing a pivotal role in biological functions, including signal transduction and cell–ECM communication. Interestingly, it has been reported that the localization of a fraction of CK2 to the plasma membrane is controlled by cell–matrix interactions (Filhol et al., 2015). Moreover, protein–protein interaction between the scaffold protein CKIP-1 and CK2 provided evidence for CK2 targeting to the plasma membrane (Olsten et al., 2004). Therefore, selected differentially tyrosine-phosphorylated proteins known to be localized to the plasma membrane were validated using immunoblotting. This was the case for the activation of EGFR, a key driver in growth factor-dependent signal transduction, and its downstream effector PLCγ in WT and ΔCK2β MCF10A cells. The phosphorylation of EGFR and PLCγ on Tyr1173 and Tyr771, respectively, was decreased in ΔCK2β MCF10A cells compared to WT cells (Figure 3D). Thus, in agreement with the proteomic analysis (Figure 2D), CK2β downregulation significantly inhibited the activated form of EGFR and reduced the activation of its downstream signaling molecule PLCγ. Collectively, these data were consistent with the proteomic analyses, highlighting the phosphorylation-dependent activation of focal adhesion markers of the FAK1-Src-PAX1 axis upon CK2β depletion in MCF10A cells.
[image: Figure 3]FIGURE 3 | Upregulation of pTyr proteins in lysates of ΔCK2β MCF10A cells. (A) Lysates from WT and ΔCK2β MCF10A cells were analyzed for pTyr-containing proteins using the 4G10 antibody. GAPDH was used as a loading control. (B) Cell extracts (500 μg of protein) of WT and ΔCK2β MCF10A cells were loaded on 4G10 resin. After extensive washing, the bound proteins were eluted with 100 mM phenyl phosphate. The collected fractions were analyzed by Western blotting with the 4G10 antibody. (C) Proteins immunopurified from WT and ΔCK2β MCF10A cell lysates were analyzed by Western blotting for p-FAK (Y576/577), p-Src (Y418), p-PAX1(Y118), p-p130CAS (Y410), FAK, Src, PAX1, and p130CAS and (D) for p-EGFR (Y1173), EGFR, p-PLCγ (Y771), and PLCγ.
CK2β Depletion Induces Cell Spreading and Increase of Focal Adhesion Number
Early evidence indicated that tyrosine phosphorylation plays an important role in the overall organization of adhesion complexes and their dynamic regulation (Craig and Johnson, 1996; Burridge et al., 1988). In addition, tyrosine phosphorylation events were acknowledged to be concentrated at focal adhesions formed by the cells with the substratum (Maher et al., 1985). It has also been reported that PAX1 and FAK1 enter nascent adhesions as discrete entities and form dynamic molecular complexes within adhesion sites. Moreover, phosphorylation of PAX1 at Y31-Y118 regulates the formation and size of the complexes (Choi et al., 2011). As these focal adhesion markers were identified in ΔCK2β MCF10A cells after pTyr immunoaffinity chromatography, we analyzed the impact of CK2β depletion in the distribution of focal adhesions of isolated MCF10A cells spread onto vitronectin. Vitronectin was chosen as the adhesive substrate since WT or ΔCK2β MCF10A cells plated on vitronectin-coated coverslips clearly display a distinguishable morphology (Deshiere et al., 2013). In particular, ΔCK2β MCF10A cells plated on vitronectin-coated coverslips display higher cell spreading as evidenced by the projected area of actin cytoskeleton (Figure 4A and Figure 4B). This cell spreading is associated with an increase in the number (Figure 4C) and the size (Figure 4D) of focal adhesions giving rise to an increase in the total adhesive surface when compared to the cell surface (Figure 4E). FAK1 phosphorylation is one of the key steps following integrin engagement, either directly or through its role as a scaffolding protein for Src (Tapial Martinez et al., 2020). Based on the increase in cell spreading upon CK2β loss, we investigated whether this increase might be related to a change in focal adhesion organization by immunostaining FAK1, Src, and PAX1 (Supplementary Figure S5A,F,K). Immunofluorescence analyses demonstrated that CK2β depletion increased the Src labeling and changed the spatial distribution of FAK1 and PAX1 in focal adhesion sites. Morphometric analyses showed that CK2β-depleted cells were much larger than WT cells. Moreover, descriptors of focal adhesion morphology such as number and mean size of the focal adhesions were strikingly upregulated in these cells (Supplementary Figure S5). It has been reported that the mean size of focal adhesions uniquely predicts cell speed independently of focal adhesion surface density and molecular composition (Kim and Wirtz, 2013). The regulation of FAs by CK2β is consistent with our previous observations, showing that CK2β-depleted cells displayed a mesenchymal phenotype and a loss of polarity driving a 2D-to-3D morphologic transformation (Deshiere et al., 2008; Deshiere et al., 2013).
[image: Figure 4]FIGURE 4 | Cell spreading and size of focal adhesions are dependent on CK2β. (A) Staining of pTyr and actin was carried out on cells spread on vitronectin-coated cover glass for 24 h. Scale bar represents 10 µm. (B) Quantification of the cell area. (C) Quantification of the number of FAs normalized to the cell area. (D) Quantification of the FA average area. (E) Quantification of the FA area, normalized to the cell area. Error bars represent standard deviation. ***p-value ≤0.0005.
The Catalytic Activity of CK2 Is Not Involved in Enhanced Tyr Phosphorylation in ΔCK2β MCF10A Cells
CK2 is mostly known as a Ser/Thr kinase, yet the enzyme also exhibits tyrosine kinase activity in mammalian cells (Basnet et al., 2014; Borgo et al., 2021). To clarify the potential contribution of CK2 activity in the activation of these Tyr phosphorylations, we analyzed pTyr proteins in the extracts of WT or ΔCK2β MCF10A cells that had been incubated for 5 h with 10 μM of the small chemical CK2 inhibitor CX-4945. CK2 activity measured in whole-cell lysates from WT or ΔCK2β MCF10A cells treated with CX-4945 was inhibited by more than 90% (Figure 5A). Immunoblotting analysis of protein extracts from cells treated under these conditions revealed that the inhibition of CK2 did not abrogate the Tyr phosphorylation of the 65- and 115-kDa endogenous proteins (Figure 5B). In addition, the Tyr phosphorylation of adhesion complex proteins was either not affected (FAK1, p130CAS) or enhanced (Src, PAX1) upon CX-4945 treatment (Figure 5C). The increased Tyr phosphorylation of Src and PAX1 observed in ΔCK2β MCF10A cells after CX-4945 treatment suggests that the activation of these two components of the adhesion complexes could be similarly antagonized by CK2β and CK2α. This would reinforce the notion that any variation in the expression/activity of either CK2 subunits could have significant impacts on focal adhesion signaling pathways.
[image: Figure 5]FIGURE 5 | CK2 catalytic activity does not contribute to enhanced Tyr phosphorylation in ΔCK2β MCF10A cells. (A) CK2 kinase activity in cell lysates from WT or ΔCK2β MCF10A cells treated for 5 h in the absence or presence of 10 μM CX-4945. (B) Cell lysates as in (A) were Western blotted with 4G10 antibody for the presence of pTyr proteins. GAPDH was used as a loading control. (C) ΔCK2β MCF10A cell lysates were also analyzed by Western blotting for p-FAK (Y576/577), p-Src (Y418), p-PAX1 (Y118), p-p130CAS (Y410), FAK, Src, PAX1, and p130CAS.
DISCUSSION
In the present study, we demonstrate that CK2β downregulation in MCF10A mammary cells triggers the phosphorylation of an array of tyrosine-phosphorylated proteins involved in cell migration and focal adhesion including Src and FAK1 tyrosine kinases. Our findings highlight a crosstalk between CK2, a serine/threonine kinase, and pTyr signaling pathways involved in phenotypic changes of epithelial cells. Such a potential link has been previously evoked. For instance, the catalytic subunits of CK2 are readily phosphorylated in vitro by the Src family protein tyrosine kinases Lyn and c-Fgr with a concomitant threefold increase in catalytic activity of CK2 (Donella-Deana et al., 2003). Interestingly, the presence of CK2β decreased this Lyn/Fgr-mediated phosphorylation, suggesting that at least in vitro, the CK2 holoenzyme is less prone to tyrosine phosphorylation. One could speculate that, within cells, the pool of catalytic subunits that is not incorporated into the holoenzyme would acquire an increased activity toward a subset of specific targets. Indeed, it has been reported that in advanced cancers, the TGFβ receptor (TGFBR) 1 kinase phosphorylated CK2β targeting it for degradation. The resulting CK2α/CK2β subunit imbalance promoted the activation of CK2 and EMT induction (Kim et al., 2018). Thus, a dysregulation in CK2 subunit levels, originating either from shRNA-mediated CK2β silencing or from TGFβ-dependent decrease of CK2β, invariably promotes EMT activation in epithelial cells (Deshiere et al., 2013; Filhol et al., 2015). Consequently, it is conceivable that signaling-mediated drop of CK2β expression could increase intracellular CK2 activity impacting downstream signaling events such as pTyr-relayed signaling cascades. Indeed, our results reveal that spreading-coupled pTyr signaling pathways including FAK1, PAX1, ACK1, EPHA2, PARD3, and LPP are impacted by CK2β depletion (Supplementary Table S2). Of note, the focal adhesion network (www.adhesome.org) which is involved in the regulation of cell shape and focal adhesion complexes is acting at the plasma membrane level. This is consistent with previous observations showing that in epithelial cells, the association of a fraction of CK2 to the plasma membrane is controlled by cell–matrix interactions (Deshiere et al., 2008). Phosphoproteomic analysis revealed that FAK1 is activated through membrane recruitment by growth factors, extracellular matrix, and integrin signaling followed by subsequent autophosphorylation at Tyr 397 exposing an SH2-binding domain, which in turn recruits Src and promotes phosphorylation of FAK1 at Tyr 576/577 (Robertson et al., 2015). The fully active FAK1/Src complex can then recruit, phosphorylate, and activate numerous targets including p130CAS and PAX1, which play critical roles in regulating cell spreading, cell motility, and cytoskeletal modifications (Zhang et al., 2010). In this line, it has been shown that maximal tyrosine phosphorylation of PAX1 by Src and FAK1 is required for the induction of anchorage-independent signal transduction, a characteristic of metastatic cells (Vilk et al., 2008; Anderson et al., 2015). As a signal transducer for ECM–tumor cell interactions, FAK1 expression and/or activation has been found altered in most human epithelial cancers, resulting in enhanced invasive potential and poor overall patient survival (McLean et al., 2005; Luo and Guan, 2010). Similarly, CK2α overexpression in a significant fraction of breast cancers is predictive of metastatic risk (Giusiano et al., 2011). Moreover, suppression of CK2β expression in a subset of breast cancers modulates the expression of EMT-related markers (Deshiere et al., 2013). Our findings now demonstrate that a loss of CK2β leads to changes in the size of the focal adhesions, through the activation of the well-characterized FAK1-Src-PAX1 signaling pathway.
While CK2β is traditionally considered as a regulatory subunit of CK2, some studies also suggest that this subunit might function independently of CK2α (Filhol et al., 2015; Borgo et al., 2019; Lettieri et al., 2019). Indeed, blocking the CK2 catalytic activity in CK2β-depleted cells with CX-4945 did not affect the Tyr phosphorylation of FAK1 and p130CAS while triggering enhanced phosphorylation of Src and PAX1, supporting the hypothesis that CK2β may play additional roles outside of the CK2 tetrameric holoenzyme (Bibby and Litchfield, 2005; Borgo et al., 2019). Our data show that by limiting the focal adhesion formation, CK2β appears as a major molecular break for cell spreading. The impact of CK2β on FAs is supported by the role of CK2 in cytoskeletal alteration (Canton and Litchfield, 2006; Lettieri et al., 2019) and in the regulation of actin and tubulin polymerization (reviewed in D'Amore et al., 2019). For instance, it has been previously reported that epithelial cell polarity and morphology might be controlled by CK2 through the phosphorylation of the Pleckstrin homology domain-containing protein (CKIP-1) and coronins, key proteins playing roles in the functional organization of actin-dependent cellular processes like protrusion formation, migration, and invasion (Canton et al., 2005; Deshiere et al., 2008; Deshiere et al., 2011; Xavier et al., 2012; Filhol et al., 2015).
We have generated proteomics data on samples enriched by PMAC (Supplementary Table S5), which give a global overview of the phosphoproteome, and on the 4G10 affinity resin which enriches for pTyr-modified proteins (Supplementary Table S2). Both approaches provided a complementary view on the phosphoproteins deregulated upon deletion of the CK2β subunit and are also incomplete, as they missed many proteins involved in the Src pathway, for example. To follow specifically the phosphorylation state of proteins of interest, a complementary approach such as targeted proteomics on the proteolytic peptides containing the modified Ser/Thr/Tyr residues of interest or Western blot analysis using specific antibodies would be better suited. Yet targeted proteomics requires time for method development and Western blot analysis is only possible if antibodies of validated specificity are available.
In summary, the data collected here support the notion that CK2β works by more than altering the CK2 activity: it also plays a key role in the negative regulation of focal adhesion maturation, blocking dominant pTyr downstream signaling pathways involved in cell scattering and invasion. Further functional characterization of the molecular mechanism by which CK2β could restrain these pathways in normal human mammary cells is the subject of ongoing work. More broadly, this analysis will cast additional insights into the specific contribution of individual CK2 subunits during breast carcinoma progression.
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In the last 20 years, fragment-based drug discovery (FBDD) has become a popular and consolidated approach within the drug discovery pipeline, due to its ability to bring several drug candidates to clinical trials, some of them even being approved and introduced to the market. A class of targets that have proven to be particularly suitable for this method is represented by kinases, as demonstrated by the approval of BRAF inhibitor vemurafenib. Within this wide and diverse set of proteins, protein kinase CK1δ is a particularly interesting target for the treatment of several widespread neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis. Computational methodologies, such as molecular docking, are already routinely and successfully applied in FBDD campaigns alongside experimental techniques, both in the hit-discovery and in the hit-optimization stage. Concerning this, the open-source software Autogrow, developed by the Durrant lab, is a semi-automated computational protocol that exploits a combination between a genetic algorithm and a molecular docking software for de novo drug design and lead optimization. In the current work, we present and discuss a modified version of the Autogrow code that implements a custom scoring function based on the similarity between the interaction fingerprint of investigated compounds and a crystal reference. To validate its performance, we performed both a de novo and a lead-optimization run (as described in the original publication), evaluating the ability of our fingerprint-based protocol to generate compounds similar to known CK1δ inhibitors based on both the predicted binding mode and the electrostatic and shape similarity in comparison with the standard Autogrow protocol.
Keywords: fragment-based drug discovery, protein kinase CK1δ, neurodegenerative diseases, Autogrow, interaction fingerprint, de novo drug design, fragment growing, lead optimization
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1 INTRODUCTION
Protein kinase CK1δ is a Ser/Thr protein kinase belonging to the casein kinase 1 family. In mammals, seven distinct genes encoding for casein kinase proteins are present, each producing a different isoform (α, β, γ1, γ2, γ3, δ, and ε) (Knippschild et al., 2005). CK1 family proteins use exclusively ATP as a phosphate source for their kinase activity, which is carried out by the protein in its monomeric form. Each isoform is constitutionally active and does not require the presence of a cofactor to exert its activity (Knippschild et al., 2014).
From a biological function point of view, the members of this family have been historically related to different physiological mechanisms, such as cell replication (Xu et al., 2019), DNA repair (Behrend et al., 2000), and circadian rhythm (Lee et al., 2009).
From a structural perspective, the members of the CK1 family are characterized by the typical bilobed structure of the globular Ser-Thr kinase proteins, with the N-term lobe consisting mainly of β-sheets, and a larger C-term lobe, constituted primarily of α-helices. The two domains are connected by a protein region named the “hinge region,” which forms a highly conserved pocket for ATP binding (Knippschild et al., 2014).
As for other members of the CK1 family, CK1δ recognizes the canonical phospho-primed structural motif pSer/pThr-X1-2-Ser/Thr, where X stands for any amino acid and pSer/pThr represents the phospho-primed residue (Meggio et al., 1991). The CK1 kinases are also able to recognize non-phosphorylated sequences, as far as they contain strongly acidic residues (Asp or Glu) that can make up for the absence of the phosphorylated residue (Xu et al., 2019). The structural motif that can be recognized by the CK1 proteins is widespread in many cellular proteins and, because of this, over 140 substrates have been reported both in vitro and in vivo (Knippschild et al., 2014), underlining the pleiotropic character of this protein family. Due to the great variability of its substrates, CK1δ is involved in many cellular pathways, among which the main ones are the Wnt-pathway, the Hippo pathway, the p53 regulation pathway, and the Hedgehog pathway (Xu et al., 2019).
The endogenous regulation of CK1δ, on the other hand, can be carried out through various mechanisms, including autophosphorylation or phosphorylation by other protein kinases (Graves and Roach, 1995; Bischof et al., 2013), interactions with other protein and/or cellular components, and subcellular sequestration (Milne et al., 2001; Xu et al., 2019). In addition, homodimerization excludes ATP from the binding site, thus inhibiting kinase activity (Longenecker et al., 1998; Hirner et al., 2012).
In recent years, several studies have highlighted the importance of CK1δ in neurodegenerative diseases, particularly tauopathies, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) (Perez et al., 2011). In addition to having unknown etiology, these illnesses are all characterized by loss of neuronal function, with neurotransmitter deficiency, misfolding, and protein aggregation (Breijyeh and Karaman, 2020). Clinical symptoms are manifested differently, depending on the neuronal area involved (Lee et al., 2001).
AD is a progressive neurodegenerative disorder that mainly involves the neurons of the hippocampus (Selkoe, 2001). On the extracellular side, the main marker of the disease is represented by the accumulation of β-amyloid peptides, produced by β-secretase 1 and γ-secretase enzymes, which lead to neuronal death (J and DJ, 2002). Meanwhile, on the intracellular part, the illness presents lesions related to both cytoplasmic accumulations of vacuoles with abnormal dimensions and dense granular content and the assembly of fibrils and filaments within the neuronal body. These types of lesions are characterized by the accumulation of hyperphosphorylated Tau protein not only in the filaments, but also within the vacuoles (Ghoshal et al., 1999).
The correlation between CK1δ activity and tau protein aggregates in various neurodegenerative diseases has been confirmed by co-immunoprecipitation studies, which highlight that the presence of CK1δ is associated with hyperphosphorylated tau aggregates (Schwab et al., 2000; Li et al., 2004). CK1δ phosphorylates tau protein at the Ser202/Thr205 and Ser369/Ser404 residues in vitro (Li et al., 2004; Perez et al., 2011). The phosphorylation sites are the same as those involved in binding with tubulin, highlighting the key role of kinase in the pathogenesis of AD (Li et al., 2004). It is not clear whether the hyperactivity of CK1δ is due to an overtranscription of its gene, altered protein turnover, or both causes, but it has been observed that the concentration of the protein CK1δ in an AD-affected hippocampus is 30 times higher than normal (Ghoshal et al., 1999).
In PD, on the other hand, the pathology is characterized by the accumulation of Lewy bodies, consisting of aggregates of α-synuclein hyperphosphorylated by CK1δ at the level of Ser129 residues (Okochi et al., 2000). This process determines a massive loss of neuronal function at the substantia nigra level (Surmeier, 2018).
CK1δ also plays a key role in ALS, a neurodegenerative disorder in which intracellular inclusions of TDP-43 (TAR DNA-binding protein) are found in the frontotemporal lobe. It was established that TDP-43 can be phosphorylated by CK1δ at 29 different sites (Kametani et al., 2009).
These pathologies are all characterized by the absence of effective pharmacological therapy: in fact, there are no EMA-approved drugs on the market that can solve, and therefore cure, these diseases, but there are only palliative therapies for the temporary improvement of the patient’s quality of life, thus resulting in a high social cost (Dementia, 2021). For these reasons, CK1δ appears as an interesting therapeutical target in the field of neurodegeneration, as witnessed by the increasing interest in the research for inhibitory candidates for this protein during the last 15 years.
Concerning the identification of novel kinase inhibitors, an approach that has proven to be particularly successful is the so-called fragment-based drug discovery (FBDD), as demonstrated by the approval of the BRAF inhibitor vemurafenib (Bollag et al., 2012) (employed in the treatment of metastatic melanoma) and by several other kinase inhibitors which are at various stages of clinical trials (Erlanson et al., 2016; Schoepfer et al., 2018).
This approach revolves around the exploitation of “fragments,” i.e., compounds that respect the “Rule of Three” (molecular weight <300, number of hydrogen bond donor/acceptor ≤ 3, log P≤3), as a starting point for the rational development of novel mature, drug-like, active molecules (Hajduk, 2006; Jhoti et al., 2013). The main reason for the success of FBDD is the ability to sample a larger portion of the chemical space compared to the one occupied by drug-like molecules, thus increasing the success rate in finding novel scaffolds for targets of interest (Hall et al., 2014).
This methodology heavily relies on very sensitive biophysical methods, such as X-ray crystallography (XRC), nuclear magnetic resonance (NMR), or surface plasmon resonance (SPR), to perform large screening campaigns on libraries composed of molecules with low molecular weight and high solubility, to find hit compounds (Erlanson et al., 2004; Murray and Rees, 20092009). These hit fragments usually have a low affinity for the target, ranging from low millimolar to high micromolar (hence the need for very sensitive screening techniques), but a higher binding efficiency compared to traditional drug-like molecules, being able to establish high-quality interaction with the target (Schultes et al., 2010). Fragment hits can then be easily combined (either through a linking or a merging process) or chemically modified (growing) to increase their affinity for the target, allowing for the development of potent and selective active compounds (Rees et al., 2004).
Alongside the aforementioned experimental techniques, in the last decade, a prominent role in FBDD campaigns has been played by computer-aided drug discovery (CADD) techniques, such as molecular docking or molecular dynamics (Bissaro et al., 2020). These computational approaches have been routinely and successfully applied for performing large screening on virtual fragment libraries, for the characterization of the fragment interaction mode with the target and to aid the fragment-to-lead optimization in a less time-consuming, more rational, and more efficient way. Some examples of software specifically designed for FBDD are LUDI (Böhm, 1992), HOOK (Eisen et al., 1994), CAVEAT (Lauri and Bartlett, 19941994), and RECORE (Maass et al., 2007). Moreover, commercial drug discovery suites, such as Schrödinger, MOE, and OpenEye, have implemented several tools related to the fragment optimization process.
Among the plethora of software available for FBDD, the open-source software Autogrow, developed by the Durrant lab, is particularly interesting. As thoroughly described in the work of Spiegel and Durrant (2020), the open-source software Autogrow is a Python written code that combines a genetic algorithm with docking calculation based on the Vina (Trott and Olson, 2010) docking software to perform a semi-automatized process for both de novo drug design and lead optimization. The latest release of the Autogrow (version 4.0.3, the one used in this work) was developed with the idea of making the codebase modular, thus allowing the third-party implementation of different conversion scripts, molecular docking programs, scoring functions, and reaction libraries, to better suit the need of different research groups.
A recent scientific work published by our laboratory led to the identification of seven novel fragment compounds that bind the hinge region of CK1δ with a low-micromolar IC50 (Bolcato et al., 2021). Attracted by the idea of exploiting a semi-automatized computational protocol for the optimization of our newly discovered fragment compounds, we decided to investigate if this protocol would be suitable for our needs. Since it is notorious that molecular docking programs are usually very efficient and optimized with regard to the conformational search, but are usually lacking in the scoring phase (Chen, 2015; Chaput and Mouawad, 2017) [especially for molecules-like fragments that deviate from the drug-like chemical space on which these scoring functions have been trained (Verdonk et al., 2011; de Souza Neto et al., 2020)], we decided to investigate if the implementation of a different scoring protocol based on protein–ligand interaction fingerprint would improve the performance of the Autogrow protocol, concerning the ability of the program to generate compounds similar to known inhibitors based on their interaction scheme and electrostatic and shape similarity.
2 MATERIALS AND METHODS
2.1 Hardware Overview
Each general molecular modeling operation has been performed on a Linux Workstation equipped with an 8 core Intel Xeon® CPU E5-1620 CPU. For more intensive calculations, such as the Autogrow runs, a 64 core AMD Opteron™ Processor 6376 CPU cluster was exploited. Both the workstation and the cluster run Ubuntu 16.04 as their operative system.
2.2 Structure Preparation
In the case of protein kinase CK1δ, 23 protein–ligand complexes between the protein and small drug-like molecules are available in the Protein Data Bank (Berman et al., 2000) (PDB ID; 3UYT, 3UZP, 4HGT, 4HNF, 4KB8, 4KBA, 4KBC, 4KBK, 4TN6, 4TW9, 4TWC, 5IH5, 5IH6, 5MQV, 5OKT, 5W4W, 6F1W, 6F26, 6GZM, 6HMP, 6HMR, 6RCG, and 6RCH). The crystals with codes 6RU6, 6RU7, and 6RU8 were not considered in this study because they contain the natural substrate adenosine-5′-diphosphate. One of the structures [PDB ID: 4KB8 (Mente et al., 2013)] is composed of two different CK1δ–ligand complexes. For this reason, the system has been separated into two different entries (namely, 4KB8A and 4KB8B). Because of this, the total number of complexes considered in our study is 24.
Each of the mentioned complexes has been downloaded and properly prepared for subsequent computational analysis with the “Structure Preparation” tool implemented in the Molecular Operating Environment (MOE) (Molecular Operating Environment (MOE), 2021) 2019.01 suite. The missing hydrogen atoms were appropriately added with the MOE “Protonate 3D” program (setting the pH for the protonation at a value of 7.4) and were then energetically minimized according to the AMBER10: EHT (Case et al., 2008) force field implemented in MOE. After the preparation phase, the protein–ligand complexes were properly aligned and superposed with the MOE dedicated tool, to make the binding site coordinates coherent among the different crystallographic structures. These complexes were saved and used at a later stage for the generation of the pharmacophore model (see Section 2.4).
Afterward, each ligand was separated from its respective protein. All the small molecules were collected in a database and prepared for docking calculations exploiting several packages from the QUACPAC OpenEye (QUACPAC, 2021) suite. For each molecule, the most probable tautomeric state was selected with the “tautomers” program, the three-dimensional coordinates were rebuilt using the “Omega” tool, the partial charges were attributed with the “MolCharge” program according to the MMFF94 force field, and finally, the dominant protonation state at pH 7.4 was determined by the “FixPka” tool.
2.3 Cross-Docking
Each of the aforementioned 24 CK1δ crystallographic ligands, prepared as described in Section 2.2, was docked inside each of the correspondent 24 CK1δ protein structures exploiting two different molecular docking pieces of software, namely GOLD (Jones et al., 2002) (based on a genetic algorithm, developed and distributed with a commercial license from CCDC) and PLANTS (Korb et al., 2006) (an Ant-Colony-Optimization docking algorithm, developed by the University of Tübingen and free for use for academics).
This approach was chosen to follow the principles of “consensus docking” (Houston and Walkinshaw, 2013), which is based on the fact that data obtained by combining results coming from docking programs that operate in an orthogonal way are associated with higher robustness.
For both GOLD and PLANTS, 10 poses per molecule were collected. The default parameters were used for both protocols. Concerning the choice of the scoring function, Chemscore was selected for GOLD, while PLANTSChemPLP was selected for PLANTS.
A total of 1,152 (24 ligands × 24 proteins × 2 docking protocols) independent docking runs were performed, and the results were then analyzed using an in-house Python script. The script collects the RMSD between each docking pose and the correspondent crystal reference pose, outputting two different plots. The first plot is a heatmap that illustrates the RMSD values for the best docking pose generated for each ligand onto each protein. The second plot is a histogram that re-elaborates the previous results to give a visual representation of the “success rate” of each protein: a successful docking run is obtained when the RMSD between the docking pose and the crystal reference is below the arbitrarily chosen 2 Å threshold value so that the “success rate” is defined by the percentage ratio of the successful docking runs for each protein (i.e., the percentage of docking experiments where the RMSD falls below the threshold value).
2.4 Pharmacophore Modeling
Based on previously published works on the same target, we took advantage of the structural information about known inhibitors of CK1δ in the form of crystal structures of their complex with the kinase deposited in the PDB. The same 24 protein–ligand complexes mentioned in Section 2.2 were subjected to the MOE Pharmacophore model tool: shared interaction features (with a 50% threshold value for feature retention) were then used in the generation of the pharmacophore model.
As can be seen in Figure 1, the final model consisted of four features (represented as spheres in the image), namely a hydrogen bond donor and a hydrogen bond acceptor interacting with Leu85, an aromatic ring in the proximity of the hinge region, and another aromatic ring adjacent to the first one in the inner part of the binding pocket.
[image: Figure 1]FIGURE 1 | Visual representation of the pharmacophore model used in this scientific work. Features are represented as spheres. Orange spheres indicate an aromatic ring, with an orientation determined by the small orange pin, while the pink spheres indicate a hydrogen bond donor/acceptor. For visual reference, the 4TN6 complex is also reported in this figure, with the protein represented in teal ribbons and the PFO ligand represented as orange sticks.
2.5 Autogrow
Autogrow4 (AutoGrow4, 2020) is a fully open-source code written in Python and developed by the Durrant lab that combines a genetic algorithm with docking calculation based on the Vina (Eberhardt et al., 2021) docking software (version 1.2.0) to perform a semi-automatized process for both de novo drug design and lead optimization.
Molecules are submitted to the program in the form of SMILES strings. The genetic algorithm part of the code uses a series of synthetically feasible reactions to perform a defined number of mutation and crossover operations (i.e., growing and merging) on submitted chemical entities, creating a full population (called generation) of molecules to feed to the molecular docking program.
This generation is then docked using the Vina docking software. After the docking stage, the genetic algorithm retrieves the score for each docking pose, which it uses to rank molecules and pick the most fitted members of the generation to promote them to the next generation. This iterative process is repeated for a user-defined number of generations or until an earlier termination criterion is met.
The code is released under the Apache2 license, is freely available at https://durrantlab.pitt.edu/autogrow4/, and works both in Python 2.7 and ≥3.6 environment. A detailed description of how the latest Autogrow release works is provided in the work of Spiegel and Durrant (2020).
Two different versions of the Autogrow code were used in this scientific work. The first one was downloaded from the official repository and used as is, without any modifications to the source code. The second one was the result of an in-house modification of the source code performed to customize the scoring stage of the docking process. The traditional Autogrow protocol uses the Vina standard scoring function (from now on, defined as VINA), which encompasses some elements of knowledge-based potentials and others of a typical empiric scoring function (Eberhardt et al., 2021). Instead, our modified version of the Autogrow code implements an alternative scoring function (from now on, defined as IFPCS) based on the similarity between protein–ligand interaction fingerprints.
The crystal complex of a known inhibitor is chosen as reference (in our case, the ligand PFO from complex 4TN6 was chosen) and its binding mode is codified into a bit vector exploiting the InteractionFingerprint function from the fingerprint module of the Open Drug Discovery Toolkit (Wójcikowski et al., 2015) Python Library. This function converts the protein–ligand interaction into a bit array according to the residue of choice and the type of interaction. Each protein residue is represented by eight bits, one for each type of interaction considered (hydrophobic contacts, aromatic face to face, aromatic edge to face, hydrogen bond with protein acting as donor, hydrogen bond with protein acting as acceptor, salt bridge with protein acting as the positively charged member, salt bridge with protein acting as the positively negative member, and ionic bond with a metal ion), so that the final vector will have a size of r×8, where r stands for the number of protein residues.
During the scoring phase of our custom Autogrow run, each docking pose is also codified into an Interaction Fingerprint vector, the same way as for the crystal reference. Then, the two vectors are transformed from sparse to dense, making use of the appropriate functions from the Numpy Python library, before the comparison between the reference and the query fingerprint is executed using the cosine similarity metrics, exploiting the appropriate function of the Scikit-learn Python library. The resulting score, which ranges from 1 (indicating a complete agreement and coherence between the two binding modes) to 0 (indicating that the two binding modes are not coherent), is then multiplied by −1 to comply with the selection mechanism of Autogrow genetic algorithm, which favors the most negative scores, as is usually the case for most classic scoring functions, like the one used by Vina.
[image: image]
Equation 1 is the mathematic formulation of the IFPCS scoring function. This scoring function is the inverse of the cosine similarity between two vectors, A and B, representing the Interaction Fingerprint for the reference and the query ligand, respectively. Values range from −1 (indicating maximum coherence between the two binding modes) to 0 (indicating the lowest possible correspondence between the two binding modes).
3 RESULTS
3.1 Cross-Docking
Since 24 different protein–ligand complexes were available for CK1δ (the target for our computational study), but only one at a given time can be used for docking calculations, we had to carefully evaluate the one most suitable for our needs. The choice of the protein structure to use for docking calculation is not trivial, for several reasons. When a ligand gets in contact with a protein, the binding event may cause a change in the structure of the protein itself (Li and Ji, 2019). These modifications are mainly depictable in the binding site and may also be extended to other regions. In a crystallographic complex, this effect is highlightable by differences in the shape of the binding site among the different crystal structures available for a single protein (Csermely et al., 2010).
One of the possible approaches to accomplish this task, the one that we used in our workflow, is known as “cross-docking” (Wierbowski et al., 2020). This technique consists in taking all the protein–ligand complexes available for a target, separating all the ligands from their respective co-crystallized structure, and docking all the different ligands in the binding site of each different protein structure. By analyzing the docking results, it is possible to define the crystallographic protein structure that has the highest tendency to correctly reproduce ligands’ crystallographic conformation.
For these reasons, we performed a cross-docking experiment on our 24 CK1δ complexes to decide which one to pick for subsequent calculation. Each ligand was docked into each protein structure using two different docking protocols, GOLD-Chemscore and PLANTS-PLANTSChemPLP, for a total of 1,152 independent docking runs. For each ligand, the root-mean-square deviation (RMSD) between each docking pose and the crystallographic conformation was calculated. The poses with the lowest RMSD in each docking run were selected and their RMSDs were plotted, obtaining the graphs represented in Figure 2. A detailed description of the methodology used for the cross-docking experiment is provided in Section 2.3.
[image: Figure 2]FIGURE 2 | Two heatmaps that summarize the results of the cross-docking experiment performed before the Autogrow runs to select the protein structure to use for subsequent calculations. Panel (A) reports the results for the GOLD-Chemscore protocol, while Panel (B) encompasses the results of the PLANTS-PLANTSChemPLP one. On the vertical axis, the PDB code of the protein is reported, while on the horizontal axis the PDB code of the ligand is indicated. The colored squares report the RMSD values for the best docking pose generated by the two docking protocols according to the color bar located on the right side of the image: color ranges from blue (indicating a low RMSD; minimum value is 0 Å, indicating a perfect superposition between the docking pose and the crystal reference) to red (maximum value is 4 Å, indicating a high deviation between the docking pose and the crystal reference).
To visualize the results more clearly, the data from the plots reported in Figure 2 were re-elaborated to obtain a single indicator of the performance of each protein in reproducing the correct binding mode for docked ligands. We opted for calculating the “success rate” for each protein structure: a 2 Å threshold value was chosen to discriminate between successful and unsuccessful docking runs. For each protein, the percentage of successful docking runs (the “success rate”) was calculated accordingly and plotted in a histogram.
Figure 3 encompasses the results of this second analysis, reporting the success rate for both the GOLD-Chemscore and PLANTS-PLANTSChemPLP protocols. Moreover, since we adopted the principle of “consensus docking,” as mentioned in Section 2.3, we decided to calculate the average success rate between the two docking protocols. As can be seen in Figure 3, the overall “success rate” obtained by the combination of data from the two docking protocols indicates the protein from the complex 4TN6 as the protein that is, on average, more able than the other ones to correctly reproduce the crystallographic binding mode of docked ligands. Although the difference in the success rate between the first and the second protein is low, in the context of several consequential docking runs where thousands of compounds are considered at a given time, even small differences in the percentage success rate could have a big impact on the quality of the run, considering that the prioritization of compounds from one generation to another is based upon their docking-predicted ability to retain the interaction features that characterize the binding mode of known inhibitors. For this reason, we used the protein 4TN6 as a representative CK1δ structure for our subsequent calculations with Autogrow.
[image: Figure 3]FIGURE 3 | The overall “success rate” in reproducing the correct crystallographic binding mode for each of the 24 CK1δ complexes considered in the study. The “success rate” is defined as the percentage of successful docking runs for each protein in the cross-docking experiment, where a successful docking run is defined as a docking calculation where the RMSD between the best docking pose and the crystal reference falls below an arbitrarily chosen threshold value of 2 Å. Panel (A) reports the results for the GOLD-Chemscore protocol. Panel (B) reports the results for the PLANTS-PLANTSChemPLP protocol. Panel (C) encompasses the combined “success rate” for each protein, defined as the average between the success rate for each protocol. Protein from the complex 4TN6 was chosen as the most representative CK1δ structure for successive calculations.
3.2 Benchmark De Novo Run
To assess the performance of our alternative, fingerprint-based, Autogrow protocol (defined as IFPCS, while the traditional one is VINA), we first performed a benchmark de novo run, using the same conditions as the ones described in the work of Spiegel and Durrant (2020).
A 30-generation run was performed for each protocol, using the “Fragment_MW_100_to_150.smi” library provided in the Autogrow repository and described in the original publication. Configuration files for both de novo runs in the JSON format are available in the Supplementary Material, while a detailed description of both Autogrow and our alternative scoring approach is described in Sections 2, 2.5.
In order to validate the performance of both protocols, we opted for evaluating the quality of the generated compounds by filtering each generation of poses using a pharmacophore model. This filter, which has already been proved to identify true binders in previous related works (Cescon et al., 2020; Bolcato et al., 2021), was used to retain only those poses which complied with known requirements for binding to the CK1δ pocket. This metric was used to determine if there is any advantage in incorporating a knowledge-based element in the generation of novel potential inhibitors of CK1δ, steering the compound selection process toward the ones that assume a pharmacophore-like binding mode. These pharmacophore-like compounds were then characterized by calculating their molecular weight and the similarity of their shape and electrostatic properties to crystal CK1δ inhibitors taken as reference. For this purpose, the EON (Eberhardt et al., 2021) package from the OpenEye suite was used. Each compound passing the pharmacophore filter was compared with each crystallographic ligand, calculating the electrostatic and shape similarity (ETcombo). The best value for each ligand was extracted and used for the elaboration of the a posteriori analysis, whose results are reported in Figures 4, 5.
[image: Figure 4]FIGURE 4 | Comparison of the performance of the two Autogrow protocols in the benchmark de novo runs regarding their ability to generate compounds that pass the pharmacophore filter. The VINA protocol is reported as a blue line, while the IFPCS one is reported as an orange line. Panel (A) depicts, for each protocol, the average molecular weight of compounds within the population that pass the pharmacophore filter on a per-generation basis. The vertical axis reports the molecular weight, while the horizontal axis reports the generation number. Panel (B) depicts, for each protocol, the distribution of generated compounds that pass the pharmacophore filter regarding their molecular weight and the similarity of shape and electrostatic properties to crystal inhibitors taken as reference. The vertical axis reports the average molecular weight in Da, while the horizontal axis reports the ETcombo value. Blue dots represent compounds generated by the VINA protocol, while orange dots represent compounds generated by the IFPCS one.
[image: Figure 5]FIGURE 5 | The ability of the two Autogrow protocols in the benchmark de novo run to produce compounds that have a high degree of similarity concerning shape and electrostatic properties to the crystallographic ligands, chosen as reference. The probability distribution of the ETcombo score for compounds populating each generation is reported as a histogram, where the vertical axis reports the probability density while the horizontal axis reports the ETcombo value. Two distributions are reported within each plot: the blue bars refer to compounds generated with the VINA protocol, while the orange bars refer to compounds generated with the IFPCS one.
As can be seen in Figure 4A, which shows the average molecular weight of compounds that pass the pharmacophore filter for each generation, the VINA protocol rapidly reaches the peak of the average molecular weight (around generation 6), while our IFPCS protocol has a slower but regular growth that reaches values comparable to the VINA protocol from around generation 27 onwards. This difference is probably related to the fact that the VINA scoring function is biased toward the selection of larger compounds, which can make a good number of non-specific interactions with the target, while our IFPCS one is biased toward the selection of compounds that have a similar interaction pattern compared to a reference compound, regardless of their dimensions.
As depicted in Figure 4B, which illustrates the distribution of generated compounds across all generations concerning their molecular weight and their electrostatic and shape similarity with crystal CK1δ inhibitors, this different selection process results in the production of compounds with different properties: the blue dots, which represent the compounds generated by the VINA protocol, are mostly located in the left-upper portion of the graph, indicating that most of the compounds generated by the traditional protocol have a high molecular weight but a low level of similarity with known inhibitors. On the contrary, the upper-right part of the graph (high molecular weight, high electrostatic, and shape similarity) is mostly populated with orange dots, which represent the compounds generated by our IFPCS protocol.
The difference in the selection process is also highlighted in Figure 5, which illustrates the distribution of compounds across a representative subset of generations concerning their electrostatic and shape similarity: the graph clearly shows how the VINA protocol does not improve the similarity of generated compounds while increasing the number of generations. On the contrary, the orange population (which represents the compounds generated by the IFPCS protocol) gradually shifts toward the right part of the plot passing from earlier to later stage generations, indicating that the compounds passing the pharmacophore filter increase their electrostatic and shape similarity passing from one generation to another. Another comparison of the performances of the two protocol is given in Figure 6, which reports the progressive enrichment in compounds with a high degree of similarity to reference inhibitors within the total population. An example of a high-scoring compound generated by our IFPCS protocol is reported in Figure 7, where its chemical structure and the comparison between its docking-predicted binding mode and the crystal pose of the PFO ligand from reference crystal complex 4TN6 is shown.
[image: Figure 6]FIGURE 6 | The capability of the two different Autogrow protocols in the benchmark de novo run to produce compounds that have a high degree of similarity concerning shape and electrostatic properties to the crystallographic ligands, chosen as reference. For each generation, the percentage of compounds within the total population whose ETcombo exceeds a defined threshold value is reported. Three different cutoff values are reported: 0.50, 0.75, and 1.00, respectively.
[image: Figure 7]FIGURE 7 | The superposition between the docking-predicted binding mode of a high-scoring compound (MMS1) from the benchmark de novo run performed with the IFPCS scoring protocol and the reference crystal binding pose of compound PFO from the structure deposited in the Protein Data Bank with accession code 4TN6. On the left part of the image, the protein kinase CK1δ ATP binding site is reported in teal ribbon, the pose of the compound MMS1 is shown as orange sticks, while the pose of compound PFO is shown as green sticks. On the right part of the image, the chemical structure of the compound MMS1 is reported.
3.3 Benchmark Lead-Optimization Run
To further evaluate the validity of our custom scoring protocol, we also performed a benchmark lead-optimization run, using once again the same conditions as the ones reported in the work of Spiegel and Durrant (2020).
A 5-generation run was performed for each protocol, using a library composed of the 24 crystallographic ligands mentioned in the previous sections and another 316 fragments obtained from the fragmentation of crystallographic ligands exploiting the “fragmenter_of_smi_mol.py” Python script provided by the Autogrow developers, using the BRICS fragmentation rule, for a total of 340 compounds fed to the algorithm. In this case, configuration files for both benchmark runs in the JSON format are available in the Supplementary Material.
To assess the performance of both protocols, we applied the same criteria described previously for the de novo runs, focusing once again on compounds passing the pharmacophore filter described in Section 2.4 and characterizing them about their molecular weight and electrostatic and shape similarity compared to crystal CK1δ inhibitors.
Figure 8B illustrates the distribution of compounds across all five generations regarding their ETcombo and their molecular weight: as can be seen, there is little to no difference between the two protocols, with the two populations being practically superimposable. However, contrary to what might be suggested by this plot, there is a significant difference in the performances of the two protocols, which is highlighted in Figures 8A, 9, 10.
[image: Figure 8]FIGURE 8 | Comparison of the performance of the two Autogrow protocols in the benchmark lead-optimization runs regarding their ability to generate compounds that pass the pharmacophore filter. The VINA protocol is reported as a blue line, while the IFPCS one is reported as an orange line. Panel (A) depicts, for each protocol, the average molecular weight of compounds within the population that pass the pharmacophore filter on a per-generation basis. The vertical axis reports the molecular weight, while the horizontal axis reports the generation number. Panel (B) depicts, for each protocol, the distribution of generated compounds that pass the pharmacophore filter regarding their molecular weight and the similarity of shape and electrostatic properties to crystal inhibitors taken as reference. The vertical axis reports the average molecular weight in Da, while the horizontal axis reports the ETcombo value. The blue dots represent compounds generated by the VINA protocol, while the orange dots represent compounds generated by the IFPCS one.
[image: Figure 9]FIGURE 9 | The ability of the two Autogrow protocols in the benchmark lead-optimization run to produce compounds that have a high degree of similarity with regard to shape and electrostatic properties to the crystallographic ligands, chosen as reference. The probability distribution of the ETcombo score for compounds populating each generation is reported as a histogram, where the vertical axis reports the probability density while the horizontal axis reports the ETcombo value. Two distributions are reported within each plot: the blue bars refer to compounds generated with the VINA protocol, while the orange bars refer to compounds generated with the IFPCS one.
[image: Figure 10]FIGURE 10 | The capability of the two different Autogrow protocols in the benchmark lead-optimization run to produce compounds that have a high degree of similarity concerning shape and electrostatic properties to the crystallographic ligands, chosen as reference. For each generation, the percentage of compounds within the total population whose ETcombo exceeds a defined threshold value is reported. Three different cutoff values are reported: 0.50, 0.75, and 1.00, respectively.
As can be noticed in Figure 8A, the average molecular weight of compounds passing the pharmacophore filter grows by about 90 Da, passing from the first to the last generation in the case of our IFPCS protocol. On the contrary, the average molecular weight of pharmacophore-like compounds generated by the traditional VINA protocol does not increase with the number of generations, but slightly decreases over time, falling even below the average molecular weight of the first generation derived from the IFPCS protocol. Furthermore, Figure 9 illustrates how, as previously seen in the benchmark de novo run, the similarity of compounds passing the pharmacophore filter increases over time when the IFPCS scoring protocol is adopted, while it slightly decreases and does not improve over time in the case of the traditional VINA scoring protocol. Particularly, this trend is also confirmed by Figure 10, which shows how the IFPCS protocol can produce a quicker enrichment of the population in high-similarity compounds compared to the traditional VINA one. As for the previous case, an example of a high-scoring compound generated in the last and final generation of the IFPCS run is reported in Figure 11.
[image: Figure 11]FIGURE 11 | The superposition between the docking-predicted binding mode of a high-scoring compound (MMS2) from the benchmark lead-optimization run performed with the IFPCS scoring protocol and the reference crystal binding pose of compound PFO from the structure deposited in the Protein Data Bank with accession code 4TN6. On the left part of the image, the protein kinase CK1δ ATP binding site is reported in teal ribbon, the pose of the compound MMS2 is shown as orange sticks, while the pose of compound PFO is shown as green sticks. On the right part of the image, the chemical structure of the compound MMS2 is reported.
3.4 Prospective De Novo Run
Encouraged by the results of our benchmark runs, we decided to perform a prospective run with the IFPCS protocol, applying the same operating conditions as before. This time, the starting library was modified to add to the compounds used for the benchmark runs seven fragment ATP-competitive CK1δ inhibitors identified during a previous virtual screening campaign from our laboratory (Bolcato et al., 2021). The idea behind this run was to evaluate the ability of our IFPCS scoring protocol to generate interesting novel potential CK1δ inhibitors derived from in-house, readily available compounds.
The chemical structure of the seven fragments used in this run is reported in Figure 12.
[image: Figure 12]FIGURE 12 | Chemical structure of the seven fragment CK1δ inhibitors derived from the work of Bolcato et al. (2021).
To verify the quality of this run, we performed the same analysis as for the benchmark runs. The results of this analysis are summarized in Figures 13–15, respectively. As remarked in Figure 14, the same trend seen in the benchmark de novo run can also be observed in the case of this prospective run: while the VINA protocol is not able to increase the shape and electrostatic similarity to known inhibitors over time, the IFPCS protocol can produce a shift of the orange population toward higher ETcombo values. As illustrated by Figure 13, which reports a comparison between the benchmark de novo run performed with the VINA protocol and the prospective de novo run carried out with the IFPCS protocol, the trend in both the distribution of compounds regarding their molecular weight and ETcombo and the growth of molecular weight over time are similar to the benchmark de novo run. Figure 13B clearly shows how the upper-right portion of the graph, which hosts compounds with both high molecular weight and ETcombo values, is populated exclusively by orange dots, which represent compounds generated with the IFPCS scoring protocol. Interestingly, Figure 14A highlights how there is much less difference in the growth rate of molecular weight between the IFPCS run (which is contaminated by the presence of our seven CK1δ-inhibiting fragments) and the benchmark VINA run, suggesting that performances of the IFPCS could improve if some high-quality pharmacophore-like fragments are included in the starting library. However, despite the quicker growth of molecular weight, the quality of generated compounds follows the same trend seen in the benchmark de novo run, as reported in Figure 15. As for the previous cases, an example of a high-scoring compound is reported in Figure 16.
[image: Figure 13]FIGURE 13 | Performance of the two Autogrow protocols in the prospective de novo runs regarding their ability to generate compounds that pass the pharmacophore filter. The VINA protocol is reported as a blue line, while the IFPCS one is reported as an orange line. Panel (A) depicts, for each protocol, the average molecular weight of compounds within the population that pass the pharmacophore filter on a per-generation basis. The vertical axis reports the molecular weight, while the horizontal axis reports the generation number. Panel (B) depicts, for each protocol, the distribution of generated compounds that pass the pharmacophore filter regarding their molecular weight and the similarity of shape and electrostatic properties to crystal inhibitors taken as reference. The vertical axis reports the average molecular weight in Da, while the horizontal axis reports the ETcombo value. The blue dots represent compounds generated by the VINA protocol, while the orange dots represent compounds generated by the IFPCS one.
[image: Figure 14]FIGURE 14 | The ability of the two Autogrow protocols in the prospective de novo run to produce compounds that have a high degree of similarity with regard to shape and electrostatic properties to the crystallographic ligands, chosen as reference. The probability distribution of the ETcombo score for compounds populating each generation is reported as a histogram, where the vertical axis reports the probability density while the horizontal axis reports the ETcombo value. Two distributions are reported within each plot: the blue bars refer to compounds generated with the VINA protocol, while the orange bars refer to compounds generated with the IFPCS one.
[image: Figure 15]FIGURE 15 | The capability of the two different Autogrow protocols in the prospective de novo run to produce compounds that have a high degree of similarity concerning shape and electrostatic properties to the crystallographic ligands, chosen as reference. For each generation, the percentage of compounds within the total population whose ETcombo exceeds a defined threshold value is reported. Three different cutoff values are reported: 0.50, 0.75, and 1.00, respectively.
[image: Figure 16]FIGURE 16 | The superposition between the docking-predicted binding mode of a high-scoring compound (MMS3) from the benchmark de novo run performed with the IFPCS scoring protocol and the reference crystal binding pose of compound PFO from the structure deposited in the Protein Data Bank with accession code 4TN6. On the left part of the image, the protein kinase CK1δ ATP binding site is reported in teal ribbon, the pose of the compound MMS3 is shown as orange sticks, while the pose of compound PFO is shown in green sticks. On the right part of the image, the chemical structure of the compound MMS3 is reported.
4 DISCUSSION
The open-source software Autogrow4 (AutoGrow4, 2020) is an interesting piece of code that utilizes a combination between a genetic algorithm and the Vina (Trott and Olson, 2010) molecular docking software to semi-automatize the processes of fragment growing and lead optimization. Thanks to the modular nature of the codebase, we implemented an alternative scoring protocol (IFPCS) based on the similarity of protein–ligand interaction fingerprint between a crystal reference and query compounds, exploiting the appropriate function from the open-source library Open Drug Discovery Toolkit (Wójcikowski et al., 2015), and we compared its performances with the traditional Autogrow scoring protocol (VINA), which is based on the Autodock Vina scoring function.
The VINA protocol uses a scoring function that incorporates some elements of knowledge-based potentials and some others of empirical scoring functions. As is the case for many scoring functions, the score is biased toward higher molecular weight compounds, which can establish a higher number of non-specific interactions with the target (Chen, 2015). For this reason, usually, molecular docking programs are efficient in sampling the conformational space available for the ligand within the binding site but are weaker in prioritizing the right binding mode among a set of reasonable hypotheses generated by the search algorithm (Chaput and Mouawad, 2017). This is especially true in the case of fragments, which deviate from the drug-like properties of compounds upon which traditional scoring functions have been trained (Verdonk et al., 2011).
As thoroughly discussed in the work of Bolcato et al. (Bolcato et al., 2021), one possible solution to the scoring problem is to apply a pharmacophore filter to poses generated by the molecular docking program. When several structural pieces of information are available in the form of protein–ligand crystal complexes for a certain target (as is the case for protein kinase CK1δ, the case study for this work), a good solution to reduce the false positive rate of molecular docking programs is to build a pharmacophore model that encompasses the most prominent interaction features that are required to bind ligands to the target active site (Peach and Nicklaus, 2009). In the case of a program like Autogrow, where the selection mechanism that determines which compounds to promote to the next generation is based on the docking score, we thought it would be interesting to incorporate a knowledge-based element in the pose selection mechanism in the form of a comparison between the interaction fingerprint of query compounds and known inhibitors, to bias the selection mechanism toward molecules that respect the required features to bind to the target.
To validate our IFPCS scoring protocol, we performed both a de novo and a lead-optimization benchmark run, using the same operative conditions described in the original work of Spiegel and Durrant (2020) but on a different target. The protein target of choice was the protein kinase CK1δ, a pharmaceutically relevant target in the field of neurodegenerative diseases for which several crystal complexes with inhibitors are available in the PDB. The benchmark de novo run was performed on a library composed of 6,103 fragment compounds whose molecular weight falls between 100 and 150 Da, while the benchmark lead-optimization run was carried out on a library composed of 24 crystallographic ligands of the protein kinase CK1δ and 316 fragments derived from the fragmentation of crystallographic ligands using the BRICS rule. To compare the capabilities of the two protocols, we filtered each generation of compounds with the same pharmacophore filter already utilized in previous scientific works on the target (Cescon et al., 2020; Bolcato et al., 2021). We then proceeded to evaluate the quality of compounds that pass the pharmacophore filter, considering both the size and the similarity of shape and electrostatic properties of query compounds compared to the crystallographic ligands taken as reference.
As illustrated by the results of our analysis (Sections 3.3, 3.4, respectively), there is a substantial difference in the performances of the two protocols: while both protocols can generate a certain amount of compounds that pass the pharmacophore filter (therefore possessing the right structural features that are required for the interaction with the target), in both scenarios the IFPCS scoring function outperforms the traditional VINA one regarding the ability to select and prioritize pharmacophore-like compounds that have a similar shape and electrostatic properties compared to known inhibitors of the protein kinase CK1δ. This is particularly evident in the lead-optimization scenario, where within each generation passage, the average molecular weight of compounds that pass the pharmacophore filter steadily increases, passing from the typical MW of a fragment-like compound to the MW of a grown, mature, lead candidate, while the contrary happens in the case of the VINA protocol, with the average MW of the compounds that pass the pharmacophore filter steadily decreasing, falling even below the value of the first generation from the IFPCS protocol. Moreover, when poses from each generation are compared with the ones of crystallographic ligands concerning the shape and electrostatic similarity, a similar trend can be noticed. While the VINA protocol can select high-quality compounds in the first generation, compared to the IFPCS one, at later stages during the run a progressive reduction in the similarity between the query and reference compounds can be noticed, contrary to what happens when the IFPCS scoring protocol is utilized. This can be explained considering the different nature of the two scoring functions: the VINA protocol is biased toward bigger, therefore higher scoring, compounds, while the IFPCS protocol favors compounds that respect the interaction pattern of the reference crystallographic ligand, regardless of their size. For this reason, the IFPCS protocol tends to favor smaller compounds in the first generations, as long as they are complying with the constraint imposed by the reference interaction fingerprint, increasing the possibility to maintain in the population high-quality fragment to be optimized via the mutation and crossover operation of the genetic algorithm. On the contrary, the VINA protocol selects high MW compounds in the first generation that have little to no space for meaningful chemical modifications, giving low priority to those smaller compounds that will have a lower number of interactions with the target, thus resulting in lower docking score. Overall, our IFPCS protocol seems preferable in those cases where structural data are available in the form of protein–ligand complex structure, as is the case for a good number of targets nowadays, while the traditional protocol seems a valid choice in those cases where such structural information is missing.
A recent virtual screening campaign performed in our laboratory led to the identification of seven novel fragment compounds that are ATP-competitive CK1δ inhibitors (Bolcato et al., 2021). Curious to see if our protocol would have been able to produce novel potential CK1δ that incorporates structural features of our seven fragments, we performed a second de novo run, using the same conditions as for the benchmark one, except for the introduction in the starting library of those seven fragment compounds. The same analysis performed on the benchmark runs showed that the performance of our IFPCS scoring protocol is even better when the Autogrow protocol is seeded with high-quality fragments that have the right structural feature to interact with the target. Usually, in a typical FBDD campaign, the identification of fragment binders either through virtual or experimental screening leads to the discovery of several potential starting points for the hit-to-lead fragment optimization phase. Our preliminary study showed that it is possible to obtain meaningful results even in those cases where the starting library is populated by fragments that are randomly selected and not specifically tuned for the target of choice, but it certainly benefits from the contamination of the starting library with fragments that are known binders, indicating that the application of the IFPCS protocol could lead to some interesting results in those cases where the known binders constitute a bigger fraction of the starting library. Concerning this, this approach could be utilized to evaluate the competitiveness of newly found scaffolds with the already existing ones, based on the simplicity to derive those scaffolds with common and feasible chemical reactions, therefore producing a good number of derivatives with increased affinity for the target.
5 CONCLUSION
In the present work, we presented and benchmarked a custom version of the open-source Autogrow4 which implements an alternative scoring protocol based on the similarity between protein–ligand interaction fingerprint of query compounds compared to a crystal reference. To demonstrate the applicability of our protocol in a pharmaceutically relevant scenario, we tested its capability to generate compounds that have similar binding and structural features to known inhibitors of the protein kinase CK1δ, a protein that is involved in several neurodegenerative diseases, such as AD, PD, and ALS.
A benchmark de novo run and a lead-optimization one were both carried out to compare the performance of our IFPCS scoring protocol against the traditional one implemented in the original version of the Autogrow code, using the same conditions as the one reported in the original publication by Spiegel et al. Compared to the traditional Autogrow protocol, which uses the default scoring function of the Vina docking software, our IFPCS protocol was able to generate, on average, compounds that were bigger and more similar to crystallographic ligands from the point of view of the shape and electrostatic properties, while retaining the key protein–ligand interaction features required for the inhibition of CK1δ.
The custom Autogrow version used in this work, which implements our alternative IFPCS scoring protocol, along with the JSON configuration files used for each run and a YAML file to reconstitute the Python environment to run the custom version of the code, is available in the Supplementary Material.
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The growth of the aging population, together with improved stroke care, has resulted in an increase in stroke survivors and a rise in recurrent events. Axonal injury and white matter (WM) dysfunction are responsible for much of the disability observed after stroke. The mechanisms of WM injury are distinct compared to gray matter and change with age. Therefore, an ideal stroke therapeutic must restore neuronal and axonal function when applied before or after a stroke, and it must also protect across age groups. Casein kinase 2 (CK2), is expressed in the brain, including WM, and is regulated during the development and numerous disease conditions such as cancer and ischemia. CK2 activation in WM mediates ischemic injury by activating the Cdk5 and AKT/GSK3β signaling pathways. Consequently, CK2 inhibition using the small molecule inhibitor CX-4945 (Silmitasertib) correlates with preservation of oligodendrocytes, conservation of axon structure, and axonal mitochondria, leading to improved functional recovery. Remarkably, CK2 inhibition promotes WM function when applied after ischemic injury by specifically regulating the AKT/GSK3β pathways. The blockade of the active conformation of AKT confers post-ischemic protection to young and old WM by preserving mitochondria, implying AKT as a common therapeutic target across age groups. Using a NanoString nCounter miRNA expression profiling, comparative analyses of ischemic WM with or without CX-4945 treatment reveal that miRNAs are expressed at high levels in WM after ischemia, and CX-4945 differentially regulates some of these miRNAs. Therefore, we propose that miRNA regulation may be one of the protective actions of CX-4945 against WM ischemic injury. Silmitasertib is FDA approved and currently in use for cancer and Covid patients; therefore, it is plausible to repurpose CK2 inhibitors for stroke patients.
Keywords: mitochondria, micro RNA, CX-4945, silmitasertib, akt, post-ischemic protection, ischemia
INTRODUCTION
The Role of Casein Kinase 2 in Brain Ischemia
Casein Kinase 2 (CK2), is an unconventional protein kinase (PK) that is composed of two catalytic α-subunits (α and α’) and two β-subunits (Pinna and Allende, 2009). CK2 is shown to phosphorylate numerous substrates, including other PKs, thus acting as a “master regulator” (Meggio and Pinna, 2003; Poole et al., 2005). Unlike other PKs, the catalytic activity of CK2 is not regulated by second messengers or phosphorylation (Poole et al., 2005; Vilk et al., 2008) and it is constitutively active. In addition, CK2 is recently reported to be activated via a polymerization/depolymerization mechanisms (Kristensen et al., 2004; Lolli et al., 2012; Franchin et al., 2018) together with reactive oxygen species (ROS) (Leslie and Downes, 2002; Cosentino-Gomes et al., 2012; Srinivasan et al., 2013). CK2 regulates many cellular functions and its activity is vital for brain development (Lou et al., 2008) and cellular homeostasis (Blanquet, 2000; Brunet et al., 2015). For instance, direct interaction of CK2β with the transcription factor Olig2 is required for oligodendrocyte progenitor cell development and lineage (Huillard et al., 2010). On the other hand, upregulation of CK2 signaling is linked to many diseases, such as cancers (Sarno et al., 2002), cardiac hypertrophy (Hauck et al., 2008; Eom et al., 2011), and ischemic injury (Hu et al., 1993; Hu and Wieloch, 1993; Ka et al., 2015).
CK2 is constitutively expressed in the central nervous system (CNS) including glial cells such as adult oligodendrocytes (Huillard et al., 2010) and has a complex role in cellular injury (Ka et al., 2015). A previous report has shown that CK2 is a neuroprotectant that acts by directly modulating NADPH oxidase activity during cerebral ischemia (Kim et al., 2009). On the other hand, a brief and moderate AMPA receptor activation in rat oligodendrocyte cell cultures triggers CK2 activity to mediate excitotoxic injury (Canedo-Antelo et al., 2018). Accordingly, CK2 inhibition alleviates AMPA-mediated excitotoxic oligodendrocyte death by blocking AMPA receptor activation (Canedo-Antelo et al., 2019). Although these findings propose an intriguing role for CK2 signaling in brain ischemic injury mechanisms, the role of CK2 has remained unexplored in white matter (WM) function and ischemic injury mechanisms until recently (Baltan et al., 2018; Bastian et al., 2019b). WM is composed of astrocytes, oligodendrocytes, microglia, axons, and myelin that wraps them (Fields, 2008) therefore an ideal stroke therapeutic must be directed towards neurons, axons, and glial cells across all age groups. Currently, recombinant tissue plasminogen activator or endovascular thrombectomy are effective treatments for reperfusion after ischemic stroke. However, reperfusion alone is not sufficient to rescue dying cells due to the activation of injury-related pathways. Thus, there is an unmet need for the identification of post-ischemic injury mechanisms to develop effective stroke treatment. Axonal injury is an important independent risk factor and burden for adverse outcomes following a stroke, even in intravenous thrombolysis patients (Curtze et al., 2015). It is crucial, therefore, to search for therapeutic options that protect the entire brain by treating both gray and WM components against ischemia.
Mechanisms of Ischemic White Matter Injury Are Age-Dependent
Mechanisms underlying ischemic WM injury prove to be unexpectedly complex and distinct from gray matter (GM) injury (Wrathall et al., 1994; Agrawal and Fehlings, 1997; Fern and Ransom, 1997; McDonald et al., 1998; Sanchez-Gomez and Matute, 1999; Follett et al., 2000; Tekkök and Goldberg, 2001; Stys, 2004; Tekkök et al., 2007). WM injury mechanisms follow a spatiotemporal sequence of events; axons are injured directly by the loss of ionic homeostasis resulting in toxic accumulation of intracellular Na+ and Ca2+ (Stys et al., 1990; Fern et al., 1995; Wolf et al., 2001; Ouardouz et al., 2003; Underhill and Goldberg, 2007), while astrocytes due to reversal of Na+-dependent glutamate transporters release excessive glutamate (Tekkök et al., 2007) leading to injury of oligodendrocytes and the myelin they produce (Matute et al., 1997; McDonald et al., 1998; Li et al., 1999; Sanchez-Gomez and Matute, 1999; Tekkök and Goldberg, 2001; Alberdi et al., 2002; Micu et al., 2006; Tekkök et al., 2007). Consistent with this idea, removal of extracellular Ca2+, blockade of AMPA/kainate receptors, or blockade of reverse glutamate transport reduces ischemic WM injury. Moreover, glutamate accumulation triggers oxidative injury pathways by competing with cysteine. Together with mitochondrial dysfunction and nitric oxide synthetase (NOS) activation, reactive oxidative stress (ROS) production increases contributing to irreversible ischemic WM injury.
Aging is the most independent risk factor for stroke. Age-related changes in the molecular structure of WM dictate injury mechanisms by surpassing the ionic pathway and initiating injury by combined excitotoxic and oxidative injury pathways. Consequently, protective interventions in young WM become ineffective at promoting recovery of, or even injurious to, aging WM (Saab et al., 2016; Bastian et al., 2019a). For instance, in the aging axons, there is a significant increase in glutamate transporter-1 (GLT-1) levels leading to excessive extracellular glutamate accumulation presumably due to an increased need for glutamate signaling in aging WM to maintain its function (Baltan, 2009; Baltan et al., 2011). However, these adaptive changes act against the tissue by causing glutamate toxicity and mitochondrial energy depletion in aging axons during an ischemic episode (Stahon et al., 2016). To maintain proper axon function, axonal mitochondria exhibit unique and complex dynamics to proficiently buffer Ca2+, produce sufficient ATP, and effectively scavenge ROS. Ca2+ overload activates eNOS to produce nitric oxide (NO) and ROS, which are proposed as diffusible second messengers to link oligodendrocyte excitotoxicity to axon injury (Matute, 2010; Voccoli et al., 2014; Bastian et al., 2018). The fusion and fission processes of mitochondria are delicately regulated to coordinate the spatiotemporal properties of mitochondrial Ca2+ responses and the physiological and pathophysiological consequences of Ca2+ signals (Baltan, 2014b). By enhancing fusion or inhibiting fission, elongated mitochondria efficiently buffer Ca2+, thus preventing eNOS activation and subsequent ROS production (Lugus et al., 2011; Miller et al., 2013; Baltan, 2014b; Bastian et al., 2018). In aging axons, there is an increase in mitochondrial fusion, presumably to effectively buffer increased Ca2+ load and ROS production, which further alters the mitochondrial dynamics and function (Baltan, 2009; Stahon et al., 2016). Therefore, an age-dependent modification in mitochondrial bioenergetics may underlie the increased vulnerability of aging axons to ischemia. The intimate link between changes in aging WM structure and response to injury complicates the development of possible therapeutic options and warrants attention to identify beneficial interventions that act on shared molecular targets between young and aging WM.
Casein Kinase 2 Mediates Ischemic White Matter Injury
The optic nerve, a purely myelinated CNS WM tract, offers several advantages to study the mechanisms of WM injury. These advantages include minimal surgical injury due to isolation techniques, preservation of the three-dimensional structure of myelinated axons with their supporting glia, stable and quantifiable recording of action potentials for prolonged periods (Cavallotti et al., 2002; Cavallotti et al., 2003). Tissue collected at the end of the experiments can be further processed to quantify the proteins of interest. In addition, in fixed optic nerve tissue, the cellular and axonal structures can be immunolabeled with cell-specific antibodies or prepared for three-dimensional electron microscopy imaging for ultrastructural assessment. The corpus callosum (CC) is another WM tract and offers important advantages for the investigation of in vitro CC slices to quantify axon function and in vivo WM (selective WM ischemic by stereotaxic L-NIO injections) injury which can be assessed with behavioral tests (Nunez et al., 2016). These two WM tracts allow an excellent combined function-structure analysis of glial cells and axons after stroke.
We evaluated the expression and localization of CK2α in mouse optic nerves (MONs), using isoform-specific antibodies to support a biological basis for investigating CK2 signaling in WM (Figure 1). CK2α is expressed in axons and glial cells in MONs demonstrated by colocalization of CK2α subunit with GFAP (+) astrocyte nuclei and some processes, NF-200 (+) axons, Olig2 (+) oligodendrocytes, and PLP (+) myelin. The robust expression pattern of CK2α suggests an extensive kinase regulation of WM structure and function (Moreno et al., 1999; Brechet et al., 2008; Yoshimura and Rasband, 2014; Rosenberger et al., 2016). Indeed, CK2 signaling is different under physiological and ischemic stress conditions. Under normal physiological conditions, CK2 signaling is important for the clustering of Na+ channels at axon initial segments and nodes of Ranvier to enable and preserve axonal excitability (Brechet et al., 2008; Hien et al., 2014) and for oligodendrocyte development (Huillard et al., 2010). On the other hand, during ischemia, CK2 signaling mediates injury to glial cells and impairs axon function either directly and/or through Cdk5 and PTEN/AKT/GSK3β signaling regulation of downstream effectors (Figure 2). Subsequently, CK2 blockade preserves oligodendrocytes and axonal mitochondrial integrity, dynamics, and function (Baltan et al., 2018; Bastian et al., 2019b). Changes in signaling due to ischemia are achieved by either increasing CK2 activity (Charriaut-Marlangue et al., 1991; Hu and Wieloch, 1993; Hase et al., 2005; Chao et al., 2007) or by the movement of CK2 to a different subcellular compartment (Serrano et al., 1989; Charriaut-Marlangue et al., 1991; Diaz-Nido and Avila, 1992; Faust et al., 2001; Qaiser et al., 2014). CK2 can directly interfere with mitochondrial axonal transport (Pigino et al., 2009) to ultimately alter mitochondrial dynamics (Amiri and Hollenbeck, 2008; Liu et al., 2009; Twig et al., 2010) and function (Detmer and Chan, 2007). Another signaling pathway that CK2 regulates is Cdk5 (Lim et al., 2004) (Figure 2). Both CK2 and Cdk5 are expressed at nodes of Ranvier (Brechet et al., 2008; Cerda and Trimmer, 2011) and by oligodendrocytes (Huillard et al., 2010; Yang et al., 2013), where CK2 can inhibit Cdk5 by contact inhibition (Lim et al., 2004). Therefore, for Cdk5 to be activated, CK2 must move away from Cdk5. Cdk5 is tethered to the membrane by its association with p35, a protein with a membrane-anchoring domain. The Cdk5/p35 complex is then fully activated by Ca2+-dependent proteolytic cleavage of p35 to p25 by calpain, effectively removing its membrane-anchoring domain (Meyer et al., 2014). Local intracellular Ca2+ may be increased by the reversal of the Na+-Ca2+ exchanger or by activation of L-type Ca2+ channels (Brown, 2001; Baltan, 2009). The Cdk5 complex can then move from nodes of Ranvier to other cellular compartments to control AKT signaling (Lou et al., 2008) and axonal transport (Shea et al., 2004) to ultimately regulate mitochondrial dynamics (Amiri and Hollenbeck, 2008; Liu et al., 2009; Twig et al., 2010) and function (Detmer and Chan, 2007) (Figure 2). In addition, CK2 can regulate PTEN/AKT/GSK3β (Silva et al., 2008; Silva et al., 2010) signaling. CK2 inhibits PTEN by phosphorylation, which leads to the activation of AKT. AKT phosphorylates GSK3β to inhibit its activity (Cross et al., 1995), which could lead to changes in mitochondrial transport (Embi et al., 1980; Cohen and Frame, 2001), glycogen synthase (Embi et al., 1980; Cohen and Frame, 2001), and mitochondrial function (Detmer and Chan, 2007; Amiri and Hollenbeck, 2008; Liu et al., 2009; Twig et al., 2010).
[image: Figure 1]FIGURE 1 | CK2α expression and localization in mouse optic nerves. CK2α subunits are expressed in optic nerve astrocytes, myelin sheath, and oligodendrocytes. To identify the cellular expression of CK2α subunits in the mouse optic nerve, CK2α was co-immunolabeled with glial fibrillary acidic protein (GFAP, astrocytes, top row), oligodendrocyte lineage transcription factor 2 (Olig2, oligodendrocytes, second row), myelin proteolipid protein (PLP, myelin, third row), and neurofilament protein (NF200, axons, bottom row). Note that the merged images (xy, xz and yz orthogonal view) in the right panels are enlarged areas (50 μm × 50 μm) indicated by the squares with dashed lines in the middle panels. Scale bar = 20 μm. (Figure from Bastian et al., 2019).
[image: Figure 2]FIGURE 2 | CK2 signaling in white matter ischemia. In axon, ischemia can directly activate CK2 or NADPH oxidase (NOX) to increase reactive oxygen species (ROS). CK2 then activates Akt/GSK3β signaling through phosphorylation to disrupt axonal mitochondrial dynamics and function. Specific CK2 inhibitor CX-4945 or phosphorylated Akt inhibitor ARQ-092 confers axonal protection when applied during or after ischemia. In oligodendrocytes, ischemia activates CK2 directly or via activation of AMPA receptors leading to an influx of Ca2+. Ca2+ activates calpain, which subsequently acts on Cdk5/p35 complex to untether Cdk5/p25 complex from the membrane that can then phosphorylate Akt/GSK3β in oligodendrocytes. Roscovitine, an inhibitor of Cdk5, improves axon function recovery following ischemia, presumably through protection of oligodendrocytes and/or axons. The effect of untethered Cdk5 on oligodendrocyte injury is yet to be investigated. Dotted arrow indicates potential interactions. Created with Biorender.com.
Our recent studies, for the first time, establish that a PK mediates ischemic injury in WM by CK2 signaling leading to activation of Cdk5 and PTEN/AKT/GSK3β pathways (Bastian et al., 2019b) (Figure 2). To identify the role of CK2 signaling in WM ischemic injury, we followed the preclinical recommendations of the Stroke Therapy Academic Industry Roundtable (STAIR) (Fisher et al., 2009). Based on this set of criteria, we use CX-4945 (Silmitasertib), a highly selective (Siddiqui-Jain et al., 2010; Son et al., 2013), specific (Battistutta et al., 2011), and potent CK2 inhibitor that can be administered orally (Ryan et al., 2005; Zhong et al., 2020) and crosses the blood-brain barrier (Vita et al., 2005; Sallam et al., 2008; Cheng et al., 2012; Zheng et al., 2013). CX-4945 is an FDA-approved anti-cancer drug (Martins et al., 2014). CX-4945 exerts dose-dependent protection to axon function (max protection at 5 µM) and the lack of any baseline effects of this drug on axon conduction allows comparison of recovery in in vitro experiments and behavioral assessments in in vivo experiments. Thus, we propose that CK2 inhibition protects the brain against ischemia by protecting axonal and glial compartments.
Equally important, CX-4945 confers similar protection to aging (12–14 months) and old (>20 months) WM when applied after ischemia promoting axon function recovery. The effects of aging on myelinated axons are more complicated and extensive than those in cortical GM. Despite larger and thicker aging axons, with longer and thicker mitochondria that correlate with lower ATP production, CX-4945 still provides post-ischemic protection to aging axon function by preserving mitochondrial integrity. We, therefore, suggest that CK2 signaling is a shared pathway underlying WM injury independent of age.
An important outcome measure emphasized by STAIR criteria is the consideration of the female sex. Stroke in females is associated with a decreased likelihood of excellent outcome after acute ischemic stroke, particularly in older age groups. There is a correlation between markers of WM integrity and functional outcomes in women, which implies a potential sex-specific WM injury mechanism (Etherton et al., 2017; Phan et al., 2018; Etherton et al., 2019). Therefore, evaluation of CK2 signaling in female WM injury and whether CK2 inhibition provides equal protection compared to male WM is a pending goal of our group.
Casein Kinase 2 Mediates Post-Ischemic WM Injury By Selectively Acting on the AKT Pathway
The finding that CK2 inhibition with CX-4945 when applied before or after the end of an ischemic episode promotes WM functional recovery raises the question of whether Cdk5 or AKT activation plays a distinct role in conferring post-ischemic WM protection (Figure 2). Inhibition of Cdk5 using Roscovitine protects axon function only when applied during ischemia, mainly acting on oligodendrocytes and axons (Figure 2). On the other hand, inhibition of the active conformation of AKT is beneficial when applied during or after ischemia suggesting that a window of opportunity exists in ameliorating ischemic injury in WM. AKT is involved in many neurological processes, and AKT isoforms are distinct regarding their tissue expression, pathway activation, and inhibitor sensitivity (Shaw and Kirshenbaum, 2006; Skeen et al., 2006). However, very few studies have examined AKT isoform expression at the cellular level, and cell- and age-specific AKT isoforms expression in WM remains unknown. Therefore, a systematic investigation of AKT isoforms and their contribution to axon and glia function is warranted.
Casein Kinase 2 Disrupts Axonal Mitochondria
We recently showed that the preservation of mitochondrial integrity is an essential component of post-ischemic protection of axon function in WM. (Baltan et al., 2011; Baltan, 2014a; Stahon et al., 2016). CX-4945 promotes young and aging axon function recovery following ischemia by preserving axonal mitochondria. Cdk5 directly impacts mitochondrial dynamics and function by increasing the production of ROS and phosphorylation of the mitochondrial fission protein Drp-1, leading to mitochondrial dysfunction (Sun et al., 2008; Morel et al., 2010; Cherubini et al., 2015; Jahani-Asl et al., 2015; Klinman and Holzbaur, 2015; Park et al., 2015). However, Cdk5 inhibition fails to exert post-ischemic protection to axon function, implying that Cdk5 signaling is important to alleviate oxidative injury specifically during ischemia. The finding that selective inhibition of phosphorylated AKT confers post-ischemic protection to axon function proposes a novel role for PTEN/AKT signaling in mediating mitochondrial disruption after an ischemic episode in WM. AKT activation contributes to increased glutamate release during OGD and ATP depletion, as well as enhanced excitotoxicity (Baltan et al., 2008) due to the upregulation of GLT-1 expression in astrocytes (Li et al., 2006; Ji et al., 2013; Zhang et al., 2013). As a result, the application of ARQ-092, which is a specific blocker for the active form of AKT (Yu et al., 2015; Lapierre et al., 2016), promotes axon function recovery suggesting that the active conformation of AKT is an important molecular target for post-ischemic protection of axon function (Figure 2). Moreover, the GSK3β isoform which is a part of the AKT/GSK3β signaling cascade has been reported to be a significant therapeutic target for cerebral ischemia (Koh S.-H. et al., 2008; Cowper-Smith et al., 2008). GSK3β inhibition decreases mitochondrial ROS production and prevents neuronal damage establishing an interesting relationship between GSK3β and mitochondria (Valerio et al., 2011). Because, we also observed that CK2 inhibition improved axon function recovery by decreasing the inactivation of GSK3β in WM, these findings suggest that GSK3β could be a common target to protect both GM and WM after ischemic stroke.
Casein Kinase 2 Mediates WM Injury By Regulating Micro RNAs (miRNAs)
The miRNAs emerge as important mediators of neuronal injury during an ischemia attack. However, the role and involvement of miRNAs remain unestablished in WM ischemic injury. Therefore, in our recent study, we characterized miRNA profiles in optic nerve following ischemia using the NanoString nCounter® miRNA Expression Panel. Together with in situ hybridization, and in silico KEGG pathway analysis, we show that the most abundant miRNAs in the optic nerve are expressed in astrocytes, and oxygen-glucose deprivation (OGD) differentially regulates miRNA expression in the optic nerve (Baltan et al., 2021).
Based on our analysis, it remains challenging to define whether miRNAs regulated by ischemia in WM are beneficial or detrimental to the recovery of axon function. Some miRNAs were reciprocally regulated by OGD or OGD and CX-4945 application. For instance, OGD and CX-4945 selectively modulated miR-1937a, miR-1937b, miR-1959, miR-200a, miR-501-3p, and miR-654-3p (Table 1) (Baltan et al., 2021). We propose that these miRNAs may be associated with the beneficial effects of CX-4945. In agreement, miR-501-3p is expressed in neurons which in optic nerve (pure WM tract without neuronal cell body) infers axonal expression (Baltan et al., 2021). Because CK2 inhibition promotes axon function by preserving axonal mitochondria (Bastian et al., 2019b), we hypothesize that CK2 inhibition exerts white matter protection by regulating miR-501-3p. Particularly, because miR-501-3p is shown to mediate the regulation of GluA1 subunit expression of AMPA receptors and the subsequent mitochondrial injury (Sripada et al., 2012). Furthermore, miR-501-3p is expressed in human and reported to be a novel serum biomarker, which relates to the severity of Alzheimer’s Disease (Hara et al., 2017). Hence, miR-501-3p appears as a promising target for further investigation. In addition, we determined that exosomal expression of miR-1959 and miR-1937b in astrocytes is also differentially regulated by OGD or OGD and CX-4945 (Jovičić and Gitler, 2017). Astrocytic exosomes are 50—100 ŋm membrane-bound vesicles, which contain and transfer a selected group of miRNAs to other cells. This suggests that astrocytes coordinate an efficient communication among glia cells in response to OGD or CK2 inhibition during ischemia in WM. It will be intriguing to identify the role and cellular target of miR-1959 and miR-1937b in WM. Another novel finding is that CX-4945 treatment affects some common KEGG signaling pathways. One of these signaling pathways is the ErbB signaling system (Li et al., 2020) which is important to maintain axon function as well as supporting glia and myelin. Expectedly, a disruption in ErbB signaling may impair axon function by causing myelin damage (Carroll et al., 1997). Additionally, ErbB signaling in neurons and macrophages/microglia determines neuroprotection and repair capacity after ischemia (Xu and Ford, 2005). Interestingly, CX-4945 regulates Wingless/int1 (Wnt) signaling, which is involved in neurogenesis after cerebral ischemia, implicating Wnt signaling as a therapeutic target for ischemic injury (Yu et al., 2018; Qiu et al., 2019). CX-4945 also regulates mTOR and axon guidance pathways that are important for neuroprotection after an ischemic stroke (Sofer et al., 2005; Koh P.-O. et al., 2008; Foster and Fingar, 2010; Koh, 2010; Hinman, 2014). However, further experiments are needed to validate whether the mechanisms of protection of CX-4945 are indeed mediated through these signaling pathways.
TABLE 1 | List of miRNAs with fold changes after OGD and OGD with CK2 inhibition and their cellular expression.
[image: Table 1]DISCUSSION
WM ischemic lesions are correlated to neurological deficits (Yamada et al., 2003; Sea Lee et al., 2005) and particularly the extent and localization of WM injury may dictate functional deficits and recovery in humans. Because the rodent brain has a relatively small WM (10–15%) (Zhang and Sejnowski, 2000) and most widely used stroke models spare corpus callosum, the injury mechanisms mostly provide information about neuronal populations. Neuroprotective approaches focused solely on neuronal survival may be one of the reasons for the failure in translating experimental findings successfully to clinical applications. It is crucial to consider WM integrity in experimental models to identify ideal therapeutic targets for stroke patients.
In summary, our recent studies provide evidence that CK2 signaling activates Cdk5 and AKT/GSK3ß signaling pathways to mediate WM ischemic injury. The downstream molecular pathways are activated in a spatiotemporal way such that Cdk5 signaling becomes significant during ischemia, while AKT signaling emerges as the key pathway during the post-ischemic period. Consistent with this, inhibition of CK2 or the activated form of AKT confers post-ischemic protection to axon function and promotes recovery in young and aging WM. The protective effects of CK2 inhibition correlate with the conservation of oligodendrocytes, axon structure, and axonal mitochondria. Several miRNAs are differentially regulated by CX-4945 compared to ischemia, and these miRNAs may participate in ischemic WM injury mechanisms. MiRNAs are promising candidates for biomarkers of injury and therapeutic interventions as they are readily detected in body fluids. We also show that CX-4945 regulates a group of murine-associated viral miRNAs (for example see Table 1) which may justify the use of CX-4945 in clinical trials for Covid19 patients (Baltan et al., 2021) (ClinicalTrials.gov Identifier: NCT04663737). Finally, our findings may have mechanistic and therapeutic implications for dementia, Alzheimer’s disease, multiple sclerosis, periventricular leukomalacia, and Parkinson’s disease that involve WM injury.
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Mantle cell lymphoma (MCL) is an incurable B cell non-Hodgkin lymphoma, characterized by frequent relapses. In the last decade, the pro-survival pathways related to BCR signaling and Bcl-2 have been considered rational therapeutic targets in B cell derived lymphomas. The BTK inhibitor Ibrutinib and the Bcl-2 inhibitor Venetoclax are emerging as effective drugs for MCL. However, primary and acquired resistance also to these agents may occur. Protein Kinase CK2 is a S/T kinase overexpressed in many solid and blood-derived tumours. CK2 promotes cancer cell growth and clonal expansion, sustaining pivotal survival signaling cascades, such as the ones dependent on AKT, NF-κB, STAT3 and others, counteracting apoptosis through a “non-oncogene” addiction mechanism. We previously showed that CK2 is overexpressed in MCL and regulates the levels of activating phosphorylation on S529 of the NF-κB family member p65/RelA. In the present study, we investigated the effects of CK2 inactivation on MCL cell proliferation, survival and apoptosis and this kinase’s involvement in the BCR and Bcl-2 related signaling. By employing CK2 loss of function MCL cell models, we demonstrated that CK2 sustains BCR signaling (such as BTK, NF-κB and AKT) and the Bcl-2-related Mcl-1 expression. CK2 inactivation enhanced Ibrutinib and Venetoclax-induced cytotoxicity. The demonstration of a CK2-dependent upregulation of pathways that may antagonize the effect of these drugs may offer a novel strategy to overcome primary and secondary resistance.
Keywords: mantle cell lymphoma, CK2, ibrutinib, venetoclax, target therapy
INTRODUCTION
Mantle cell lymphoma (MCL) accounts for about 3–10% of all B-cell non-Hodgkin lymphomas (NHL) and is characterized by the propensity to frequent relapses and poor prognosis (Jain and Wang, 2022).
B-Cell Receptor (BCR)-linked survival signaling cascades, such as Phosphatidylinositide 3-Kinases/AKT (PI3K/AKT), mammalian Target Of Rapamycin (mTOR), Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB), the Extracellular signal-Regulated Kinase (ERK) cascades and the Bcl-2 family of apoptosis regulators, are chronic active in MCL and enhance tumor proliferation, facilitating evasion of apoptosis. BCR signaling is essential for the development and function of B lymphocytes and is a key molecule for the growth of many B-NHL. In the last decade, the pro-survival pathways relying on BCR signaling and Bcl-2 family proteins have emerged as rational therapeutic targets. Chemical inhibitors directed against BCR signaling kinases, such as Ibrutinib and Acalabrutinib (BTK) and Idelalisib and Duvelisib (PI3K), have been successfully used in the therapy of B cell malignancies (Profitós-Pelejà et al., 2022). Ibrutinib is the first-in-class Bruton Tyrosine Kinase (BTK) inhibitor which acts switching off BTK-dependent BCR signaling and is currently approved for relapsed/refractory (R/R) MCL. Venetoclax is a first-in class selective Bcl-2 inhibitor with demonstrated clinical activity in MCL, in particular in combination with Ibrutinib (Davids et al., 2017; Tam et al., 2018). However, primary and acquired resistance to Ibrutinib, mainly due to BTK C481 or PLCγ mutations (Hershkovitz-Rokah et al., 2018), and to Venetoclax, mainly due to upregulation of other pro-survival Bcl-2 family members, may occur (Huang et al., 2022; Jain and Wang, 2022). Therefore, even with the introduction of these novel drugs, the development of refractoriness and resistance is still the main unsolved clinical-biological issue.
CK2 is a S/T kinase, composed by a tetramer of two catalytic CK2α (most represented) or CK2α’ and two regulatory CK2β subunits. CK2 promotes cancer cell proliferation and tumor progression by antagonizing extrinsic and intrinsic apoptosis in a “non-oncogene” addiction fashion (Mandato et al., 2016; Spinello et al., 2021). CK2 also regulates cellular processes central for cancer biology (p53, Wnt/β-catenin, AKT and NF-kB survival signaling pathways) (Spinello et al., 2021). CK2 phosphorylates BH3-Interacting Domain Death Agonist (BID) on T58, preventing its cleavage from caspase 8, protecting from apoptosis (Hellwig et al., 2010). By sustaining AKT function (Di Maira et al., 2009), CK2 contributes to BAD inactivation. CK2 also phosphorylates Apoptosis Repressor with Caspase recruitment domain (ARC) at T149 critically supporting caspase inhibition (Li et al., 2002). Lastly, being the CK2 recognition motif strikingly similar to that of caspases, the CK2-dependent phosphorylation of caspases substrates protects them from the proteolytic cleavage (Duncan et al., 2011). We previously showed that CK2 sustains tumor progression in multiple myeloma (MM), NHL, leukemias and other haematological malignancies, being CK2 overexpressed in B cell derived tumors such as MM and MCL (Manni et al., 2013), follicular lymphoma and diffuse large B cell lymphoma (DLBCL) (Pizzi et al., 2015). Moreover CK2 regulates the levels of pro-survival activating p65 NF-κB S529 and STAT3 S727 phosphorylations in MCL (Manni et al., 2013). More recently, we demonstrated that CK2 regulates BCR signaling in DLBCL cells since its inhibition is associated to impairment of Ca2+ mobilization and of phosphorylation of NF-κB and AKT (Pizzi et al., 2015; Mandato et al., 2018). Phosphorylated AKT on S129 (Di Maira et al., 2009) and p65 NF-κB on S529 (Wang et al., 2000) are direct CK2 targets important for the activity of these two BCR-activated pro-survival molecules. Different CK2 inhibitors have been developed, and the ATP competitive, clinical-grade CK2 inhibitor CX-4945 (Silmitasertib) (Siddiqui-Jain et al., 2010) is already used in Phase I/II clinical trial in solid tumors and R/R MM (ClinicalTrials.gov Identifier NCT01199718), and very recently in Phase II clinical trial for severe coronavirus disease 2019 -COVID 19- (ClinicalTrials.gov Identifier: NCT04668209).
Given the key role of CK2 in signaling pathways that could sustain active BCR and Bcl-2 family related cascades in MCL, we investigated this kinase’s involvement in the BCR signaling and the effects of its inactivation on MCL cell proliferation and survival. We also evaluated if CK2 inactivation could enhance Ibrutinib and Venetoclax-induced cytotoxicity offering a potential strategy to overcome primary and secondary resistance to these drugs.
MATERIALS AND METHODS
Patients and cell cultures. Jeko-1, Rec-1, Granta-519 MCL cell lines, and primary MCL B cells were isolated and cultured as previously described (Manni et al., 2021). Human derived B cells were obtained after achieving informed consent according to the declaration of Helsinki and upon approval by the Ethic Committee of the Padova University Hospital Internal Institutional Board (protocol # 4,089/AO/17).
Chemicals. Ibrutinib, Venetoclax, Bortezomib and Z-VAD-FMK were from Selleck chemicals (United States); IPTG was from MERCK (Italy); CX-4945 was from Activate Scientific (Germany).
Evaluation of apoptosis. Apoptosis was assessed by Annexin V/Propidium Iodide (PI) staining (IMMUNOSTEP, Spain) and FACS analysis performed as in (Manni et al., 2017).
Cell cycle analysis. It was performed as described in (Manni et al., 2017).
Assessment of drug concentration-effect and calculation of the combination index (CI). Jeko-1, Rec-1 and Granta-519 cells were plated into 96 well plates in 100 μL of medium. CX-4945, Ibrutinib, and Venetoclax were added at different concentrations for 72 h alone or in combination. Cell viability was analyzed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the CI was calculated as performed in (Manni et al., 2012).
Western blot (WB). WB was performed as described in (Piazza et al., 2010). Antibodies used were: CK2α, CK2β, S129 AKT (abcam, United Kingdom), Mcl-1, S473 AKT, Y223 BTK, total BTK, PARP, S536 p65 NF-kB (Cell signaling Technology, MA, United States); S529 p65 NF-κB (Santa Cruz Biotechnology, Inc.; Italy), GAPDH (Millipore, Italy), β-actin (Sigma-Aldrich, Italy); Caspase 3 (Enzo Life Science, United Kingdom). Images were acquired using the Image Quant LAS 500 chemiluminescence detection system (GE Healthcare, United States) and densitometry of the bands was performed using the ImageQuantTL software.
RNA interference. We generated inducible CK2α or CK2β directed shRNA IPTG inducible MCL cell clones performing shRNA lentiviral transduction. Jeko-1 cells were transduced with the IPTG inducible lentiviral particles carrying CSNK2A1-specific shRNA (pLKO_IPTG_3XLacO, Sigma-Aldrich, Italy) with the sequence code TRCN0000320858 or CSNK2B directed shRNA (sequence code TRCN0000003796). For cell transduction 2 × 104 cells were infected with a multiplicity of infection of 10, using the spinfection method (45 min, 1,000 rpm at 32°C), in the presence of 8 μg/ml polybrene (Sigma-Aldrich, Italy). Puromycin selection (1 μg/ml) was initiated 2 days after transduction. To induce CK2α or CK2β silencing, cells were incubated with IPTG 500 µM every 2 days for a total of 6 days of silencing, time lapse in which the best knockdown efficacy was obtained.
CK2α silencing in vivo in a human MCL xenograft murine model. NOD SCID mice were purchased from Envigo. All animal studies were conducted according to protocol # 160/2017 PR, approved by the Italian Ministry of Health. 3 × 106 CK2α shRNA Jeko-1 and Jeko-1 WT cells were injected subcutaneously in 100 µL of a mix of RPMI: matrigel matrix 10 mg/ml (Corning, United States, cat number 354263) (1:1 ratio) on the right and on the left flank respectively of NOD SCID mice. Once the tumor reached a measurable size (around 0.245 cm3, approximately after 10 days of injection), mice were divided into two groups (control/untreated and IPTG treated). Four mice for each condition were used. IPTG was administered at the concentration of 20 mM intraperitoneally (IP) (in 200 µL of physiological solution 0.9% NaCl every other day) and at 4 mM in drinking water (refreshing it twice a week) for 25 days. Control mice were injected IP with 200 µL physiological solution 0.9% NaCl every other day. Tumors were then dissected, weighed, and cut into pieces for protein analysis as per standard protocols.
Mitochondrial membrane potential (MMP) measurement. The MMP was measured by JC-10 dye (Sigma Aldrich, # number MAK160) staining. JC-10 forms reversible red-fluorescent aggregates (λex = 540/λem = 590 nm) in healthy mitochondria of cells. MMP reduction during apoptosis caused a failure to maintain JC-10 in the mitochondria and an increase of its monomeric, green, fluorescent form (λex = 490/λem = 525 nm). Cells were stained following the manufacturer’s instructions and analysed using flow cytometry (FACS Canto II Cell Cytometer and FACS Diva Software, BD-Beckton-Dickinson, Italy).
Quantitative real-time PCR. Performed as in (Manni et al., 2021) using the QuantStudio five detection system (Applied Biosystem, CA, United States) with the QuantStudioTM Design and Analysis Software v.1.4.3. The primers used are the following:
Bcl-2 Forward 5′-3′ TGT​GGA​TGA​CTG​AGT​ACC​TGA​ACC and Reverse 5′-3′ AAA​GGC​ATC​CCA​GCC​TCC; BCL2L1 (BCL-XL) Forward 5′-3′ GCA​GGT​ATT​GGT​GAG​TCG​GAT​CGC and Reverse 5′-3′ CAC​AAA​AGT​ATC​CCA​GCC​GCC; CSNK2A1 Forward 5′-3′ TCA​TGA​GCA​CAG​AAA​GCT​ACG​A and Reverse 5′-3′ AAT​GGC​TCC​TTC​CGA​AAG​ATC; IL-6 Forward 5′-3′ GGC​ACT​GGC​AGA​AAA​CAA​CCT​G and Reverse 5′-3′ TCA​CCA​GGC​AAG​TCT​CCT​CAT​TGA​AT; Mcl-1 Forward 5′-3′ GAA​AGT​ATC​ACA​GAC​GTT​CTC​GTA​AGG and Reverse 5′-3′ AAC​CCA​TCC​CAG​CCT​CTT​TG.
GAPDH Forward 5′-3′ AAT​GGA​AAT​CCC​ATC​ACC​ATC​T and Reverse 5′-3′ CGC​CCC​ACT​TGA​TTT​TGG.
Statistical analysis. Data were analyzed for statistical significance with the two-tail unpaired Student’s t test or ANOVA analysis of variance with post-hoc corrections and statistical significance was considered with p values below 0.05.
RESULTS
CK2α sustains MCL cell survival through the activation of active BCR-linked survival signaling
To specifically assess the contribution of each CK2 subunit to MCL cell growth we generated Jeko-1 MCL cells stably transduced with lentiviral vectors, expressing a shRNA against CK2α or CK2β in an Isopropyl-b-D-1-thiogalattopiranoside (IPTG)-inducible manner. Upon 6 days of IPTG treatment, we confirmed efficient CK2α or CK2β protein silencing (Figure 1A). No off-target effects of IPTG per se were seen, as CK2α/β protein levels remained unchanged in IPTG-treated Jeko-1 wild-type (WT) cells. Remarkably, Annexin V (AV) and Propidium Iodide (PI) labelling and FACS analysis revealed a substantial induction of apoptosis in CK2α but not CK2β-silenced cells, which was confirmed by the reduction of the anti-apoptotic Mcl-1 and Pro-caspase 3 proteins (Figure 1A and Supplementary Figure S1). As control, to exclude IPTG off-target induced toxicity, we treated Jeko-1 WT cells with IPTG for the same amount of time. As expected, IPTG-treated WT cells remained viable and did not show any difference in the expression level of Mcl-1 and Pro-caspase 3 proteins, confirming the efficacy/specificity of the silencing strategy (Figure 1A and Supplementary Figure S1). We next performed in vivo xenotransplant experiments by implanting CK2α shRNA Jeko-1 cells in the flank of NOD-SCID mice and treating them with intraperitoneal IPTG for as long as 25 days. CK2α silencing in vivo was efficient (Figure 1B and Supplementary Figure S1) and associated to a trend towards a reduction in the weight of tumors, which displayed a drop in the expression of Mcl-1 and Pro-caspase 3 anti-apoptotic proteins. As a control, Jeko-1 WT cells grew to the same extent in IPTG-treated or untreated mice (Figure 1B). Next, we analysed CK2α contribution in the regulation of pro-survival signaling pathways downstream from the BCR. First, we evaluated the expression levels of key molecules involved in the NF-κB, PI3K/AKT and BTK signaling in cultured Jeko-1 CK2α shRNA cell line. A reduction of the activating phosphorylation levels of p65/RelA on S529 (Figure 1C and Supplementary Figure S1) and consequently of the mRNA expression level of the NF-κB targets BCL2L1 (which encodes for the BCL-XL protein), Bcl-2 and IL-6 (Supplementary Figure S2), and of AKT on S129 and S473 was seen in CK2α-silenced cells (Figure 1C and Supplementary Figure S1). Intriguingly, we also observed a reduction in the levels of phosphorylated BTK on Y223 in cultured cells (Figure 1C and Supplementary Figure S1) and in vivo in mouse xenografted IPTG-treated CK2α shRNA-expressing Jeko-1 cells (Figure 1D and Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | CK2α sustains MCL cell growth and survival signaling pathways downstream the BCR. (A) Representative WB (upper panel) of CK2α, CK2β, Mcl-1 and Pro-caspase 3 expression and histogram showing the percentage of Annexin V positive Jeko-1 CK2α shRNA, Jeko-1 CK2β shRNA and Jeko-1 WT cells (lower panel) after 6 days treatment with IPTG 500 μM. β-actin was used as loading control. Data are expressed as ratio over untreated cells, mean ± SD of n = 8 (Jeko-1 CK2α and CK2β shRNA) and n = 4 (Jeko-1 WT) independent experiments. * indicates p < 0.05 compared to untreated cells. (B) Tumor weight (grams, left panel) of Jeko-1 CK2α shRNA and Jeko-1 WT cells xenografted in NOD SCID mice and treated in vivo with IPTG for 25 days. Data are expressed as mean ± SD. The number of mice is indicated by the symbols. Representative WB (right panel) showing in vivo CK2α knock down efficacy and Mcl-1 and Pro-caspase3 reduction. β-actin was used as loading control. (C) Representative WB of NF-ĸB, PI3K/AKT and BTK dependent signaling in Jeko-1 CK2α shRNA cells after 6 days induction with IPTG 500 μM. (D) Representative WB showing the expression levels of phosphorylated BTK on Y223 (p-BTK Y223) in vivo in Jeko-1 CK2α shRNA cells xenografted, and treated with IPTG as in (B). (E) Representative WB of NF-ĸB, PI3K/AKT and BTK dependent signaling in MCL cell lines Jeko-1, Granta-519 and Rec-1 after 24 h treatment with DMSO (not higher than 0.1% v/v) or CX-4945 (2.5 μM for Jeko-1 and Granta-519; 0.5 μM for Rec-1). β-actin was used as loading control. Experiments were repeated at least three times for each cell line.
To further validate the role of CK2α in BCR signaling, we treated Jeko-1, Granta-519 and Rec-1 cells with the clinical-grade CK2 inhibitor CX-4945 for 24 h. A reduction of the phosphorylation levels of p65/RelA, AKT and BTK were observed also in these conditions (Figure 1E and Supplementary Figure S1), suggesting that CK2α acts on NF-κB, PI3K/AKT and BTK signaling, affecting the spectrum of cascades downstream from the BCR.
CK2 inactivation boosts Ibrutinib-induced cytotoxicity in MCL cells
We next sought to investigate whether CK2 inhibition could affect the responsiveness of MCL cells to Ibrutinib. To this aim, MCL cells were treated for 24 h with Ibrutinib, CX-4945 or their combination. For each cell line the association of BTK and CK2 inhibitors resulted in a significantly higher frequency of apoptotic cell death as compared to that induced by the single agents (Figure 2A). Of note, CX-4945 caused apoptosis also in B cells derived from one Ibrutinib-refractory patient, (Figure 2B). CX-4945 and Ibrutinib did not cooperate in inducing apoptosis in B-cells derived from healthy donors’ peripheral blood (Figure 2C) suggesting a lower sensitivity to these drugs of non-neoplastic B-cells as compared to the malignant ones. Three-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability assay was performed on Granta-519, Jeko-1 and Rec-1 cells treated with increasing concentrations of Ibrutinib, CX-4945 or their combination for 72 h. For each cell line, including Granta-519 (which is less sensitive to Ibrutinib as we previously published (Manni et al., 2021)), the calculated combination index (CI) was less than 1, indicating a synergistic effect between the two drugs (Figure 2D).
[image: Figure 2]FIGURE 2 | CK2α inhibition boosts Ibrutinib induced cytotoxicity. (A) Histograms showing the percentage of Annexin V positive Jeko-1, Granta-519 and Rec-1 cells after 24 h treatment with DMSO (not higher than 0.1% v/v; white column), CX-4945 (1 μM for Jeko-1 and Rec-1, 2.5 μM for Granta-519; grey columns), IBR (1 μM for each cell line; black columns) or their combination (striped columns). Data are expressed as ratio over DMSO treated cells, mean ± SD of n = 6 (Jeko-1), n = 5 (Granta-519) and n = 3 (Rec-1) independent experiments. * indicates p < 0.05 compared to DMSO; # indicates p < 0.05 compared to both CX-4945 and IBR only treated cells. (B) Histogram showing the percentage of AV positive B cells derived from one Ibrutinib resistant MCL patient after 24 h treatment with DMSO (not higher than 0.1% v/v; white column), Ibrutinib (1 μM; black column), CX-4945 (1 μM and 2.5 μM; grey columns). Data are expressed as ratio over DMSO treated cells. (C) Histogram depicting the percentage of Annexin V positive healthy B cells after 24 h treatment with DMSO (not higher than 0.1% v/v; white column), CX-4945 (1 μM and 2.5 μM; grey columns), IBR (1 and 10 μM; black columns) or their combination (striped and dotted columns). Data are expressed as ratio over DMSO treated cells, mean ± SD of n = 3 independent experiments. * indicates p < 0.05 compared to DMSO. (D) Dose response curves of Jeko-1, Granta-519 and Rec-1 cells incubated for 72 h with increasing concentrations of CX-4945 (green curves), Ibrutinib (red curves) or their combination (purple curves). Cell viability was assessed by MTT test. For Jeko-1, IC50 of the single treatments were 2.3 μM for CX-4945 and 11 μM for IBR. IC50 for CX-4945 used in combination with IBR was 0.5 μM, while IC50 for IBR used in association with CX-4945 was 4.9 μM. The calculated CI was 0.65. For Granta-519, IC50 of the single treatments were 3.5 μM for CX-4945 and 28 μM for IBR. IC50 for CX-4945 used in combination with IBR was 1.67 μM, while IC50 for IBR used in association with CX-4945 was 13.2 μM. The calculated CI was 0.94. For Rec-1, IC50 of the single treatments were 0.76 μM for CX-4945 and 2.26 μM for IBR. IC50 for CX-4945 used in combination with IBR was 0.21 μM, while IC50 for IBR used in association with CX-4945 was 0.63 μM. The calculated CI was 0.55. Data are presented as averaged percentage over control of three independent experiments for each cell line. (E) Histogram showing the percentage of Annexin V positive Jeko-1 CK2α shRNA and Jeko-1 WT cells after 6 days induction with IPTG 500 μM (grey column), 24 h treatment with IBR (1 and 10 μM, black columns) or their combination (stripped and dotted columns). Data are expressed as ratio over untreated cells, mean ± SD of n = 8 (Jeko-1 CK2α shRNA) and n = 4 (Jeko-1 WT) independent experiments. * indicates p < 0.05 compared to untreated cells; # indicates p < 0.05 compared to both IPTG and IBR 1 μM only treated cells; $ indicates p < 0.05 compared to both IPTG and IBR 10 μM only treated cells. (F) Cell cycle distribution of Jeko-1 CK2α shRNA and Jeko-1 WT cells treated as in (E). Histograms columns sections represent mean ± SD of n = 4 independent experiments for each cell line of the sub G1 (black), G₀/G₁ (light grey), S (dark grey) and G₂/M (white) phases.* indicates p < 0.05 compared to untreated cells; # indicates p < 0.05 compared to both IPTG and IBR 1 μM only treated cells; $ indicates p < 0.05 compared to both IPTG and IBR 10 μM only treated cells.
To exclude off-target effects of CX-4945, we repeated the experiments inactivating CK2α by gene silencing. We treated the CK2α-silenced Jeko-1 clone with different concentrations of Ibrutinib added 24 h before harvesting. The combination between Ibrutinib and CK2α silencing induced a significant increase of AV positive cells as compared to the single treatments, confirming the results obtained with CX-4945 (Figure 2E). As expected, in the control IPTG-treated Jeko-1 WT cells we did not observe increased apoptosis compared to Ibrutinib-only treated cells. The synergistic growth-inhibiting/apoptosis-inducing effect was confirmed also by cell cycle analysis. CK2α silencing combined with Ibrutinib resulted in a significant increase in the percentage of cells in sub-G1 phase (likely apoptotic) as compared to the single treatments. Additionally, the combined treatment caused also a decrease in the percentage of cells in G0/G1 and G2/M phases as compared to the single conditions, suggesting a proliferation arrest. As expected, the cell-cycle distribution of Jeko-1 WT cells (used as control) treated with IPTG and Ibrutinib did not show any difference, confirming the specificity of the silencing strategy (Figure 2F).
At the molecular level CK2α silencing or CX-4945 impinged on BCR dependent signaling cascades, strengthening the Ibrutinib-induced reduction of phosphorylated BTK on Y223 and AKT on S473 (Figures 3A, B and Supplementary Figure S3). Moreover, CK2 inactivation caused a marked decrease in phosphorylation of the CK2 targets AKT S129 and p65/RelA S529 (Figures 3A,B and Supplementary Figure S3). This latter, CK2 dependent phosphorylation, was surprisingly induced by Ibrutinib in a dose-dependent manner (Figure 3C and Supplementary Figure S3), indicating an Ibrutinib induced activation of CK2 which could represent a potential drawback effect possibly antagonizing the efficacy of the drug. The activity of Ibrutinib was confirmed by the reduction in phosphorylation of BTK in Y223 and p65/RelA in S536. (Figure 3C and Supplementary Figure S3).
[image: Figure 3]FIGURE 3 | CK2 inhibition and Ibrutinib modulate BCR dependent signaling pathways. (A,B) Representative WB of PI3K/AKT, BTK and NF-κB dependent signaling in Jeko-1 CK2α shRNA cells after 6 days induction with IPTG 500 μM, 24 h treatment with IBR (1 and 10 μM) or their combination (A) and in Jeko-1 and Granta-519 cells (B) after 24 h treatment with DMSO (not higher than 0.1% v/v), CX4945 (1 μM for Jeko-1 and 2.5 μM for Granta-519), IBR (1 μM for each cell line) or their combination. (C) Representative WB showing the expression levels of phosphorylated BTK on Y223 (p-BTK Y223) and NF-κB p65 on S529 (p-NF-κB p65 S529) and on S536 (p-NF-κB p65 S536) in Jeko-1 and Granta-519 cells after 24 h treatment with increasing doses of IBR (ranging from 1 to 10 μM for each cell line). β-actin and GAPDH were used as loading control. Experiments were repeated at least three times for each cell line.
CK2 inactivation boosts Venetoclax-induced cytotoxicity in MCL cells
Venetoclax is a BH3-mimetic already approved for the treatment of R/R Chronic Lymphocytic Leukemia and Acute Myeloid Leukemia and with clinical activity in MCL. However, also for this drug mechanisms of resistance may arise, including modulation of survival signaling cascades such as AKT (Pham et al., 2018) or increased expression of the anti-apoptotic Mcl-1 protein, buffering the inhibition of Bcl-2 (Prukova et al., 2019). Given the above-described results which proved that CK2 is a positive regulator of both AKT and the Bcl-2 family member Mcl-1 (Figure 1), we tested the effect of CK2 inactivation on Venetoclax-induced cytotoxicity. We first performed a dose response curve of Venetoclax in our MCL cell lines, treating them with increasing doses of Venetoclax for 24 h. We found that Granta-519 were the most sensitive while Jeko-1 and Rec-1 were less responsive to this drug (Supplementary Figure S4). Next, we analyzed the effects of combining CK2 and Bcl-2 inhibitors on MCL apoptosis by labelling cells with AV. CX-4945 potentiated Venetoclax-induced apoptosis in all the MCL cell lines tested and in B cells derived from one patient (Figures 4A, B), while it had no effects on healthy B cells (Figure 4C) where cooperation between CX-4945 and Venetoclax was not observed. The increased apoptosis in MCL cells was confirmed also by the immunoblot analysis of PARP cleavage, which was enhanced in the cells treated with the combination of Venetoclax and CX-4945 (Figure 4D and Supplementary Figure S5). Venetoclax treated MCL cells showed an upregulated expression of the pro-survival Bcl-2 family member Mcl-1 protein. Captivatingly, CX-4945 led to a substantial reduction of the Venetoclax-induced increase of Mcl-1, again potentially counteracting a deleterious Venetoclax-induced drawback effect (Figure 4E and Supplementary Figure S5).
[image: Figure 4]FIGURE 4 | CX-4945 potentiates Venetoclax induced cytotoxicity. (A) Histograms depicting the percentage of Annexin V positive Jeko-1, Granta-519 and Rec-1 cells after 24 h treatment with DMSO (not higher than 0.1% v/v; white columns), CX-4945 (1 μM for Jeko-1 and Granta-519, 0.5 μM for Rec-1; grey columns), VEN (20 nM for Jeko-1, 1.25 nM for Granta-519 and 50 nM for Rec-1; black columns) or their combination (striped columns). Data are expressed as ratio over DMSO treated cells, mean ± SD of n = 10 (Jeko-1), n = 9 (Granta-519) and n = 6 (Rec-1) independent experiments. * indicates p < 0.05 compared to DMSO treated cells; # indicates p < 0.05 compared to both CX-4945 and VEN only treated cells. (B) Histogram showing the percentage of Annexin V positive B cells derived from one MCL patient after 24 h treatment with DMSO (not higher than 0.1% v/v; white column), CX-4945 (1 μM and 2.5 μM; grey columns), VEN (10 nM; black column) or their combination (striped columns). Data are expressed as ratio over DMSO treated cells. (C) Histogram showing the percentage of Annexin V positive healthy B cells treated for 24 h with DMSO (not higher 0.1% v/v; white column), CX-4945 (1 μM and 2.5 μM; grey columns), VEN (5 and 10 nM; black columns) or their combination (striped and dotted colums). Data are normalized on DMSO treated cells and are expressed as the mean ± SD of n = 3 independent experiments. (D) Representative WB showing the expression levels of uncleaved and cleaved PARP in Jeko-1 and Rec-1 cells treated as in (A). β-actin was used as loading control. Experiments were repeated at least three times for each cell line. (E) Representative WB showing the expression levels of Mcl-1 in Jeko-1, Granta-519 and Rec-1 cells treated as in (A). β-actin was used as loading control. Experiments were repeated at least three times for each cell line. (F) Dose response curves of Jeko-1 and Rec-1 cells incubated for 72 h with increasing concentrations of CX4945 (green curves), VEN (red curves) or their combination (purple curves). For Jeko-1, IC50 of the single treatments were 2.30 μM for CX4945 and 6.68 μM for VEN. IC50 for CX4945 used in combination with VEN was 0.74 μM, while IC50 for VEN used in association with CX-4945 was 2.13 μM. The calculated CI was 0.64. For Rec-1, IC50 of the single treatments were 0.76 μM for CX-4945 and 4.0 μM for VEN. IC50 for CX-4945 used in combination with VEN was 0.23 μM, while IC50 for VEN used in association with CX-4945 was 1.22 μM. The calculated CI was 0.60. Data are presented as averaged percentage over control of three independent experiments for each cell line.
Mcl-1 transcript level was unaffected in CX-4945 or Venetoclax treated cells (Supplementary Figure S6A), while its protein level was reduced in CK2 chemically inhibited cells, through a post-translational mechanism that seems to not involve caspase neither the proteasome (Supplementary Figure S6B).
To confirm the possible synergism between CK2 and Bcl-2 inhibitions, we evaluate cell growth and calculated the CI between drugs. Remarkably, the CI between CX-4945 and Venetoclax was less than 1 even in the less Venetoclax-sensitive cell lines (Figure 4F) suggesting a synergic cytotoxic effect between CX-4945 and Venetoclax. To validate the results obtained with the CK2 chemical inhibitor and to exclude any off-target effects, we performed the same experiments using the IPTG inducible CK2α directed shRNA Jeko-1 clone. The same results were obtained upon CK2α gene silencing, as judged by the increased percentage of AV+ cells and extent of PARP cleavage (Figures 5A, B and Supplementary Figure S5) and JC-10 green+ cells (indicating mitochondrial membrane potential loss) (Figure 5C) in the combination compared to single treatments. Cell cycle analysis showed an increased percentage of apoptotic cells in the sub-G1 phase in CK2-silenced cells and a modulation of the GO/G1 and G2/M phases indicative of a deregulation of cell proliferation (Figure 5D).
[image: Figure 5]FIGURE 5 | CK2α silencing potentiates the cytotoxic and cytostatic effects induced by Venetoclax. (A) Histogram showing the percentage of Annexin V positive Jeko-1 CK2α shRNA and Jeko-1 WT cells after 6 days of CK2α silencing with IPTG 500 μM (grey columns), 24 h treatment with VEN 20 and 50 nM (black columns) or their combination (striped and dotted columns). Data are expressed as ratio over untreated cells, mean ± SD of n = 12 independent experiments for each cell line. * indicates p < 0.05 compared to untreated cells; # indicates p < 0.05 compared to both IPTG and VEN 20 nM only treated cells; $ indicates p < 0.05 compared to both IPTG and VEN 50 nM only treated cells. (B) Representative WB showing the expression levels of uncleaved and cleaved PARP in Jeko-1 CK2α shRNA and Jeko-1 WT cells treated as in (A). β-actin was used as loading control. Experiments were repeated at least three times for each cell line. (C) Histogram depicting the percentage of JC-10 green positive Jeko-1 CK2α shRNA cells treated as in (A). Data are expressed as ratio over averaged untreated cells, mean ± SD of n = 3 independent experiments. * indicates p < 0.05 compared to untreated cells; # indicates p < 0.05 compared to both IPTG and VEN 20 nM only treated cells; $ indicates p < 0.05 compared to both IPTG and VEN 50 nM only treated cells. (D) Cell cycle distribution of Jeko-1 CK2α shRNA and Jeko-1 WT cells treated as in (A). Histograms columns sections represent mean ± SD of n = 4 (Jeko-1 CK2α shRNA) and n = 6 (Jeko-1 WT) independent experiments of the sub G1 (black), G₀/G₁ (light grey), S (dark grey) and G₂/M (white) cell cycle phases. * indicates p < 0.05 compared to untreated cells; $ indicates p < 0.05 compared to both IPTG and VEN 50 nM only treated cells.
DISCUSSION
Given the unfavourable prognosis of relapsed/refractory MCL, even in the era of novel drugs targeting cell signaling or of immunotherapy with Chimeric Antigen Receptor- T cells, the introduction of novel therapeutic approaches that might affect oncogenic survival signaling networks, is mandatory (Vose, 2017). In recent years, the pleiotropic S/T protein kinase CK2 has emerged as a potential target in solid and blood tumours (Strum et al., 2021). The overexpression of this kinase and its key role in the maintenance of the cancer phenotype have been reported in several haematological malignancies, among which MM (Manni et al., 2014), CLL (Martins et al., 2011) and B-NHL (Pizzi et al., 2015).
In accordance with the paradigm known as “non-oncogene addiction”, CK2 overexpression is believed to be responsible of propelling basic mechanisms of cell proliferation and survival (Strum et al., 2021). We previously demonstrated that CK2 is overexpressed in primary MCL samples compared to healthy ones and that treatment with CX-4945 caused not only apoptosis of MCL cell lines but also of patient derived MCL B cells (Manni et al., 2013).
In the present study we have provided strong evidence that protein kinase CK2 sustains active Bcl-2 family related and BCR signaling networks in MCL, by upregulating Mcl-1 expression and BTK, AKT and NF-κB activation. The results showed in our work highlight the function of CK2 in protecting MCL cells from Ibrutinib and Venetoclax-induced apoptosis, therefore indicating that CK2-targeting could be envisioned as a rational therapeutic strategy to improve anti-MCL Ibrutinib and Venetoclax-induced cytotoxicity.
Importantly, the evidence of this critical role of CK2 in MCL was obtained by a dual approach, by chemical inhibition of the kinase and knock down of its expression. Manipulating CK2 expression in MCL cells, we proved that CK2α, but not CK2β, sustains MCL survival and proliferation, in vitro in cultured cells and in vivo in a MCL xenograft mouse model. We showed that the anti-apoptotic effect of CK2 in MCL might depend on its role on different pro-growth signaling. CK2α silencing reduced anti-apoptotic markers expression such as Mcl-1 and Pro-caspase 3. CK2 also regulates the activating phosphorylation of three BCR downstream cascades, S129 and S473 AKT, S529 NF-κB p65 and Y223 BTK, all of them important for MCL clonal expansion. The significance of these pathways in MCL are well-described. Overactivation of NF-κB and PI3K/AKT is exploited in B cell tumors and in MCL (Rudelius et al., 2006; Balaji et al., 2018). Targeting BCR signaling with the BTK inhibitor Ibrutinib is an effective therapeutic option for R/R MCL cases. However, Ibrutinib resistance in MCL occurs and it may be attributable to mutations in BCR downstream elements, such as in the NF-κB pathway, BTK or PLCγ2 (Hershkovitz-Rokah et al., 2018).
We showed that CK2 sustains BCR related signaling events, namely at the level of NF-κB and PI3K/AKT activation. We also described an unanticipated role of CK2 in regulating BTK activity in cultured cells and in vivo in a MCL xenograft mouse model (Figures 1, 3). How CK2 chemical inactivation or gene silencing may cause a reduction of the phosphorylation of BTK on Y223 remains to be elucidated. The possibility that CK2 physically interacts with BTK or phosphorylates BTK through another kinase is presently unknown and will deserve further investigation. Targeting CK2 along with Ibrutinib modulating BTK active phosphorylation, enhanced the cytostatic and cytotoxic effect of Ibrutinib, even in the Ibrutinib less-sensitive Granta-519 cells (Figure 2). Of note, we observed that Ibrutinib increased the CK2 dependent phosphorylation of p65/RelA on S529 (Figure 3) (which is known to fully activate p65/RelA), suggesting that Ibrutinib may cause the activation of CK2. How this p65/RelA S529 increased phosphorylation is mediated needs to be defined. We performed an in silico search which revealed that S529 might potentially be a target for Glycogen Synthase Kinase 3 (GSK3), which is a target of AKT/PI3K signaling cascade. AKT mediated phosphorylation of GSK3 on Ser 9, 21 inhibits GSK3 and stabilizes Myc transcription factors, supporting proliferation (Mancinelli et al., 2017). Therefore, there is also the possibility that Ibrutinib, by hampering AKT activity, induces S529 p65/RelA phosphorylation through GSK3. The upregulation of phosphorylated S529 p65/RelA could represent a potential drawback effect contributing to drug resistance. In support of our data, a recent work that employed a proteomic approach to identify global kinome changes due to Ibrutinib resistance reported that Ibrutinib resistant (IR) MCL cells undergo a kinome reprogramming. Among others, the PI3K/AKT dependent cascade and CK2α were found to be more active in IR cells compared to the parental one (Zhao et al., 2017). Collectively, this experimental evidence supports a role for CK2 over-activation in Ibrutinib resistance and suggests that this kinase may be a rational target in IR MCL cells.
In a therapeutic perspective, it can be envisioned the design of novel inhibitors, that may either target CK2 or may be dually specific against this and other BCR dependent kinases, as previously done (e.g the PI3Kδ/CK1ε inhibitor Umbralisib, which showed clinical activity in CLL and lymphomas (Davids et al., 2019)).
We have also demonstrated that CK2 inhibition may synergize with another strategy used in the treatment of MCL and other haematological malignancies, i.e. the targeting of Bcl-2, through the selective, oral inhibitor Venetoclax (Cang et al., 2015; Yalniz and Wierda, 2019). CK2 has been shown to sustain Bcl-2 related family members expression in MCL (Figure 1, Supplementary Figure S1 and (Manni et al., 2013)). Therefore, we reasoned that its inhibition would affect Venetoclax mechanism of action. Indeed, this approach resulted to be synergistic with Venetoclax in all the cell lines studied, even in those that displayed a lower sensitivity to Bcl-2 inhibition, such as Jeko-1 and Rec-1 (Pham et al., 2018; Prukova et al., 2019). Indeed, the combination of CX-4945 and Venetoclax demonstrated higher efficacy in these cell lines anticipating a potential strategy to overcome Venetoclax resistance. To this regard, it is noteworthy that CK2 inhibition caused a dramatic reduction of Mcl-1 protein levels in MCL cells (Figure 4). The mechanism by which CX-4945 causes Mcl-1 protein decrease in the tested MCL cell lines is still unclear since it does not seem to be caspase or proteasome dependent (Supplementary Figure S6). Mcl-1 translation in the cell is finely controlled and different miRNAs have been implicated in the control of Mcl-1 translation (as an example miR29 and other miRNAs have been identified to reduce Mcl-1 protein expression) (Mott et al., 2007; Lam et al., 2010). Moreover, other pathways such as eIF2α/stress response (Fritsch et al., 2007) or the mTORC1 (Mills et al., 2008) cascades have been implicated in the regulation of Mcl-1 translation. Therefore, the exact mechanism by which Mcl-1 protein is reduced upon CK2 inactivation is still unknown and will deserve further investigation. Mcl-1 is one of the major players involved in Venetoclax resistance and our data and others demonstrated that its expression levels could be influenced by CK2 (Manni et al., 2013; Lazaro-Navarro et al., 2021). The present work defined a synergy between CK2 inactivation and Venetoclax in inducing MCL cell death, confirming the evidence reported by others in Acute Lymphoblastic Leukemia (ALL) cells (Lazaro-Navarro et al., 2021). Remarkably, the selectivity of CX-4945 was also validated in the experiments of CK2α silencing, ascribing its apoptotic influence to CK2 inhibition and not to off target effects (Figure 5). In addition to its impact on Mcl-1, CK2 can modulate mitochondrial apoptosis through the regulation of BID, a pro-apoptotic protein belonging to the Bcl-2 family. It has been reported that BID can be phosphorylated by CK2 in the proximity of the caspase-8 recognition site (T58), leading to BID insensitivity to caspase-8 cleavage and delayed apoptosis (Desagher et al., 2001). CK2 inhibition could prevent this mechanism of apoptosis-resistance, allowing the cleavage of full-length BID, the translocation of the fragment obtained to the mitochondria and the subsequent cytochrome c release. The concomitant exposure to Venetoclax would provoke an impairment of the sequestration of BID by Bcl-2, allowing a higher number of pro-apoptotic proteins to be subjected to proteolysis with consequent boosting of apoptosis. Lastly, the impact of CK2 on NF-κB and PI3K/AKT pathways could also play a significant role in Venetoclax mechanism of action. Indeed, Venetoclax resistance mechanism may also rely on enhanced NF-kB and AKT signaling. It has been reported that constitutively active AKT could phosphorylate the IKKα subunit on T23, inducing IKK complex activation, IκB degradation and NFκB translocation into the nucleus in embryonic fibroblasts (Bai et al., 2009). Additionally, Jayappa et al suggested that the activation of the NF-κB pathway in MCL cells could lead to an enhanced expression of the anti-apoptotic proteins Bcl-xL and Mcl-1, decreasing the dependency of tumor cells on Bcl-2 and thus their sensitivity to Venetoclax (Jayappa et al., 2017). Therefore, CK2 could be an essential node in the survival signaling network that could mediate Venetoclax induced resistance.
In conclusion, our results demonstrated that CK2 sustains the activation of critical signaling pathways in MCL cells. CK2 could be a central connector in the survival signaling cascades that could interfere with Ibrutinib or Venetoclax-induced cytotoxicity (Figure 6). Its inactivation can potentiate, in a synergistic manner, the cytotoxicity induced by BTK and Bcl-2 inhibitors. We provided evidence that CK2 inactivation led to the downregulation of potential mechanism of resistance that may arise with Ibrutinib or Venetoclax, i.e. the activation of NF-kB and Mcl-1 as summarized in Figure 6. Our data support the further testing of CK2 inhibitors in MCL in combination therapies.
[image: Figure 6]FIGURE 6 | CK2 inactivation potentiates Ibrutinib and Venetoclax induced cytotoxicity, overcoming potential drug resistance mechanisms. (A) Model summarizing the role of CK2 inhibition to reduce the activation of MCL survival BCR dependent signaling pathways, potentiating Ibrutinib (IBR) induced cytotoxicity. Ibrutinib reduced BTK and AKT phosphorylation on Y223 and S473 respectively, causing MCL cell apoptosis. CK2 sustains the anti-apoptotic phosphorylation of BTK on Y223, of AKT on S129 and S473 (potentially contrasting the apoptosis capability of Ibrutinib) and of NF-κB on S529 (inducing a possible mechanism of resistance). The combination of CK2 inactivation and Ibrutinib potentiates the downregulation of these pro-survival signaling pathways, overcoming potential CK2 dependent mechanisms of resistance. (B) Model showing a possible mechanism adopted by CK2 inactivation to overcome a Venetoclax (VEN) induced mechanism of resistance. VEN binds to Bcl-2 releasing the pro-apoptotic BIM protein, causing cytochrome C/caspase mediated apoptosis. However, an increase in Mcl-1 anti-apoptotic protein can be observed, relieving VEN apoptosis inducing capability. The addiction of CK2 inactivation determines a reduction in Mcl-1 protein levels, overcoming the VEN induced mechanism of resistance, ultimately potentiating MCL cell death. The figure was made using Servier Medical art templates licensed under a Creative Common Attribution 3.0 Generic License. http://smart.servier.com/accessed on 25/03/2022.
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Protein kinases play a vital role in biology and deregulation of kinases is implicated in numerous diseases ranging from cancer to neurodegenerative diseases, making them a major target class for the pharmaceutical industry. However, the high degree of conservation that exists between ATP-binding sites among kinases makes it difficult for current inhibitors to be highly specific. In the context of neurodegeneration, several groups including ours, have linked different kinases such as CK1 and Alzheimer’s disease for example. Strictly CK1-isoform specific regulators do not exist and known CK1 inhibitors are inhibiting the enzymatic activity, targeting the ATP-binding site. Here we review compounds known to target CK1, as well as other inhibitory types that could benefit CK1. We introduce the DNA-encoded library (DEL) technology that might represent an interesting approach to uncover allosteric modulators instead of ATP competitors. Such a strategy, taking into account known allosteric inhibitors and mechanisms, might help designing modulators that are more specific towards a specific kinase, and in the case of CK1, toward specific isoforms.
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BACKGROUND
Improvements in disease diagnostics, scientific progress in therapeutic target identification, and advances in highly specific and safe therapeutic drugs represent relentless engines to address the need of new medicinal treatments, especially in the field of neurodegeneration such as Alzheimer’s disease. Behind the scenes, in the back end of the pharmaceutical world, drug screening represents the backbone of a very active industry focusing on identifying new drug-like molecules. While, new treatments are certainly needed, novel therapeutic strategies and tools are also needed.
Protein kinases play a vital role in biology by catalyzing the transfer of a phosphate group, onto protein substrates, at the hydroxy position of specific amino acids, modifying their activity or function (Johnson and Lewis, 2001; Ardito et al., 2017). Deregulation of kinases and their substrates is implicated in numerous diseases, and for that reason alone kinases represent a major target class for developing novel therapeutics (Zhou et al., 2010; Rebholz et al., 2013; Roskoski, 2015; Yuan et al., 2019; Cohen et al., 2021; De Pins et al., 2021; Roskoski, 2021). In the context of neurodegeneration, and for Alzheimer’s disease in particular, a number of protein kinases have been involved with relevance to different key pathways (Flajolet et al., 2007; Bustos et al., 2017a; Bustos et al., 2017b). For example, tau hyper-phosphorylation is directly linked to tau pathology and a great deal of effort is being devoted to reduce tau hyperphosphorylation (Rubenstein et al., 2019; Wakeman et al., 2022); for a recent review see (Wegmann et al., 2021). About 30 phosphorylation sites have been found to be phosphorylated only in normal brain samples and the specific nature of the sites involved might be less important than the overall level of phosphorylation, the overall net charge of tau. Therefore, blocking or reducing the kinase activity of a kinase such as CK1 potentially targeting numerous sites, directly and indirectly via kinase priming, could be highly beneficial.
CASEIN KINASE 1 (CK1) ISOFORMS ARE INVOLVED IN DISEASES AND DISORDERS
The role of CK1 in numerous diseases ranging from host-parasite interactions, to highly complex diseases such as cancer and neurodegeneration, has been well established (Knippschild et al., 2005b; Flajolet et al., 2007; Zhou et al., 2010; Schittek and Sinnberg, 2014; Bustos et al., 2017a; Bustos et al., 2017b; Chen et al., 2017; Zhou et al., 2020; Rachidi et al., 2021). Strictly CK1-isoform specific regulators have not been described (Qiao et al., 2019; Du et al., 2021), and most CK1 small molecular weight regulators are inhibiting the enzymatic activity (Li et al., 2021). Only a limited number of CK1 modulators have been fully validated and none of the currently known CK1 inhibitors have reached clinical stage (at the exception of PF05251749 that may enter clinical evaluation in the near future).
CK1, one of the very first identified protein kinases, is ubiquitously expressed and defines a family of serine/threonine kinases, highly conserved in all eukaryotic organisms (Knippschild et al., 2005a). In mammalians, seven CK1 isoforms ([image: image] with various splice variants have been characterized. Little is known about the regulation of CK1 in-vivo. It is believed that CK1 is basally active and at least some isoforms (e.g., CK1δ and CK1ε) are regulated by inhibitory autophosphorylation at their C-terminal regions. Importantly, the various isoforms are not equally distributed and their regionalized expression in various organs makes it an attractive target for disorders and diseases. In the brain, isoforms might be expressed in different neuronal and non-neuronal populations, localized in various regions (e.g., cellular membrane vs. cytoplasm; cytoplasm vs. nucleus) of the cell presenting different pools of substrates. Importantly, not all isoforms are equally distributed and expressed in different organs, and the existence of CK1 brain specific isoforms makes it an attractive target class for brain disorders and diseases.
In the context of neuronal dysfunctions, CK1 has been abundantly linked to the regulation of the dopaminergic pathway with repercussions on the action of psychostimulants and ADHD (Zhou et al., 2010; Zhou et al., 2020) among others. CK1 is also highly relevant for neurodegeneration, and especially Alzheimer’s disease (AD) (Flajolet et al., 2007). Several studies, from our group and others, have linked CK1 and AD, both in relation to amyloid-Abeta peptide and the protein tau (Walter et al., 1998; Schwab et al., 2000; Yasojima et al., 2000; Pastorino et al., 2002; Flajolet et al., 2007). Briefly, after realizing that CK1 expression was increased in AD brains, we demonstrated that overexpression of CK1 ε increased amyloid-Abeta peptide production. Furthermore, three CK1 inhibitors (Figure 2), compounds 1–3) significantly reduced endogenous Abeta peptide production in cultured cells without affecting Notch cleavage (Flajolet et al., 2007).
CK1 might act directly by phosphorylating a target as reviewed above but it can also act indirectly via other kinases by activating or priming them, such as GSK3 for which CK1 is a priming kinase together with CK2, CDK5, DYRK1A and PKA (Meijer et al., 2004). CK1 also has the potential to act as an upstream regulator of CDK5 which is also implicated in AD (Liu et al., 2001; Walter et al., 2001). In addition, CK1δ is regulated by CDK2 and CDK5 (Ianes et al., 2016).
In summary, the presence of numerous CK1 consensus sites on important therapeutic targets, the existence of organ and tissue regionality of CK1 isoforms, and the possibility that CK1 can prime other important kinases such as GSK3 [image: image], give CK1 family a significant advantage to meaningfully affect important diseases and disorders.
CASEIN KINASE 1 INHIBITORS TARGET THE ATP-BINDING SITE
Current CK1 inhibitors are targeting the ATP-binding site and functioning as ATP-competitive molecules. The ATP-binding site is the most conserved site in protein kinases and even more so among homologous family members. The ATP-binding site or orthosteric site is a well-defined pocket which forms a rigid and deep binding cavity. It represents an ideal structure for drug-like molecules aiming at ATP-competitive inhibition (Gray et al., 1999; Ardito et al., 2017). For these reasons, the ATP-binding site represents a highly coveted target option for kinase inhibition even though challenging (Ayala-Aguilera et al., 2022). However, inhibitors targeting a specific ATP-binding site can easily bind to other ATP-dependent enzymes, including kinases, and especially homologous family members. In the case of two brain isoforms, CK1[image: image] and CK1[image: image], it is difficult to target specifically the ATP-binding site of just one isoform due to their highly conserved sequence as demonstrated in Figure 1 (Du et al., 2021). The adenine region involves GLU 83 and LEU 85 in both cases (Figures 1A,B) and is well conserved among CK1 isoforms in general. The overall ATP molecule is positioned very similarly in both isoforms (Figures 1C,D). Any undesired off-targeting activity can be associated with higher side-effects and deleterious clinical consequences.
[image: Figure 1]FIGURE 1 | Structural comparison of the ATP-binding site of the two closely related CK1 isoforms delta and epsilon. (A,B) Ribbon diagrams of the polypeptidic backbones of CK1 delta (A) (PDB accession code 6RCG) and CK1 epsilon (B) (PDB accession code 4HNI). Ball-and-stick representations of an ATP molecule docked in the active site of CK1 delta (C) and CK1 epsilon (D) shown as surface models. The ATP tri-phosphate moieties are highlighted in red. PDB: Protein Data bank.
Kinases adopt either a structurally active (DFG-in) or inactive (DFG-out) state conformation for their binding state and nearly all described kinase inhibitors are based on one of these two conformational configurations, which are also known as Type I and type II respectively (Kanev et al., 2019; Attwood et al., 2021).
CK1 inhibitors described in the literature can be grouped into various classes based on their basic chemical scaffold. The different compound types are presented in Figure 2. For each scaffold type, the most active compound has been selected as a representative member of the family. These compounds were identified over the last 25 years using various technologies ranging from high-throughput screening (HTS) to fragment-based drug discovery and structure-based virtual screening (Du et al., 2021; Li et al., 2021). The IC50 of each compound is also indicated and corresponds to different types of assays and systems, mostly obtained from in-vitro studies.
[image: Figure 2]FIGURE 2 | Representative chemical structures displaying a kinase inhibitory activity and their potency on CK1 family members. Yellow indicates various priviledged chemo-motifs. Heteroatoms are highlighted with standard colors.
Compound 1, well known as CKI7, is an isoquinoline-based derivative, and it was the first CK1 inhibitor identified historically (Xu et al., 1996). Compound 2, or IC261, another early stage CK1 inhibitor, is an indolinone-based derivative, and it was found as a dual [image: image] specific inhibitor through HTS (Mashhoon et al., 2000). Compounds 3 (D4476) and 4 (PF-670462) are imidazole-based molecules which were derived from known kinase inhibitors and HTS respectively (Badura et al., 2007; Cheong et al., 2015). The inhibitory effect of compound 3 does not present any degree of specificity toward CK1 isoforms (perhaps slightly CK1[image: image]), it also targets other kinases such as P38[image: image] and PDK1. Inhibitor four at the contrary is [image: image] specific and is active in the low nanomolar range. Compound 5b is a pyrazole-based molecule identified by modifications of hit molecule found through HTS as [image: image] inhibitors with an IC50 of 8 and 36nM, respectively (Wager et al., 2017a; Wager et al., 2017b). Compound 6b is an isoxazole-based derivative that also inhibits both [image: image] in the nanomolar range; this compound was derived from a p38α kinase inhibitor (Peifer et al., 2009; Luxenburger et al., 2019). Compound 7 and 8a,b are benzimidazole-based compounds. Compound 7 is a dual [image: image] inhibitor that was derived from an NF[image: image]B inhibitor, whereas hit molecule 8a was obtained by HTS and used after structural modifications to derive 8b (Bischof et al., 2012; Bibian et al., 2013). Of note, 8b also inhibits six other kinases (>90%) out of a panel of 442 kinases tested (Bischof et al., 2012). Compound 9, a benzothiazole derivative, was identified as a dual [image: image] inhibitor and resulted from structural modification of an initial hit molecule identified from low throughout screening (Salado et al., 2014; Garcia-Reyes et al., 2018). Compound 10a, a purine-based derivative, was identified by HTS as a dual CK1[image: image] and structure activity relationship-based optimization led to a very potent inhibitor 10b (Lee et al., 2019). Compound 11 is a pyrazolopyrimidine-based scaffold and was identified from pharmacophore-based screening. It inhibits CK1 (nanomolar range) but does not present isoform-specific inhibition (Yang et al., 2012).
In addition to selectivity related issues, there is some resistance to the development of current inhibitors targeting the ATP-binding site and its immediate vicinity including the gate keeper position(s) (Lovly and Shaw, 2014; Kim et al., 2021). Several studies demonstrated a higher mutagenicity of those regions in response to chemotherapies. Such mutations, especially frequent in various types of cancers, lead quickly to treatment resistance by by-passing classical signaling pathways. For example, the Receptor Tyrosine Kinase (RTK) EGFR (Epidermal Growth Factor Receptor) is a key regulator for important biological processes. Abnormal expression of this receptor is associated with a wide range of cancer types. FDA-approved drugs targeting the kinase activity are available and they mostly target the ATP-competitive orthosteric site. Resistance is often observed due to mutations in the vicinity of the ATP-binding site. Furthermore, the rigid and conserved nature of this orthosteric binding region makes drug design more complicated in general, and even more so when isoform specificity is required.
CK1 ACTIVATOR
It is legendary difficult to develop kinase activators, and in many cases, it might even be impossible. Interestingly, one CK1 activator has been reported. Indeed, known kinase activators are extremely rare and not always identified based on a rational design. Kinases can be constitutively active, activated by another protein (e.g., cyclins for CDKs), activated upon intracellular relocalization or modified by alteration of their post-translational modification profile. None of these properties are particularly easy to manipulate with drug-like compounds.
Interestingly, pyrvinium, a reported CK1 activator is believed to activate CK1[image: image] and leading to Wnt signaling pathway inhibition (Thorne et al., 2010) [Figure 2 (xii)]. Although several reports mentioned pyrvinium as a CK1[image: image] activator, the mechanism underlying this activation remains controversial. A recent detailed biochemical analysis by Chen et al. supports that pyrvinium enhances CK1[image: image] kinase activity through allosteric modulation (Shen et al., 2019).
SUCCESSFUL ALLOSTERIC KINASE INHIBITORS
Allosteric sites are crucial to regulate the activity of a biological target in a dynamic way requiring an inducible structural rearrangement. A drug-like compound acting as a CK1 allosteric inhibitor could be promising for several medical applications. Allosteric sites are less constraint, present a larger diversity with reduced off-target issues, resulting in an increased selectivity and/or specificity. Identifying putative allosteric sites is challenging including when benefiting from the existence of a crystal structure. A co-crystal structure with a specific ligand uncovering the allosteric site is ideal but not simple to obtain. Cryptic pockets are rarely visible by definition, unless a specific conformation of the protein target is induced, either chemically or biologically. Allosteric modulators are classified as Type III and Type IV allosteric regulators based on the distance from the ATP-binding domain of the kinase domain. Type III modulators bind to a site adjacent to the ATP-binding site and Type IV to a site located further away (see schematic representations Figures 3A, 4A).
[image: Figure 3]FIGURE 3 | Representative chemical structures displaying a kinase inhibitory activity of Type III and their potency toward specific kinases. (A) Schematic representation of Type III allosteric site. Blue color indicates targetted site. (B) FDA-approved Type III HEK inhibitors (C) Type III kinase inhibitors.
[image: Figure 4]FIGURE 4 | Representative chemical structures displaying a kinase inhibitory activity of Type IV and their potency toward specific kinases. (A) Schematic representation of Type IV allosteric site. Blue color indicates targetted site. (B) Only FDA-approved Type IV inhibitor (C) Other Type IV inhibitors
Despite the difficulties, several kinase allosteric modulators were successfully developed and even approved for clinical use by the FDA, clearly demonstrating the value and feasibility of identifying kinase allosteric modulators. Trametinib is the first non-ATP-competitive (allosteric) FDA-approved drug that was identified as MEK inhibitor in 2013 (Wright and Mccormack, 2013). MEK, a member of the mitogen-activated protein kinase family, is a dual specificity threonine/tyrosine kinase that plays a critical role in the Ras - Raf (MAPKKK) - MEK1/2 (MAPKK) - ERK1/2 (MAPK) signaling pathway. Cobemitinib (Garnock-Jones, 2015), Binimitinib (Rose, 2019) and Selumetinib (Casey et al., 2021) were three others FDA-approved Type III allosteric inhibitors for MEK1/2 (Figure 3B) and others are in clinical development (Shang et al., 2016).
Those FDA-approved allosteric drugs were identified using different technologies mostly centered on HTS and taking advantage of cellular or biochemical assays. Besides MEK, the most allosterically studied kinase is AKT and some of AKT allosteric regulators are currently being tested in clinical trials (Revathidevi and Munirajan, 2019; Martorana et al., 2021).
Compound EAI001 [Figure 3C (i)] was identified as Type III allosteric inhibitor by HTS and structural modifications led to more potent inhibitors (EAI045 and JBJ-04-125-02) (Jia et al., 2016; To et al., 2019). Sulfonamide-derivative was identified as LIMK2 Type III allosteric inhibitor through HTS hit molecule [Figure 3C (ii)] and this derivative has good selectivity over its closely related kinase LIMK1 (Goodwin et al., 2015). Based on fragment-based drug discovery a dibenzodiazepine compound was derived as Type III allosteric inhibitor for PAK1 kinase (Karpov et al., 2015) [Figure 2C (iii)]. Type III allosteric inhibitors were also reported for the kinases IRE1 and RIP1 (Wu et al., 2015).
Finally, type IV allosteric inhibitors correspond to molecules which bind a distal allosteric site from the ATP-binding site (Figure 4A). At this date, Asciminib (ABL001) is the only FDA-approved Type IV inhibitor (Deeks, 2022) (Figure 4B). ABL001 was identified initially through phenotypic screening targeting ABL kinase and further optimized by fragment-based NMR (Wylie et al., 2017). Type IV modulators are typically identified by conventional technologies such as phenotypic screening (Adrian et al., 2006) and affinity-based screenings (Comess et al., 2011) (Figure 4C).
Recently, Lu et al. categorized two other types of kinase allosteric regulators that bind outside the kinase domain. Type VI binds to the catalytic inactive site of a pseudokinase domain while Type VII binds elsewhere outside the kinase domain, for example in the extracellular region of a receptor tyrosine kinase (Lu et al., 2020).
The absence of CK1 allosteric inhibitors probably results from the convergence of the high degree of conservation between isoforms and the absence of an assay compatible with high throughput allosteric testing. Regarding the degree of similarity between isoforms, differences do exist in the primary sequences and those could allow drug-like molecules to bind with some degree of specificity. Regarding the screening assay, the DNA-encoded library (DEL) technology does not require a functional assay. Indeed, DEL offers the possibility to search for molecules binding to the target very efficiently (hundreds of millions to billions of compounds). Allosteric regulation of the binding molecules can then be evaluated as a validation step or secondary assay, in a low throughput and well controlled enzymatic assay. Furthermore, the possibility to perform DEL screens in parallel (e.g., two or more isoforms, or wild type versus mutant) allows early on in the process, at the very first step, to select specific binders.
DNA-ENCODED LIBRARIES AND NON-BIASED APPROACHES TO TACKLE ALLOSTERY
For the reasons mentioned previously, alternative therapeutic strategies directed towards the development of molecules targeting non-ATP binding sites have emerged and are becoming more popular (Wu et al., 2015; Lu et al., 2019; Lu et al., 2020). The DEL technology might be particularly adapted to identify allosteric modulators and to target cryptic pockets in general, due to its screening concept that is based solely on binding affinity (Schwab et al., 2000; Gironda-Martinez et al., 2021; Huang et al., 2022). With this approach, a very large number of compounds this was mentioned just before covalently tagged with a unique and specific DNA sequence are mixed with the immobilized protein target in a single tube. Following the incubation step, several washes are performed and at the end of the process, compounds binding to the target are identified through PCR amplification and next generation sequencing. The DNA tag sequences allow for the hit molecules to be identified. Validation of the hit binders can then be performed individually ON-DNA and OFF-DNA. Validated binders can then be investigated for their function.
This screening approach is totally independent of a specific activity, and therefore does not require any type of assay. Furthermore, due to the practicality of such screening campaigns, several conditions can be tested in parallel and subtractive approaches can be utilized. For example, an existing inhibitor known to fit in the active site could be added during the DEL screening incubation in order to saturate the active site and block its accessibility to DEL molecules, favoring the binding of DEL compounds at other sites. A wild-type kinase could be screened in parallel to a dead kinase mutant, a single target protein could be screened in parallel to the same kinase associated to a co-factor if folding is known to be affected, a desired isoform could be compared to a non-desired isoform for specificity reasons, etc … DEL might prove useful to distinguish them in a non-biased approach. Using the DEL technology, kinase inhibitors and allosteric inhibitors for GPCRs have already been identified (Petersen et al., 2016; Ahn et al., 2017; Chang et al., 2017; Ahn et al., 2018; Kim et al., 2018; Kim et al., 2019; Guilinger et al., 2021). Finally, a validated compound binding to a target, even if ineffective at modulating the activity per se, could be used as a PROTAC anchor or alternatively as a biotracer or research tool.
CONCLUSION
CK1 kinases regulate a wide variety of cellular processes and dysfunction of several members of this family have been involved in serious pathological conditions. In the context of AD, the multiple links connecting CK1 to various pathophysiological issues, its dual capacity to act on the two most important pathways (tau and amyloid beta), and the existence of well-defined neuronal specific isoforms, makes it a special and highly relevant target. We summarized here the compounds known to inhibit CK1 and for each privileged scaffold we present the most active compound as well as the method used to identify those compounds. All known CK1 inhibitors are targeting the ATP-binding site and the only activator known might do so via allosteric regulation. None of those drug-like molecules reached clinical stage. Due to the high degree of conservation between CK1 isoforms, and kinases in general, allosteric inhibitors might be more suited for therapeutic interventions. Identifying allosteric modulators is challenging but we believe that DNA-encoded library technologies, due to their absence of strong screening requirements and their unprecedented library size, are particularly well suited for the task.
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Casein kinases are involved in a variety of signaling pathways, and also in inflammation, cancer, and neurological diseases. Therefore, they are regarded as potential therapeutic targets for drug design. Recent studies have highlighted the importance of the casein kinase 1 superfamily as well as protein kinase CK2 in the development of several neurodegenerative pathologies, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis. CK1 kinases and their closely related tau tubulin kinases as well as CK2 are found to be overexpressed in the mammalian brain. Numerous substrates have been detected which play crucial roles in neuronal and synaptic network functions and activities. The development of new substances for the treatment of these pathologies is in high demand. The impact of these kinases in the progress of neurodegenerative disorders, their bona fide substrates, and numerous natural and synthetic compounds which are able to inhibit CK1, TTBK, and CK2 are discussed in this review.
Keywords: neurodegenerative diseases, CK1, CK2, phosphorylation, TTBK, inhibitors
INTRODUCTION
Due to the fact that the world population is getting progressively older, the risk of neurodegenerative disorders (NDDs) is increasing. Those disorders occur when neurons lose their structure and function which finally leads to their death. Noteworthy, by 2000 it was estimated that the number of patients suffering from dementia in developed countries reached 13.5 million and will rise up to 36.7 million in 2050 (Zheng and Chen, 2022). Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the most prevalent NDDs worldwide.
NDDs are classified according to their major clinical symptoms, altered proteins, and cellular/subcellular pathology. On the molecular level, typical features include protein misfolding and the formation of protein aggregates. The exact mechanisms for that are still unknown. These aggregates are the result of protein modification, like phosphorylation, sumoylation, and ubiquitination (Kovacs et al., 2010).
Typical characteristics of AD are senile plaques of amyloid-beta (Aβ) peptide precipitated in the space between neurons and the neurofibrillary tangles (NFTs) of fibrillar hyperphosphorylated tau protein (Glenner and Wong, 1984; Grundke-Iqbal et al., 1986). The Aβ peptide is the product of the proteolytic cleavage by β- and γ-secretases of the amyloid precursor protein (APP) (Vassar et al., 1999). In AD patients typical clinical features are the progressive loss of mental abilities, e.g., increasing forgetfulness, changes in personality, and cognitive difficulties. Additionally, as result of an immune response in the brain, nerve cells lose their function and die.
Huntington’s disease (HD) is caused by an autosomal dominant genetic defect. Mutations in the huntingtin gene (HTT) encoding huntingtin are responsible for the onset of HD. Typical features of this disease are movement disorders, like chorea and loss of coordination, as well as cognitive decline. Furthermore, common psychiatric symptoms are psychosis, depression, and obsessive-compulsive disorder (Rosenblatt, 2007). In HD patients a degeneration of the striatum and general shrinkage of the brain can be observed (Reiner et al., 1988). Loss of cortical mass is regionally selective and proceeds from posterior to anterior cortical regions during HD progression. Other symptoms are weight loss, cardiac failure, and skeletal-muscle wasting (Arenas et al., 1998; Aziz et al., 2008).
PD is a neurodegenerative disease characterized by progressive loss of neuromelanin containing dopaminergic neurons in the substantia nigra pars compacta. There is evidence for the relation between a small volume of this brain region and the weaker or less controlled motor movements of PD patients resulting in the often observed tremors (Menke et al., 2010). The pathological picture of PD includes motor impairments, like resting tremors, bradykinesia, postural instability, and rigidity. Due to the loss of norepinephrine non-movement related symptoms, like psychiatric problems, low blood pressure, and constipation, are seen. The cause of PD might be a combination of environmental and genetic factors.
Amyotrophic lateral sclerosis (ALS) is a fast progressive NDD affecting lower and upper neurons in the brain stem, spinal cord, and the motor cortex (Robberecht and Philips, 2013). It is the most common motor neuron disease in adults and the third most NDD worldwide (Renton et al., 2013). Typical features of ALS are atrophy and paralysis of skeletal muscles resulting from neuron loss and lack of communication between voluntary muscles of the body and the nervous system. Besides these symptoms, in most cases also cognitive and behavioral dysfunctions are present. ALS patients generally die within 3–5 years after first symptoms (Regal et al., 2006). The great majority of cases are classified as sporadic ALS, whereas only 10% are familial. Abnormal aggregations of transactive response DNA-binding protein 43 (TDP-43) are detected in almost all ALS cases (Neumann et al., 2006; Mackenzie et al., 2010). Mutations in the TARDBP gene encoding TDP-43 are associated with ALS (Sreedharan et al., 2008).
Protein kinases are encoded by about 2% of all human genes and are capable of phosphorylating up to 20% of all proteins. The counterplay of protein kinases and phosphatases regulates many processes in living cells through modification of serine, threonine and tyrosine residues (Hunter, 1995, 2012; Cohen, 2002; Schwartz and Murray, 2011; Nishi et al., 2014). As a result of phosphorylation protein activities, their stability, localization and interaction with other proteins are controlled. This posttranslational modification is capable of changing protein functions either by allosteric interaction or binding to regulatory domains (Jin and Pawson, 2012; Ardito et al., 2017). It has an important impact on processes, such as DNA replication, transcription and translation, cell metabolism, apoptosis, as well as stress and immunological response (Hunter, 1995; Cohen, 2002; Tarrant and Cole, 2009; Karve and Cheema, 2011). Proteins mainly undergo phosphorylation in the cytosol or in the nucleus (Duan and Walther, 2015).
Currently, there are no drugs available which cure or prevent NDDs, only acute disorders and symptoms are treated.
Numerous protein kinases have been described to play an important role in NDDs (Benn and Dawson, 2020). Unfortunately, most kinase inhibitors are not able to cross the blood-brain-barrier and are, therefore, only suitable for non central nervous disorders. During last decades, there is an increasing interest in the field to develop brain penetrant kinase inhibitors using the approaches from cancer research.
CK2 AND PROTEIN KINASES OF THE CK1 SUPERFAMILY
Human protein kinases have been divided into 10 groups, 9 of them contain an eukaryotic kinase domain (ePK) and the last group is classified as atypical kinases. The majority of protein kinases phosphorylate serine and threonine residues (Ser/Thr kinases), others phosphorylate tyrosine (Tyr kinases). Few kinases are able to modify all three amino acids (dual-specificity kinases). Eukaryotic protein kinases share similarities in the primary sequences and structural features (Hanks and Hunter, 1995; Taylor et al., 1995; Taylor and Kornev, 2011).
CK1 isoforms together with the closely related vaccinia-related kinases (VRKs) and tau tubulin kinases (TTBKs) are classified in a separated group within the Ser/Thr kinase superfamily, whereas CK2 isoforms constitute a subclass of the CMGC group (Knippschild et al., 2005; Perez et al., 2011; Venerando et al., 2014; Fulcher and Sapkota, 2020). Protein kinases of the CK1 group and CK2 completely differ in their structure. At the beginning, they were named according to the phosphorylated in vitro protein substrate, casein. They were purified for the first time from soluble extracts of lactating bovine mammary (Waddy and Mackinlay, 1971). Natively isolated enzymes were purified on DEAE-cellulose and called casein kinase 1 and 2 depending on their elution profile (Hathaway and Traugh, 1979). G-CK or Fam20C shows high similarity to the casein kinase found in lactating mammary glands. It has been found in rat liver and brain and phosphorylates casein in the Golgi bodies (Bingham and Farrel, 1974; Lasa et al., 1997). Fam20C is characterized as a secretory kinase phosphorylating secreted proteins, from milk to bone proteins. This is important in the process of biomineralization of bones and teeth (Tagliabracci et al., 2015).
The role of CK1 in NDDs
CK1 is an evolutionarily conserved and ubiquitously expressed protein kinase. It belongs to second-messenger-independent and constitutively active kinases. CK1 exists in monomeric form with seven isoforms (α, β, γ1, γ2, γ3, δ, and ε) and their alternative splicing forms, which are encoded by different genes (Fulcher and Sapkota, 2020). The CK1 isoforms differ in their kinase activities, functions, subcellular localization, and biochemical properties (Zhang et al., 1996; Burzio et al., 2002; Takano et al., 2004; Xu et al., 2019). They vary in their molecular weights between 37 and 51 kDa with CK1α being the smallest and CK1γ3 the largest protein. The analysis of the substrate specificity of CK1 isoforms initially determined pS/pT-X1-2-S/T as their consensus sequence. This led to the assumption that phosphorylation by CK1 depends on the prior phosphorylation of position −2 or −3 (Meggio et al., 1991; Meggio et al., 1992). Further studies have shown that this hypothesis did not hold true when proteins were efficiently phosphorylated without prephosphorylated residues (Flotow and Roach, 1991; Marin et al., 1994; Pulgar et al., 1999). Later, novel substrates were described containing a non-canonical motif (S-L-S) with acidic residues downstream of the phosphorylation site. Over 140 substrates are described for CK1. Most of them are involved in various cell processes, e.g., membrane transport and trafficking, microtubule-associated dynamics, apoptosis, and cell cycle progression (Yang et al., 2017; Xu et al., 2019). In diverse studies the important role of CK1 in NDDs was shown, emphasizing on tauopathies, such as AD. A distribution study of all CK1 isoforms comparing AD and control brains revealed that CK1 can be found in fibrillar lesions and, additionally, within the matrix of granulovacuolar degeneration bodies (Ghoshal et al., 1999; Kannanayakal et al., 2006). Contrary to CK1α which is linked to fibrillar lesions, CK1δ is linked to granulovacuolar degeneration bodies (Kannanayakal et al., 2006). It is possible that alteration of CK1δ function is aligned with dysregulation of circadian rhythms in AD. Elevated expression levels of CK1δ (33-fold) and CK1ε (9-fold) has been described in AD post-mortem brain tissue and ALS (Ghoshal et al., 1999; Yasojima et al., 2000; Salado et al., 2014; Palomo et al., 2020; Carter et al., 2021). Many proteins related to neurological disorders are modified by CK1α, e.g., β-secretase (Walter et al., 2001), α-synuclein (Mbefo et al., 2015), and parkin (Yamamoto et al., 2005). Similarly, it has been discovered that CK1δ phosphorylates several proteins that are associated with different NDDs in vitro. CK1δ phosphorylates the tau protein leading to its aggregation and finally the formation of neurofibrillary tangles (Li et al., 2004). Increased CK1 activity is associated with tau aggregation (Schwab et al., 2000). CK1δ-dependent phosphorylation has been also shown for other proteins connected with neurodegenerative diseases, e.g., presenilin-2, β-secretase, parkin, TDP43, α-synuclein, LRRK2, and tau (Okochi et al., 2000; Walter, 2000; Rubio de la Torre et al., 2009; Alquezar et al., 2016; Nonaka et al., 2016; Morales-Garcia et al., 2017; De Wit et al., 2018). Therefore, inhibition of CK1δ/ε has been described to possess favorable effects on ALS, frontotemporal dementia (FTD), and PD phenotypes in vivo (Perez et al., 2011; Salado et al., 2014; Alquezar et al., 2016; Cozza and Pinna, 2016; Jiang et al., 2018; Palomo et al., 2020).
The role of TTBK in NDDs
Within the CK1 superfamily a small family of brain-specific kinases phosphorylating microtubule-associated proteins tau and tubulin is classified (Ikezu and Ikezu, 2014). TTBK is a Ser/Thr and Tyr dual-kinase conducting multiple functions inside the cell. It comprises two isoforms: TTBK1 and TTBK2. TTBK1 was characterized as a neuron-specific kinase phosphorylating tau which leads to its aggregation, while TTBK2 was purified from the bovine brain (Takahashi et al., 1995; Sato et al., 2006). Both isoforms are encoded by distinctive genes, and furthermore, their localization in tissues is diverse (Nozal and Martinez, 2019). The sequence of TTBK1, consisting of 1321 amino acids, can be divided into kinase domain (residues 34-297), and a regulatory domain, which contains a characteristic 39 amino acids poly-Glu motif (Ikezu and Ikezu, 2014). The comparison of the TTBK1 and CK1δ kinase domain sequences revealed a 38% identity and 52% similarity (Sato et al., 2006). TTBK1 is primarily expressed in the human brain, notably in the adult brain cortex, cerebellum, and fetal brain. When mouse brain was analysed, TTBK1 was also detected in the frontal cortical layers, the hippocampus, and the granular layer of the cerebellum. Studies using antibodies confirmed the colocalization with tubulin in neurons (Sato et al., 2006). TTBK1 is upregulated in AD cases (Takashima et al., 1993).
TTBK2 consists of 1244 amino acids, and contrary to TTBK1, is ubiquitously expressed in the whole body. Highest TTBK2 mRNA expression levels are monitored in cerebellum Purkinje cells, granular cell layer, hippocampus, midbrain, and substantia nigra, whereas lower levels were found in the cortex of human, rat, and mouse brains (Houlden et al., 2007). In analyses of the protein expression in the brain and testis higher amounts of TTBK2 were found which correlates with higher activities of TTBK2 in these tissues (Bouskila et al., 2011). Mutations in the TTBK2 gene are responsible for the onset of spinocerebellar ataxia type 11, an NDD characterized by progressive ataxia and atrophy of the cerebellum and brainstem.
Both isoforms contain highly similar catalytic domains (88% identity and 96% similarity), but diverse C-terminal domains of 43% identity and 58% similarity (Ikezu and Ikezu, 2014; Nozal and Martinez, 2019). TTBK1/2 were described as kinases which show higher phosphorylation activity in case of a prephosphorylated substrate at position -3 (S/T-X-X-S/T/Y). On the surface of TTBK1 two positive sequences have been identified, which might act as putative binding sites for the prephosphorylated substrate (Xue et al., 2013; Kosten et al., 2014). Phosphorylation of tau was shown at Y197, S198, S199, S202, and S422, the critical sites in paired helical filaments (Grundke-Iqbal et al., 1986; Sato et al., 2006; Tomizawa et al., 2001). Interestingly, both isoforms differ in the aa sites which they phosphorylate. Due to tau phosphorylation in neurons at S422, TTBK1 is responsible for neurofibrillary pretangle formation and subsequent tau aggregation (Sato et al., 2008; Vazquez-Higuera et al., 2011; Yu et al., 2011; Lund et al., 2013). In knock-down experiments it has been demonstrated that TTBK1, not TTBK2, is the main isoform responsible for tau phosphorylation at S422 (Bao et al., 2021). Overexpression of TTBK1 in mice resulted in increased phosphorylation and oligomerization of tau in the brain (Xu et al., 2010).
Besides the phosphorylation of tau and tubulin by TTBK2, further substrates include centrosomal proteins CEP164 and CEP97, SV2A as well as neurodegeneration-associated protein TDP-43 (Takahashi et al., 1995; Tomizawa et al., 2001; Ikezu and Ikezu, 2014; Liachko et al., 2014; Liao et al., 2015; Zhang et al., 2015). Additionally, TTBK2 is crucial for the regulation of the growth of axonemal microtubules in ciliogenesis (Liao et al., 2015).
Especially TTBK1 is a promising candidate as target for NDDs treatment. It is mainly expressed in brain tissue, and therefore, possesses limited off-pathway roles. The phosphorylation of tau and TDP-43 makes it an ideal kinase in the case of these two proteinopathies.
The role of CK2 in NDDs
Together with CK1, CK2 was identified as phosphotranferase using casein as protein substrate for enzymes able to catalyse phosphate transfer from ATP to proteins (Burnett and Kennedy, 1954). Native protein kinase CK2 exists as a heterotetrameric holoenzyme consisting of two catalytic subunits, α and α′, and a dimer of regulatory subunits β (Hathaway and Traugh, 1979). The two isoforms of the CK2 catalytic subunit are highly homologous, but they are products of two different genes (Wirkner et al., 1994; Yang-Feng et al., 1994; Ackermann et al., 2005). CK2 subunits may build different active holoenzymes in three different conformations (αα′, α2, or α′2) or exist as free catalytic subunits. Each CK2 isoform possesses characteristics common for CK2, but differences in their substrate specificity and sensitivity to inhibitors have been described. They may also regulate different cellular processes (Pinna, 2002; Domańska et al., 2005; Janeczko et al., 2012).
CK2 is a constitutively active protein kinase, independent from second messengers, and is able to use both, ATP and GTP, as phosphoryl donors (Litchfield, 2003). Analysis of the eukaryotic phosphoproteome revealed that CK2 is responsible for the phosphorylation of almost one-quarter of phosphoproteins (Meggio and Pinna, 2003; Salvi et al., 2009; Franchin et al., 2015).
The minimal consensus sequence of CK2 was estimated as S/T-X-X-D/E/pS/pY, which is present in numerous proteins (Meggio et al., 1994; Venerando et al., 2014).
After the detection of the critical role in various disease states, like cancers and neurodegenerative disorders research groups worldwide focussed their attention on CK2 as a potential therapeutic target (Blanquet, 2000; Perez et al., 2011; Castello et al., 2017; Borgo et al., 2021a).
Several CK2 targets in NDDs were described. α-synuclein is phosphorylated at S129 that leads to aggregates which are the main component of Lewy bodies. In 90% of PD samples this phosphorylation is found, whereas in only 4% of normal tissue. As shown, this site is affected by several kinases and dependent on which one the biological effects might differ (Oueslati, 2016).
In different reports the diverse role of CK2 in AD is described. CK2 phosphorylates presenilin-2 at S7 and S9 in vitro while not altering APP cleavage by γ-secretase (Walter et al., 1996; Sannerud et al., 2016). Additionally, it was shown that CK2 phosphorylates SET, a phosphatase PP2A inhibitor, at position S9 which leads to its translocation to the cytoplasm (Zhang et al., 2018).
Numerous reports reveal that CK2 possesses a protective role in HD. The phosphorylation of huntingtin at S13 and S16 alters its location. Phospho-huntingtin is found in the nucleus which reduces its cellular toxicity (Atwal et al., 2011). Similarly, TDP-43 phosphorylation may prevent protein aggregation of truncated forms (Li et al., 2011).
PROTEINS INVOLVED IN NEURODEGENERATIVE DISEASES
A lot of NDD-associated proteins playing an important role in the onset of these disorders were identified (Kovacs et al., 2010): (1) the tubulin-associated unit (tau) protein; (2) amyloid-β (Aβ), peptides which result from cleavage of a large transmembrane precursor protein (Aβ-precursor protein or APP); (3) α-synuclein; (4) prion protein; (5) TDP-43 (Ou et al., 1995); (6) fused in sarcoma protein, Ewing’s sarcoma RNA-binding protein 1, and TATA-binding protein-associated factor 15, also known as FET proteins (Neumann et al., 2011). Other proteins are associated with neurological disorders caused by mutations leading to trinucleotide repeats (e.g., huntingtin, ataxins, atrophin-1).
Neurodegenerative proteinopathies can be classified according to the major protein involved in the disease: tauopathies, α-synucleinopathies, TDP-43 proteinopathies, FUS/FET proteinopathies, prion diseases, trinucleotide repeat diseases, neuroserpinopathy, ferritinopathy, and cerebral amyloidoses.
Several of these proteins were identified as substrates for CK1, TTBK, and CK2 and are further described below. Table 1 summarizes information about these proteins phosphorylated by CK1, TTBK, and CK2 and their respective phosphorylation sites.
TABLE 1 | Selected proteins involved in neurodegenerative diseases and their phosphomodifications by casein kinases.
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The name of this protein is derived from synaptic vesicles (syn-) and the nuclear envelope (-nuclein), both places where α-synuclein was first identified (Maroteaux et al., 1988). As we know now, this was probably the effect of a contaminated antibody that was used in this study. It is involved in PD, dementia with Lewy bodies, and multiple system atrophy (Spillantini et al., 1997; Wakabayashi et al., 1997; Gai et al., 1998). α-synuclein is a ubiquitously expressed protein with the highest levels in neurons, especially in presynaptic terminals. Other localizations for α-synuclein have been also identified, mainly based on overexpression experiments, but its function there remains unclear.
α-synuclein is a protein built of 140 amino acids that undergo posttranslational modification, especially at its C-terminus, e.g., phosphorylation, oxidation, ubiquitination, acetylation, and glycosylation. The major phosphorylation sites are S87 and S129 (Okochi et al., 2000; Fujiwara et al., 2002; Ishii et al., 2007). It was also shown that tyrosine residues are phosphorylated: Y125, Y133, and Y136 (Ellis et al., 2001; Nakamura et al., 2001; Negro et al., 2002). In pathological states, α-synuclein adopts a β-sheet conformation, which consequently leads to α-synuclein aggregation, fibril formation, and deposition into Lewy bodies (Conway et al., 1998; El-Agnaf et al., 1998; Narhi et al., 1999; Uversky, 2007; Yonetani et al., 2009). In PD, Lewy bodies, point mutations, and duplications/triplication of α-synuclein gene are the main pathological hallmark (Burré et al., 2018). Lewy bodies containing α-synuclein were also deteced in samples from familial AD patients (Lippa et al., 1998). Furthermore, in senil plaques in AD a short fragment of α-synuclein (aa residues 61-95) was found and termed non-Aβ-amyloid component, a region that is necessary for α-synuclein aggregation and fibrillogenesis (Ueda et al., 1993). Phosphorylation prevents or at least decreases the aggregation and toxicity of α-synuclein (Waxman and Giasson, 2008). Within all identified phosphorylation sites in vivo and in vitro only S87 lies in the non-Aβ-amyloid component (El-Agnaf et al., 1998).
Amyloid-beta precursor protein
APP was isolated and purified from cerebral Aβ deposits in 1984 (Glenner and Wong, 1984). It is found in different tissues, particularly in the brain, as a type I transmembrane protein located predominantly in the endoplasmic reticulum (Zheng and Koo, 2006). In 1992, Hardy and Higgins presented the amyloid cascade hypothesis as their theory of AD pathophysiology (Hardy and Higgins, 1992). Proteases from the secretase family (β-secretase and γ-secretase) cleave APP into Aβ peptides of different lengths, mainly Aβ38, Aβ40, and Aβ42, whereas α- and γ-secretases produce P3 peptides (LaFerla et al., 2007; O’Brien and Wong, 2011). Although the most abundant form is Aβ40 (80%–90%), Aβ42 is mainly responsible for protein aggregations and the formation of oligomers, amyloid fibrils, and amyloid plaques (Chen C et al., 2017). Those amyloid plaques are the cause of neurotoxicity in AD progression (Citron et al., 1996; Murphy and LeVine, 2010). Effects of Aβ40/Aβ42 aggregation, especially Aβ oligomers, are calcium dishomeostasis, disturbance of ion channels, alteration of glucose regulation and oxidative damage (Tiwari et al., 2019). Furthermore, it was described that Aβ aggregation promotes tau phosphorylation and aggregation. Out of 30 mutations described in the APP gene, 25 are involved in the deposition of insoluble Aβ, like KM670/671NL (Swedish), V717I (London), V717F (Indiana).
Tau protein
The tau protein was firstly discovered in porcine brain and isolated as heat-stable protein. The function of tau is the stabilization of internal microtubules (Weingarten et al., 1975). It is particularly highly expressed in axons of neuronal cells of the central nervous system (Binder et al., 1985). Studies have shown that tau is a phosphoprotein that then negatively influences the microtubule assembly by changes of the molecule shape (Jameson et al., 1980; Lindwall and Cole, 1984). Phosphorylation of tau is often accompanied by other posttranslational modifications, e.g., O-glycosylation, ubiquitination, and methylation. Tau inclusions occur in AD, Pick’s disease, progressive supranuclear palsy, corticobasal degeneration, argyrophilic grain disease, Parkinsonism-dementia complex of Guam, and FTD (Lee et al., 2001).
Tau primary transcript generates six isoforms by alternative splicing resulting in proteins of 352-441 amino acids and MW of 45–65 kDa (Boyarko and Hook, 2021). Tau protein possesses 80 S/T and 5 Y residues of which at least 46 have been found to be phosphorylated in AD (Hanger et al., 2009). The total phosphorylation level of tau in AD and other tauopathies is several times higher than in control samples (Gong and Iqbal, 2008). The ability of tau to polymerize tubulin and to promote microtubule assembly is reduced through hyperphosphorylation (Yoshida and Ihara, 1993). A correlation between the level of hyperphosphorylation at multiple sites and the severity of NFT pathology was found which also correlates with the degree of neuronal loss and cognitive deficit (Grundke-Iqbal et al., 1986; Braak and Braak, 1991; Augustinack et al., 2002).
TDP-43
TDP-43 is a ubiquitous protein belonging to the ribonucleoprotein family and is normally localized in the nucleus where it takes part in RNA regulation (Nakielny and Dreyfuss, 1997; Geuens et al., 2016). Firstly, it was identified as a transcrptional repressor of HIV-1 transactivator response (TAR) long terminal repeats (Ou et al., 1995). Later, it was demonstrated that it is the major component of ubiquitinated inclusions in ALS and frontotemporal lobar degeneration (FTLD). Posttranslational modifications, such as cleavage, hyperphosphorylation, and ubiquitination lead to cytoplasmic accumulation and aggregation of TDP-43 (Arai et al., 2006; Neumann et al., 2006; Hasegawa et al., 2008). The sequence of TDP-43 is divided into three parts: an N-terminal domain (residues 1–103), two RNA recognition motifs (residues 104–200 and 191–262), and a C-terminal domain (residues 274–413). TDP-43 possesses 64 potential phosphorylation sites. Phosphorylation at S403/404 and S409/410 at the C-terminus results in pathological inclusions (Hasegawa et al., 2008; Inukai et al., 2008; Zhang et al., 2009). The N-terminus contains a nuclear localization sequence that is prone to mutations leading to cytoplasmic localization of TDP-43 and aggregation, whereas the C-terminus is necessary for solubility and cellular localization (Ayala et al., 2008; Barmada et al., 2010).
Parkin
Parkin possesses an activity of an E3 ubiquitin ligase (Shimura et al., 2000). Insoluble parkin, resulting from point mutations, plays a major role in the inactivation of the protein in PD (Cookson et al., 2003; Sriram et al., 2005; Hampe et al., 2006). Phosphorylation of S101, S127, and S378 was identified using CK1 in vitro and in vivo with HEK293T cells transiently transfected with parkin (Yamamoto et al., 2005; Rubio de la Torre et al., 2009). Treatment of those cells with IC261, a selective CK1 inhibitor, significantly decreased the phosphorylation level of parkin (Mashhoon et al., 2000; Bain et al., 2007; Rubio de la Torre et al., 2009). Another potent CK1 inhibitor, D4476, was used, which confirmed the hypothesis that S101 and S378 are phosphorylated in vivo. Besides CK1, parkin is phosphorylated by CDK5 at S121 (Avraham et al., 2007). Experiments in vivo and in vitro have shown that the interplay of CK1 and CDK5 is necessary for efficient phosphorylation by both kinases. A phospho-mimetic mutant on the phosphorylation site of one kinase increased the phosphorylation level by the second kinase. Supporting evidence is the finding that roscovitine, a selective CDK5 inhibitor, reduced the phosphorylation of parkin by CK1 resulting from inhibition of S121 phosphorylation (Meijer et al., 1997; Rubio de la Torre et al., 2009). In further experiments, the influence of parkin phosphorylation on its activity and its effect on the formation of inclusions was examined. The results indicate that the phospho-mimetic mutant for compound phosphorylation possesses slightly enhanced enzymatic activity and showed a significantly higher tendency for aggregation (Rubio de la Torre et al., 2009).
Huntingtin
Huntingtin is a ubiquitously expressed protein with a molecular weight of 350 kDa. It possesses a poly-Glu sequence at the N-terminus containing up to 35 CAG repeats in wild-type, whereas HD patients carry 36 or more repeats (Rubinsztein et al., 1996). There is evidence for an inverse correlation between the age of onset of symptoms and the number of CAG repeats (Andrew et al., 1993). In 65%–71% of cases, larger CAG repeats led to earlier ages of onset. Genetic and environmental factors are also playing an important role in the age of onset. Huntingtin is localized in the cytoplasm, partially in the nucleus. Its nuclear localization sequence is also found in the N-terminus and in the C-terminus a nuclear export sequence is found (Xia et al., 2003; Desmond et al., 2012). The prolongated poly-Glu sequence in HD patients inhibits the interaction between the N-terminus with the nuclear pore protein translocated promotor region which is involved in nuclear export. As a result, huntingtin is accumulated in the nucleus (Cornett et al., 2005). Noteworthy, toxic fragments of huntingtin present in the nucleus are mainly from the mutated protein due to their higher concentration in the nucleus than in the cytoplasm (Hackam et al., 1998; Lunkes et al., 2002). One therapeutic strategy is the inhibition of the formation of these fragments by modification of huntingtin (e.g., phosphorylation) to prevent the cleavage of the protein (Atwal et al., 2011).
Ataxin-3
Ataxin-3 is a ubiquitin protease involved in transcriptional regulation and the disease protein in spinocerebellar ataxia type 3 (Burnett et al., 2003; Evert et al., 2006). It possesses nuclear and cytoplasmic functions. Its subcellular distribution is regulated through phosphorylation. As in the case of huntingtin, the nuclear presence of ataxin-3 represents a key element in the accumulation of toxic fragments (Bichelmeier et al., 2007). Analysis of 15 putative serine phosphorylation site mutants revealed that S236 in the first ubiquitin-interacting motif (UIM), S256 and S260/261 in the second UIM, as well as S340 and S352 in the third UIM, are the major phosphorylation sites of CK2 (Mueller et al., 2009). Phosphorylation of those serines determines the subcellular location of ataxin-3. Modulation of S340, S352, and S236 increases the nuclear presence of ataxin-3, while phosphorylation of S256 and S260/261 provides preferential cytoplasmic localization (Mueller et al., 2009). Apart from the influence on the cellular distribution of ataxin-3, phosphorylation plays also an important role in the solubility of the protein. As shown in vivo experiments phospho-mimetic mutants formed aggregates in the nucleus (Mueller et al., 2009). The effect of two selective CK2 inhibitors (DMAT and TBB) on the localization and presence of inclusions was examined in cell culture (Pagano et al., 2008). Inhibition of CK2 resulted in lower nuclear localization of ataxin-3 and less formation of protein aggregates (Mueller et al., 2009).
Presenilin-2
PSEN1 and PSEN2 genes, containing 10 exons, encode presenilin-1 and presenilin-2, respectively, which play important roles in AD pathogenesis. Presenilin is a part of the γ-secretase complex responsible for the cleavage of APP to generate Aβ peptides. Mutations in PSEN1/2 and deletions leading to alternative transcripts are associated with AD and FTD (Raux et al., 2000; Evin et al., 2002; Marcon et al., 2009). Incorrect transcripts, like PS2V lacking exon 6, are related to different diseases, e.g., AD (Braggin et al., 2019). PS2V produces truncated presenilin-2 containing 124 amino acids and only 1 of 9 transmembrane domains. This isoform was identified in the brain of AD patients with elevated levels leading to an increased amount of Aβ peptide (Sato et al., 1999; Smith et al., 2004). Two phosphorylation sites for CK2 (S7 and S9) and one for CK1 (S19) were identified (Walter et al., 1996). S19 phosphorylation elevated the binding of AP-1 protein to presenilin-2, whereas S7 and S9 phosphorylation did not show any change in the binding of activator protein 1 (Sannerud et al., 2016). Further experiments are necessary to examine the role of phosphorylation in the case of presenilin-2.
Inhibitor-2 PP2A
The phosphorylation of tau is regulated by phosphoseryl/phosphothreonyl protein phosphatase PP2A and its activity is decreased in AD brain. PP2A is regulated by two endogenous inhibitory proteins called I1PP2A and I2PP2A (Gong et al., 1993; Li et al., 1996). Typically, I2PP2A is mainly located in the nucleus regulating DNA replication, gene transcription, cell-cycle progression, DNA repair and migration as well as chromatin remodeling. In AD patients, I2PP2A is overexpressed and translocated from the nucleus into the cytoplasm, where PP2A and significantly hyperphosphorylated tau is localized forming the NFTs in the neuronal cytoplasm (Tanimukai et al., 2005). In PC12 cells, stably transfected with tau and transiently transfected with human I2PP2A, accumulation of the inhibitor in the cytoplasm was observed (Chohan et al., 2006). CK2 was identified as one of two kinases responsible for the phosphorylation of S9 (Vera et al., 2007). This phosphorylation affects the ability of I2PP2A to bind to importin proteins (importin-α and importin-β). Phosphorylated I2PP2A does not form a complex with importin, therefore, it is localized in the cytoplasm instead to be transported into the nucleus (Yu et al., 2013).
KINASE INHIBITORS USED IN NDD PATHWAY INTERROGATION
In the literature synthetic and natural substances are described inhibiting protein kinases CK1, TTBK, and CK2. Table 2 gives an overview of several inhibitors with in vitro and/or in vivo activities on these kinase targets. Many of them do not selectively inhibit kinases, but might be a good starting point for drug design. Many research results on cancers and cancer cell lines involving protein kinase inhibitors were published, but only a few reports towards NDDs, especially in the case of CK2. Cancer and NDDs are both characterized by the dysregulation of the same signalling pathways, but with opposite effects. In cancers the cell survival and proliferation is increased, whereas, in NDDs those alterations lead to cell death and apoptosis. The most altered signal pathways in cancer, e.g., Nrf2 pathway and Wnt/β-catenin pathway, are also implicated in NDDs, like AD and PD (Varela and Garcia-Rendueles, 2022).
TABLE 2 | Inhibitors of CK1, TTBK, and CK2.
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In several studies, it has been proven that CK1 activity is necessary for molecular pacemaking. It was shown that CK1δ is the main regulatory element of the clock period: inhibition of CK1δ remarkably prolongated the circadian rhythms in locomotor activity in vivo and molecular oscillations in the suprachiasmatic nucleus (SCN) and peripheral tissue slices in vitro. Additionally, cumulation of PER2 protein in the nucleus was observed, in vitro and in vivo (Meng et al., 2010).
Cell proliferation is increased and colony formation is promoted through overexpression of CK1α. Effects of CK1α inhibition include the increase of the sensitivity to radiotherapy and reduction of the production and secretion of pro-inflammatory factors (Liu et al., 2021).
Several benzimidazole-based inhibitors displayed significant inhibition of CK1δ, e.g., Bischof-5 and -6. Other potent ATP-competitive and selective CK1δ/ε inhibitors are represented by difluoro-dioxolo-benzimidazole derivatives, compounds 1 and 2 (Richter et al., 2014). Substances derived from inhibitors of Wnt production (IWP) are structurally similar to benzimidazoles. Such inhibitors have been characterized as ATP-competitive and CK1 specific.
Another potent inhibitor, compound 1h, which is highly selective and CK1 isoform-specific was identified from a high-throughput screen of the Amgen compound library (Hua et al., 2012).
Many modulators of CK1 presently under investigation are isolated from natural environment or are derivatives of natural products. Nowadays, compounds from marine organisms are getting more attention and are now being investigated in clinical tests, essentially against cancer, inflammation, chronic pain, and NDDs. Among the promising drug candidates is the family of lamellarins, which are marine alkaloids with fused 14-phenyl-6H-[1]benzopyrano[4′,3′:4,5]pyrrolo[2,1-a]isoquinoline or non-fused 3,4-diarylpyrrole-2-carboxylate ring systems (Baunbæk et al., 2008; Bailly, 2015; Fukuda et al., 2020). So far, over 50 lamellarins have been purified from different marine organisms, e.g., mollusks, tunicates, and sponges. In 2008, protein kinases have been identified as new molecular targets of anticancer lamellarins (Baunbæk et al., 2008). 22 lamellarins were screened for cancer- and Alzheimer’s disease-relevant protein kinases.
Until now, only a few protein kinases were described, which are associated with abnormal TDP-43 hyperphosphorylation, including both TTBK isoforms (Versluys et al., 2022). Both are known to colocalize with TDP-43 inclusions in spinal cords of ALS patients. TTBK2 is involved in crucial cellular mechanisms, e.g., ciliogenesis, microtubule dynamics, and neurotransmitter trafficking. Thus, its reduced activty may have negative effects for the patients (Jackson, 2012; Bowie and Goetz, 2020). Only a small number of TTBK1/2 inhibitors have been described, but unfortunately they do not show selectivity for one isoform (Xue et al., 2013; Kiefer et al., 2014).
A set of TTBK1 azaindazole inhibitors has been examined (Halkina et al., 2021). Two of them are characterized by high potency, selectivity and they are brain penetrant: compound 8 (4-(1-(2-Aminopyrimidin-4-yl)-1H-pyrazolo[4,3-c]pyridin-6-yl)-2- methylbut-3-yn-2-ol) with an IC50 of 60 nM and compound 31 ((S)-1-(1-(2-Amino-6-methoxypyrimidin-4-yl)-1H-pyrrolo[3,2-c]-pyridin-6-yl)-3-methylpent-1-yn-3-ol) with an IC50 of 2.7 nM.
Lately, receptor-based pharmacophore models were developed applying three TTBK1 protein structures. The combination of integrated e-pharmacophore based virtual screening and molecular dynamics simulation resulted in four hits: ZINC14644839 (5,6,4′-Trihydroxy-7,3′-Dimethoxyflavone, 5-TDMF), ZINC00012956 (3-phenyl-2-(9H-purin-6-ylamino)propan-1-ol), ZINC91332506 (1-[3-(6-aminopurin-9-yl)propyl]-3-methyl-pyridin-2-one), and ZINC69775110 (N-[(4-ethoxy-3-fluoro-phenyl)methyl]-7H-purin-6-amine). AMG-28 (4-(2-amino-5,6,7,8-tetrahydropyrimido[4′,5′:3,4]cyclohepta[1,2-b]indol-11-yl)-2-methylbut-3-yn-2-ol) was originally designed as an inhibitor of a Ser/Thr protein kinase essential for the activation of the NF-κB pathway (NIK) (Li et al., 2013). A co-crystal structure of this inhibitor with the kinase domain of human TTBK1 showed binding of the aminopyrimidine ring with the hinge region of protein kinase. On the basis of AMG-28 11 new indolyl pyriminidine compounds were synthetized. New analogs are more potent inhibitors of TTBK2 than TTBK1 (Potjewyd et al., 2022).
Compounds that may inhibit CK2 activities where described in numerous publications. Since research results on the role of CK2 in NDD are diverse, there are only a few reports about CK2 inhibitors on NDDs available. The observation that CK2 is either overactive or overexpressed in patient brains supports kinase inhibition as a therapeutic approach for multiple neurodegenerative diseases. A large group of CK2 inhibitors, known for more than 20 years, are benzimidazoles, e.g., TBB and DMAT (Szyszka et al., 1995).
Data propose the influence of CK2 on astrocytes in the neuroinflammatory response in AD. In astrocytes in the hippocampus and temporal cortex of AD patients levels of CK2α/α’ are increased. Those astrocytes are linked to amyloid deposits in the AD brain. In human primary astrocytes and U373 astrocytoma cells, the IL-1β/TNF-α induced secretion of the inflammatory cytokines MCP-1 and IL-6 is potently inhibited by CX-4945 dependent on the dose (Rosenberger et al., 2016). CX-4945 is the first described orally bioavailable CK2 inhibitor that advanced into clinical trials (Pierre et al., 2011; Cozza et al., 2012).
Quite recently SRPIN803-rev (6-(4-hydroxy-3-metoxybenzylidene)-5-imino-2-(trifluoromethyl)-5H-[1,3,4]thiadiazolo[3,2-a]pyrimidin-7(6H)-one), a new dual inhibitor of CK2 and serine-arginine protein kinase 1, was identified (Dalle Vedove et al., 2020). SRPIN803-rev and its new synthesized derivatives bind to the open conformation of the hinge/αD region within the ATP-binding pocket of CK2α.
The MLL/COMPASS stability is regulated by taspase1 cleavage and might be a possible target for clinical therapy of leukemia. Destabilized MLL and unprocessed version MLL1 associated with chromatin results in the displacement of MLL chimeras from chromatin in leukemic cells. The CK2 phosphorylation site is next to the taspase1 cleavage site, and enables its cleavage. Inhibition of CK2 by specific inhibitors (CX-4945 or TTP22) decrease taspase1-dependent MLL1 processing, which leads to higher MLL1 stability, and finally displace the MLL chimeras from chromatin. In a MLL-AF9 leukemia mouse model the suppression of CK2 retard the leukemic progression (Zhao et al., 2018).
Naturally occurring compounds might act as antioxidant, anti-inflammatory, antiviral, antimicrobial, and anticancer agents (Baier and Szyszka, 2020). They have shown neuroprotective effects in many clinical trials (Ullah et al., 2020; Akter et al., 2021; Kim and Park, 2021; Wang et al., 2021).
It has been proven that flavonoids are most effective in the treatment of NDDs, including AD. First analyses with flavonoids against CK2 were reported by Li et al. (2009), Lolli et al. (2012). As we described in our own publications, flavonoids naturally occurring in plants are highly potent CK2 inhibitors. A set of more than 20 compounds (e.g., apigenin, pedalitin, and chrysoeriol) was tested for their inhibitory effect on four human CK2 isoforms. The results reveal that CK2α’ was most sensitive to the examined compounds (Baier et al., 2017; Baier et al., 2018).
Quercetin (3,5,7,3′,4′–pentahydroxyflavone) belongs to the polyphenolic compounds with powerful antioxidant and anti-inflammatory activities. Polyphenolic compounds are often applied in the treatment and protection against severe diseases, like diabetes, cancer, neurodegenerative and cardiovascular diseases.
In time-course experiments it was shown that CK2 is crucial at early time points just after the induction of cell differentiation (Schwind et al., 2017).
In several studies it was observed that Nrf2 signaling is involved in PD pathogenesis (Dheen et al., 2005). The increase of Nrf2 induced dopamine (DA) neuroprotection and, at the same time, the decrease of Nrf2 altered DA neurons to get sensitive to oxidative stress damage (Lastres-Becker et al., 2016). It was shown that the progress of PD is linked to an incomplete activation of Nrf2 (Vargas et al., 2006).
CONCLUSION
During past decades many research groups provided new information to better understand the molecular aspects of cancerogenesis and neurodegenerative diseases. Protein kinases play an important role in the regulation of the activity of a huge amount of proteins involved in the control of different cell functions. Nevertheless, in many cases of NDDs, protein aggregation often caused by (hyper-)phosphorylation is observed. Therefore, the inhibition of these reactions is a promising therapeutic target. Unfortunately, whereas for the treatment of cancers several compounds were successfully developed, there does not exist a therapy for NDDs being a kinase inhibitor. Until September 2021, 73 small molecule kinase inhibitors were approved by FDA but only a small amount of them are for noncancer-related diseases (Ayala-Aguilera et al., 2022). The main obstacle in the design of substances targeting the CNS is the effective crossing of the blood-brain-barrier which is necessary in the treatment of NDDs, but also in the case of oncology. CK1 superfamily and CK2 play essential roles in the regulation of cell processes, like in signaling pathways. With respect to this fact, it is not surprising that their deregulation might be associated to numerous disorders, e.g., inflammations, cancer, and NDDs. The starting point for CK1 inhibitors could be described as poorly selective and weakly potent molecules necessary to be improved for application in pharmacological treatment. Subsequently, compounds were developed, which show significant preference between the functionally different CK1 isoforms. Noteworthy, Pfizer designed two ATP-competitive compounds (PF-4800567 and PF-0670462), which possess selectivity towards the CK1δ and CK1ε isoforms. TG Therapeutics discovered umbralisib (UKONIQ™), an orally available dual inhibitor for PI3Kδ and CK1ε applied in the treatment of adults with relapsed or refractory marginal zone lymphoma, which received its FDA approval in 2021 (Burris et al., 2018). Despite this, there are no CK1 inhibitors reaching the clinical stage in neurodegenerative disorders. Those first successes raise the hope for the design of more selective and potent inhibitors of CK1 isoforms to improve the therapeutic opportunities.
In the case of TTBK1/2, up to date, only a small amount of molecules are known, which show potent inhibitory activity towards TTBK1/2. The undisputable advantage of TTBK1 over other kinases is its specific expression in neurons, and therefore, it seems to be a favorable target for NDDs.
Many kinds of CK2 inhibitors have been reported by using different methods, e.g., computer-aided drug design or structure-based reconstitution. Most of them lack cell permeability, high selectivity, but possess off-target potential. The latter might be explained by the fact that this kinase phosphorylates a huge amount of protein substrates. The principle characteristics for a satisfactory molecule are, furthermore, metabolic stability and a good pharmacokinetic profile. Even the best compound CX-4945, already in clinical use, is not devoid of unspecific effects. Nevertheless, the number of newly developed inhibitors (GO289, SGC-CK2-1, and the SRPIN803-rev derivatives), may increase the chance of developing highly selective and CNS penetrating molecules for CK2 in the near future.
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Okur-Chung Neurodevelopmental Syndrome (OCNDS) and Poirier-Bienvenu Neurodevelopmental Syndrome (POBINDS) were recently identified as rare neurodevelopmental disorders. OCNDS and POBINDS are associated with heterozygous mutations in the CSNK2A1 and CSNK2B genes which encode CK2α, a serine/threonine protein kinase, and CK2β, a regulatory protein, respectively, which together can form a tetrameric enzyme called protein kinase CK2. A challenge in OCNDS and POBINDS is to understand the genetic basis of these diseases and the effect of the various CK2⍺ and CK2β mutations. In this study we have collected all variants available to date in CSNK2A1 and CSNK2B, and identified hotspots. We have investigated CK2⍺ and CK2β missense mutations through prediction programs which consider the evolutionary conservation, functionality and structure or these two proteins, compared these results with published experimental data on CK2α and CK2β mutants, and suggested prediction programs that could help predict changes in functionality of CK2α mutants. We also investigated the potential effect of CK2α and CK2β mutations on the 3D structure of the proteins and in their binding to each other. These results indicate that there are functional and structural consequences of mutation of CK2α and CK2β, and provide a rationale for further study of OCNDS and POBINDS-associated mutations. These data contribute to understanding the genetic and functional basis of these diseases, which is needed to identify their underlying mechanisms.
Keywords: CK2α, CK2β, protein kinase CK2, Okur-Chung neurodevelopmental syndrome (OCNDS), Poirier-Bienvenu neurodevelopmental syndrome (POBINDS), autism spectrum disorder (ASD), epilepsy, non-random mutation clustering (NMC)
INTRODUCTION
Okur-Chung Neurodevelopmental Syndrome (OCNDS; OMIM #617062) and Poirier-Bienvenu Neurodevelopmental Syndrome (POBINDS; OMIM # 618732) are rare, novel congenital autosomal-dominant neurodevelopmental conditions. Recently identified by whole exome sequencing, OCNDS and POBINDS are attributed mostly to de novo (germline non-inherited) variants in the genes CSNK2A1 and CSNK2B, respectively (Iossifov et al., 2014; Okur et al., 2016; Poirier et al., 2017). Common clinical features of patients with OCNDS include intellectual disability, developmental delay, autism spectrum disorder (ASD), language impairment, ataxia, attention deficit hyperactivity disorder, microcephaly and craniofacial dysmorphisms (Iossifov et al., 2014; Okur et al., 2016; Trinh et al., 2017; Yuen et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Duan et al., 2019; Nakashima et al., 2019; Martinez-Monseny et al., 2020; van der Werf et al., 2020; Wang et al., 2020; Wu R et al., 2020; Xu et al., 2020; Dominguez et al., 2021; Wu et al., 2021). Typical clinical features of patients with POBINDS include early onset seizures, intellectual disability and developmental delay, although some patients are also characterized by ASD, attention deficit hyperactivity disorder, language impairment and facial dysmorphisms (Poirier et al., 2017; Sakaguchi et al., 2017; Fernández-Marmiesse et al., 2019; Li et al., 2019; Nakashima et al., 2019; Ernst et al., 2021; Rahman and Fatema 2021; Selvam et al., 2021; Valentino et al., 2021; Yang et al., 2021).
CSNK2A1 and CSNK2B genes encode CK2⍺, a highly conserved serine/threonine protein kinase, and CK2β, a regulatory protein, respectively. CK2α is present in cells in monomeric form and in a heterotetrameric form composed of two CK2α subunits bound to a dimer of two CK2β subunits (CK2β) (Figure 1). Monomeric CK2α kinase and CK2α holoenzyme phosphorylate common and distinct substrates, as docking to CK2β is required for some substrates to be phosphorylated (reviewed in (Roffey and Litchfield 2021)). The CK2α-paralog CK2α’ is encoded by the CSNK2A2 gene and differs mainly in the length and sequence of the C-terminus (Pyerin and Ackermann 2003).
[image: Figure 1]FIGURE 1 | Architecture of the heterotetrameric CK2 holoenzyme. CK2α has two lobes: a N-terminal domain based on a central 5-stranded β-sheet and an α-helical C-terminal domain. CK2β has two domains: an α-helical domain and a zinc finger domain that serves as a dimerization interface. CK2β forms dimers via the zinc finger, hydrophobic core residues, and the crossover of the C-terminal tails over the other CK2β subunit. Due to the crossover of the C-terminal tails of the CK2β dimer, both CK2β chains are involved in the interaction with both CK2α chains. The contact of the CK2β dimer to the two spatially separated CK2α subunits is mediated via the C-terminal hairpin loop of one CK2β chain (α/β tail contact, coloured wheat) and the area around helix αF of the other CK2β chain (α/β body contact, coloured dark green). The subunit interaction interface of CK2α is located at the outer surface of the β-sheet of the N-terminal lobe (coloured salmon) (Niefind et al., 2001). The Figure was drawn with PyMOL (Schrödinger, 2013) using the CK2 holoenzyme structure (PDB_ID: 4DGL (Lolli et al., 2012)). Detailed figures of functional domains in the structural section.
CK2α and CK2β are linked to physiological and cellular functions in unicellular and pluricellular eukaryotes and are indispensable for embryonic development of animal and plants; they are also linked to cancer and neurodegenerative diseases, among others (Litchfield 2003; Meggio and Pinna 2003; Ahmad et al., 2008; Duncan and Litchfield 2008; Guerra and Issinger 2008; Dominguez et al., 2009; Ruzzene and Pinna 2010; Trembley et al., 2010; Macias Alvarez et al., 2013; Chua et al., 2017; Gotz and Montenarh 2017; Borgo et al., 2021). CK2α and CK2α′ mouse knockouts had different phenotypes (reviewed in (Macias Alvarez et al., 2013)). CK2α (Lou et al., 2008) and CK2β (Buchou et al., 2003) knockouts are embryonic lethal while CK2α′ knockout mice are viable but have impaired spermatogenesis (Xu et al., 1999). In vitro, the isoenzymes display partial functional redundancy, however there are examples that indicate different functions: the C-terminal phosphorylation sites of CK2α which are phosphorylated in a cell cycle dependent manner are absent in CK2α′ (St-Denis et al., 2009). The affinity of CK2α′ to CK2β is lower than the affinity between CK2α and CK2β (Bischoff et al., 2011a), and isoform specific binding partners have been described (Hériché et al., 1997; Bosc et al., 2000; Litchfield et al., 2001).
CK2α has the kinase-typical bilobal architecture with a N-terminal domain with a central β-sheet and a α-helical C-terminal domain (Figure 1, detailed schemes of functional domains are found in subsequent figures), which harbor common structural and functional elements of eukaryotic protein kinases (EPKs), such as the Gly-rich loop, the hinge region, the catalytic loop, the activation loop and the P+1 loop (all analyzed in this study). CK2α belongs to the CMGC family of EPKs—with cyclin dependent kinases (CDKs), mitogen-activated kinases (MAPKs), glycogen synthase kinase-3 (GSK-3) and cell division control 2 (CDC2)-like kinases (CLKs)—which is characterized by a helical insert after helix αG in the C-terminal lobe—(Manning et al., 2002). Unlike its highly regulated relatives within the CMGC family and the majority of other EPKs, CK2α is constitutively active (Niefind et al., 1998; Niefind et al., 2007; Borgo et al., 2021; Roffey and Litchfield 2021). Typically, EPKs are activated or inactivated in response to an extracellular signal and undergo large conformational changes. For example, often upon activation, the activation loop opens to allow the substrate to bind and the helix αC is re-oriented leading to the formation of a salt bridge between a conserved lysine and glutamine, which is critical for the coordination of the α- and β-phospho-groups of the cosubstrate ATP (Huse and Kuriyan 2002). The structural plasticity of most EPKs that enables the rearrangements of these regulatory key elements is absent in CK2α. On the contrary, the active conformation is fixed by internal structural constraints. Firstly, the N-terminal segment stabilizes the activation loop and helix αC in the canonical active kinase conformation (Niefind et al., 1998). Secondly, the Phe residue in the DFG-motif at the beginning of the activation loop is replaced by a Trp residue in CK2α. This unique DWG motif in CK2α is internally stabilized by an additional hydrogen bond and therefore disfavors the inactive “DFG-out” conformation known from other EPKs (Pargellis et al., 2002). Compared to the other EPKs, CK2α shows different epicentres of plasticity: in particular, the hinge region and the helix αD (Niefind and Issinger 2010) and the glycine-rich loop display a high degree of flexibility (Raaf et al., 2009). A number of publications describe many unconventional mechanisms of regulation for CK2 which have been recently reviewed (Borgo et al., 2021; Roffey and Litchfield 2021).
Unlike most other protein kinases, CK2α can efficiently use both ATP or GTP as cosubstrates. The arrangement of water molecules in the active site is crucial to switch from an ATP- to a GTP-compatible state explaining the dual cosubstrate specificity (Niefind et al., 1999). CK2α has an acidophilic substrate profile with the minimal consensus sequence S/T-D/E-X-D/E (Marchiori et al., 1988). The preference to phosphorylate its substrate at acidic clusters is determined by two anion binding sites (P+3 site and P+1 site) at the activation segment and is strongly interconnected with the enzyme’s constitutive activity. The function of the equivalent anion binding sites in the CMGC kinase family ranges from regulation to substrate recognition (Niefind et al., 2007). For example, during activation in MAP kinases the positive charge of the P+1 pocket is neutralized by a phosphorylated residue accompanied by large conformational rearrangements (Bellon et al., 1999), and in GSK-3 the positive charge is neutralized by an auto-inhibitory phosphorylation in its N-terminus (Cross et al., 1995) or by a primarily phosphorylated substrate (Frame et al., 2001). However, in CK2α, the anion binding sites solely serve substrate recognition and are not involved in regulation (Niefind et al., 2007). An additional determinant of CK2α′s preference for acidic substrate is the polybasic stretch.
Rigidly fixed in its active form, CK2α can only be regulated by more unconventional or subtle mechanisms (Niefind et al., 2007). In this context, the regulatory subunit CK2β comes into play: although it does not serve as an on/off-switch, it modulates CK2α substrate specificity and its stability against denaturation forces (Issinger et al., 1992; Meggio et al., 1992). CK2β has an absolutely conserved zinc finger motif that serves as a dimerization interface (Figures 1, 7F). Due to the zinc finger, hydrophobic core residues, and the crossover of the C-terminal tails, the dimerization surface is highly effective and causes CK2β to form permanent dimers (Chantalat et al., 1999). Integrated in the CK2 holoenzyme, the contact of the CK2β dimer with the two spatially separated CK2α subunits is mediated via the C-terminal hairpin loop of one chain (α/β tail contact) and the area around helix αF of the other chain (α/β body contact). The subunit interaction interface of CK2α is located at the outer surface of the β-sheet of N-terminal lobe (Niefind et al., 2001).
We are beginning to gather information about the genetic basis of OCNDS and POBINDS. To date, thirty six CSNK2A1 variants (mostly de novo) are published in both male and female individuals with OCNDS (Iossifov et al., 2014; Okur et al., 2016; Trinh et al., 2017; Yuen et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Duan et al., 2019; Nakashima et al., 2019; Martinez-Monseny et al., 2020; van der Werf et al., 2020; Wang et al., 2020; Wu W et al., 2020; Xu et al., 2020; Dominguez et al., 2021; Wu et al., 2021). Most published gene variants are missense, and the rest are nonsense, splice and frameshift variants. Forty CSNK2B variants (de novo) are published in both male and female individuals with POBINDS (Poirier et al., 2017; Sakaguchi et al., 2017; Fernández-Marmiesse et al., 2019; Li et al., 2019; Nakashima et al., 2019; Ernst et al., 2021; Rahman and Fatema 2021; Selvam et al., 2021; Valentino et al., 2021; Yang et al., 2021). A small subset of the identified CSNK2B variants are missense, and the rest are nonsense, splice and frameshift variants. In addition to the published data, CSNK2A1 and CSNK2B variants have also been deposited in data repositories, although these data have not been analyzed so far.
While NGS-based methods have improved clinical diagnosis of rare genetic diseases and accelerated the discovery rate of causative genes, there is a growing gap between the identification of rare-disease-causing genes and the medical and scientific knowledge leading to the formulation of effective therapies (Boycott et al., 2013). For CK2α and CK2β, published studies and databases have used programs to predict whether mutants are pathogenic, likely pathogenic or variants of unknown significance (VUS); sometimes these predictions have led to conflicting results. We are starting to learn the biochemical effects of the mutations in CK2α and CK2β. There is experimental evidence that the CK2α and CK2β mutations associated with OCNDS and POBINDS can cause biochemical changes in the proteins. Eighteen CK2α missense mutants have decreased kinase activity in vitro kinase assays and some have low expression levels, when recombinant and cell line-expressed mutant CK2α are analyzed (Dominguez et al., 2021). In addition, some of the CK2α mutant proteins show changes in subcellular localization compared to the wild-type protein (Dominguez et al., 2021). There is also experimental evidence that one CK2β mutant has low expression levels and another does not interact with CK2α (Nakashima et al., 2019). Recently, altered substrate specificity has been reported for CK2α variant K198R (Caefer et al., 2022; Werner et al., 2022). However, we still have no knowledge of the signaling, cellular and biological mechanism of action of the mutations in CK2α and CK2β that are associated with OCNDS and POBINDS, respectively.
The aims of this study are threefold: 1) provide an integrated list of all identified CSNK2A1 and CSNK2B variants to date by leveraging multiple resources–scientific articles and data repositories–to have a broader understanding of the mutation hotspots and the protein domains affected; 2) analyze all mutations collected using the same diverse in silico functional predictions tools and assess their concordance with experimental data, and 3) hypothesize on the potential effects of the mutations on protein structure and function.
MATERIALS AND METHODS
CSNK2A1 and CSNK2B variants
CSNK2A1 and CSNK2B variants were compiled from the OCNDS literature (Iossifov et al., 2014; Okur et al., 2016; Trinh et al., 2017; Yuen et al., 2017; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Duan et al., 2019; Nakashima et al., 2019; Martinez-Monseny et al., 2020; van der Werf et al., 2020; Wang et al., 2020; Wu R et al., 2020; Xu et al., 2020; Dominguez et al., 2021; Wu et al., 2021), and the POBINDS literature (Poirier et al., 2017; Sakaguchi et al., 2017; Fernández-Marmiesse et al., 2019; Li et al., 2019; Nakashima et al., 2019; Ernst et al., 2021; Rahman and Fatema 2021; Selvam et al., 2021; Valentino et al., 2021; Yang et al., 2021). We also compiled CSNK2A1 and CSNK2B variants from the DECIPHER database v11.6 (https://www.deciphergenomics.org; last accessed 1/5/22) (Firth et al., 2009), Simons Searchlight Single Gene Dataset v8.0, AutDB Autism Informatics Portal (http://autism.mindspec.org/autDB/; last accessed 1/5/22) (Basu et al., 2009), and website/url to ClinVar, “(https://www.ncbi.nlm.nih.gov/clinvar/) (last accessed 1/5/22) (Landrum et al., 2018).
To review the literature, we used the queries: OCNDS, POBINDS, CSNK2A1, CSNK2B. These queries identified papers focused on the two disorders, large-scale sequencing efforts, and other articles that did not contain OCNDS and POBINDS variants. In addition, we used the AutDB Autism Informatics Portal to find additional research articles that contain variants in CSNK2A1 and CSNK2B. For the gene variants described in the literature, we recorded each patients’ variant on CSNK2A1 or CSNK2B. For the ClinVar database, we compiled the gene variants described as OCNDS, POBINDS and also variants described as “neurodevelopmental syndrome/inborn genetic disease,” provided that the phenotypic description closely-related to OCNDS or POBINDS. Some of the patients in the DECIPHER database were published in research articles. These patients were identified by comparing clinical manifestations and/or sequencing facilities, to ensure that each patient data was only counted once.
We applied for and obtained the Simons Searchlight Single Gene Dataset v8.0 which includes CSNK2A1 gene variants of patients. The collection of gene variants was reviewed and deemed non-human subjects research by the Institutional Review Board (IRB) of Boston University Medical Campus and Boston Medical Center (IRB # H-41033). To avoid duplicates, we selected variants from the Simons database not already included in ClinVar, as it was highly possible that the variants were already submitted to ClinVar by the original sequencing teams. These variant data were combined and presented in Tables.
CK2α and CK2β sequences, protein domains and alignment
CK2α and CK2β gene and protein data were obtained from UniProt (Accession P68400; Accession P67870). Protein domains were determined based on the most consequent domain definition (according to the CATH database) given in (Niefind and Battistutta 2013), the crystal structure of protein kinase CK2α from Zea mays at 2.1 A resolution (Niefind et al., 1998), and the crystal structure of CK2β (Chantalat et al., 1999). For schemes and histograms, we utilized similar color palettes to facilitate reading and understanding of the data.
We utilized R (v4.0.3) and the Ggplot package (v3.3.5) to plot the number of unique patients per residue in the primary protein sequences, including data for missense, nonsense, and frameshift mutations (excluding splice-site variants). To determine the average number of point mutations per residue in each domain we calculated the number of unique patients per domain (End Residue − Start Residue + 1), and divided the total number of unique patients in each domain by the domain length in Microsoft Excel (v16.16.27).
To determine the probability of finding the number of patients with a particular mutation(s) in each residue, we calculated an exact chi-square test statistic comparing the observed mutation probabilities to those expected by chance and present the corresponding p-value. For this, we assumed that each of the 9 variants per codon are equally likely to occur, thus the counts across the 9 mutations will follow a multinomial distribution with the probability of observing each variant = 1/9 (=0.11).
The nonrandom mutation clustering (NMC) algorithm was utilized to identify nonrandom clusters of mutated residues on each protein (Ye et al., 2010). This probability model assumes that mutations along a protein follow a uniform distribution, that mutations are independent of each other in and within samples, and that the number of samples exceeds the number of mutations. NMC utilizes the differences between pair-wise order statistics to derive probabilities. In the original study, NMC was performed on missense mutations to identify activating mutations in cancers that could be targeted for pharmacological intervention. We have expanded the statistical method to identify residues that are found mutated non-randomly among the point mutations that we collected. We utilized all mutations, except splice, as our study differs from cancer studies where missense mutations are key for disease development and progression. All the mutation analyzed in CK2α and CK2β in this study appear in the patient populations that we are studying and therefore, all may have a role in disease (note that it has not been yet demonstrated that any of these mutations causes disease in vivo). For each analysis we obtained clusters ranging from 1 residue to almost full-length protein. Out of these data, significant (p < 0.05) clusters of only one residue were depicted in a table. R code used to generate histograms and NMC analysis is provided in R markdown upon request.
To determine the conservation of the changed residues across eukaryotic species through evolutionary alignment, the primary sequences of CK2α and CK2β from diverse eukaryotic organisms were downloaded. We utilized the species selected in Homologene, and utilized their curated sequences, except for Xenopus laevis and Danio rerio, for which we found sequences with high similarity to the human sequence using BLASTP. Multiple sequence alignment of the sequences utilized was built with MUSCLE (https://www.ebi.ac.uk/) (Edgar 2004) and displayed in HTML format. In this format, conserved residues appeared in blue (conservation across most species), gray (conservation across some species) or white (no conservation).
Prediction tools
In silico tools were used to obtain predictions of the impacts of CK2α and CK2β missense mutations based on their evolutionary conservation (PANTHER, MutationTaster2), functional impact (SIFT, PROVEAN, Polyphen-2, I-Mutant 3.0 Disease, MutationAssessor, SNAP2), and importance in protein stability (PremPS, Kinact, I-Mutant ΔΔG). Two consensus programs (PredictSNP, REVEL) were also used for functional predictions. Our classification of these programs into categories of evolutionary conservation, functional impact, and effect on protein stability are not strict classifications, as many of these programs generate their predictions based on many of these factors. Rather, these classifications are used to more easily compare programs that consider similar protein characteristics when evaluating mutations. The following steps (exemplified for CSNK2A1) were followed to obtain predictions from each of these prediction programs:
1) PANTHER is a protein classification system that predicts the functional consequence of a single-nucleotide polymorphism (SNP) based on the preservation time of the mutated amino acid (Tang and Thomas 2016). Click on the cSNP Scoring tab. Input the FASTA sequence for CSNK2A1 and a list of all missense substitutions. Select “Homo sapiens” for the organism and submit. Prediction outputs are “Benign,” “Possibly Damaging,” or “Probably Damaging.”
2) MutationTaster2 uses a Bayes classifier model to predict whether a mutation is disease-causing and examines conservation of amino acids across vertebrate and invertebrate species (Schwarz et al., 2014). Enter the gene name “CSNK2A1.” Select transcript “ENST00000217244 (protein_coding, 4416 bases) NM_177559.” Enter Position/snippet, which refers to “coding sequence ORF” nucleotide position. Enter the mutated base. Prediction outputs are “Polymorphism” or “Disease Causing.”
3) SIFT predicts the effect of missense mutations on protein function by assessing the evolutionary conservation as well as the physical characteristics of the wild type and variant amino acids (Sim et al., 2012). Input the FASTA sequence for CSNK2A1 and the list of all missense substitutions. Keep default parameters (search in UniProt-SwissProt 2010_09, Median conservation of sequences: 3.00, Remove sequences more than 90 percent identical to query) and submit. Use the SIFT Amino Acid Predictions Tables to obtain predictions and the Scales Probabilities for Entire Protein Table for prediction scores. Prediction outputs are “Tolerated” or “Not Tolerated,” and scores range from 0 to 1, with a damaging score <= 0.05 and a tolerated score >0.05.
4) Polyphen-2 predicts damaging missense mutations based on sequence and structure changes that could result from them (Adzhubei et al., 2010). Enter gene name or FASTA sequence. Enter the residue position of the missense mutation. Click the reference amino acid and mutant amino acid, and submit. Prediction outputs are “Benign” if score is <0.5, “Possibly Damaging” if score is 0.5–0.95, and “Probably Damaging” if score is >0.95, with scores ranging from 0 to 1.
5) PROVEAN assesses the effects of amino acid substitutions, insertions, and deletions on protein function by utilizing sequence homology and comparing with variants that have known functional consequences (Choi et al., 2012). Enter FASTA sequence. Enter the list of missense mutations and submit. Prediction outcomes are “Deleterious” if score is <−2.5 or “Neutral” if score is >−2.5.
6) I-Mutant 3.0 Disease predicts whether a single-site mutation is disease-causing based on the change in protein sequence (Capriotti et al., 2005). Select “Protein Sequence” under “Prediction of Disease associated single point mutation from.” Enter protein sequence. Enter the residue position of mutation and the new residue. Select “sequence-based” prediction and submit. Prediction outcomes are “Neutral” or “Disease Causing.”
7) MutationAssessor provides a functional impact score for missense mutations based on sequence homology (Reva et al., 2011). Input the missense mutations with “CSK21_HUMAN or CSK2B_HUMAN” before each mutation and submit. Prediction outcomes are “Neutral” if Functional Impact (FI) score is 0.8, “Low” if FI score is between 0.8 and 1.9, “Medium” if FI score is between 1.9 and 3.5, or “High” if FI score is >3.5.
8) SNAP2 predicts whether a missense mutation will have a functional effect based on sequence homology and possible alterations to protein structure (Hecht et al., 2015). Enter FASTA sequence for protein of interest and click “Run Prediction.” This will produce a chart with all of the possible variants for each amino acid of the protein. Search for residue position of interest and locate the prediction for each missense mutation in the chart. Prediction outputs are “Negative/Neutral” or “Positive/Effect”
9) PremPS computes the change in Gibbs free energy produced by a variant, using a 3D structure model of the protein, to predict its impact on protein stability (Chen et al., 2020). Enter PDB code and upload PDB file (we used 2PVR for CK2α and 3EED for CK2β) and click next. Select protein chains (Chain A) and click next. Select “Chain A” for “Chain to Mutate,” select residue to be mutated, and select the mutant residue. Click submit. Prediction outputs are “Negative/Stabilizing” or “Positive/Destabilizing.”
10) Kinact specifically assesses the impact of missense mutations on the activity of kinases by using structure and sequence characteristics to predict changes in protein stability (Rodrigues et al., 2018). Upload CK2α PDB file (2PVR). Enter the missense mutations and specify the chain (Chain A). Enter the FASTA sequence and submit. Prediction outputs are “Positive/Stabilizing” or “Negative/Destabilizing.”
11) I-Mutant ΔΔG predicts the effect of a single-site mutation on protein stability by calculating the difference between the unfolding Gibbs free energy of wild type and mutant protein structures (Capriotti et al., 2005). There are two options for generating an output: 1) Enter protein sequence, residue position of mutation, and the new residue. Enter temperature (37°C) and pH (7.4). Select “ΔΔG Value and Binary Classification” and submit. 2) Select “protein structure” under “Prediction of protein stability changes upon single point mutation from”. Upload the PDB file for the protein of interest (2PVR for CK2α and 3EED for CK2β). Enter the residue position of mutation and the new residue. Enter temperature (37°C) and pH (7.4). Select “ΔΔG Value and Binary Classification” and submit. Prediction outputs are “Positive/Stabilizing” or “Negative/Destabilizing.”
12) PredictSNP is a consensus program that compiles predictions from MAPP, PhD-SNP, Polyphen-1, Polyphen-2, SIFT, SNAP, nsSNPAnalyzer, and PANTHER to predict which missense mutations may be related to disease (Bendl et al., 2014). Load the FASTA sequence. Select positions of interest and the corresponding mutant residues. Select tools for evaluation (PredictSNP, MAPP, PhD-SNP, Polyphen-1, Polyphen-2, SIFT, SNAP), and click evaluate. Prediction outputs are “Neutral” or “Deleterious” along with a percentage indicating the confidence of the prediction.
13) REVEL is a consensus program that compiles predictions from MutPred, FATHMM v2.3, VEST 3.0, PolyPhen-2, SIFT, PROVEAN, MutationAssessor, MutationTaster, LRT, GERP++, SiPhy, phyloP, and phastCons to generate an overall prediction of pathogenicity for missense mutations (Ioannidis et al., 2016). Download the REVEL spreadsheet which corresponds to the genomic position of CSNK2A1 (clicking on the link for gene segment of interest will automatically download the REVEL spreadsheet for that segment). Search for the GRCh38 position of each variant to find corresponding predictions. Prediction outputs are “Non-diseasing causing” if score is <0.5 or “Disease causing” if score is >0.5.
The McNemar’s test was used to compare the categorical outputs of the functional programs (SIFT, Polyhphen-2, PROVEAN, Mutation Assessor, SNAP2, I-Mutant3.0 Disease, REVEL, and PredictSNP) and the stability programs (PremPS, Kinact mCSM, Kinact SDM, Kinact DUET, and I-Mutant3.0 ΔΔG). The Kinact suite of tools is only available for kinases such as CK2α therefore for CK2β we only compared PremPS and I-Mutant3.0 ΔΔG. We calculated two values to compare each pair of tests that were performed on the mutations. First, the Kappa Coefficient (which calculates the degree of agreement beyond what would be expected by chance.) Second, the p-value from McNemar’s test, an assessment of whether there is a significant difference between tests in the ratings or “benign” vs. “effect”. Third, the p-value from McNemar’s test, an assessment of whether there is a significant difference between tests in the ratings or “benign” vs. “effect.”
For prediction of changes in protein-protein binding affinity on mutations we utilized BeAtMuSiC (http://babylone.ulb.ac.be/beatmusic). BeatMusic predicts changes in binding free energy (ΔΔG) induced by point mutations (Dehouck et al., 2013) based on known protein structures, the strength of interactions at the interface and the overall stability of the complex. As input for this prediction we used the CK2 holoenzyme structure (PDB ID: 4DGL; (Lolli et al., 2012)).
Structural analysis
The CK2α1-335 structure (PDB ID: 2PVR (Niefind et al., 2007)) or CK2β1-193 structure (PDB ID: 3EED (Raaf et al., 2008)) were used as reference structures. The protein structures were downloaded from the RCSB Protein Data Bank (Berman et al., 2000). To visualize the conserved residues of CK2α and CK2β the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016) was used. Multiple Sequence Alignments were built using MAFFT (Katoh et al., 2018). The Homologues were collected from UNIREF90 using the homolog search algorithm HMMER (Eddy 2011) (E-value: 0.0001; No. of HMMER Iterations: 1). As maximal identity between sequences 95% and as minimal identity for homologs 40% were chosen. The calculation was performed on a sample of 150 sequences that represent the list of homologues to the query (Supplementary Table S3). Conservation scores were calculated using the Bayesian method (Mayrose et al., 2004). For structural analysis the programs COOT (Emsley et al., 2010) and PyMOL were used. Figures 1, 4A,C, 6, 7 were drawn using PyMOL (Schrödinger 2013).
RESULTS AND DISCUSSION
Update on CSNK2A1 and CSNK2B variants
The first publications for OCNDS and POBINDS associated these syndromes with variants in CSNK2A1 and CSNK2B, respectively, and provided clinical manifestations that defined the syndromes. Since then, other variants in these two genes have been published and classified as OCNDS and POBINDS. In addition, a number of unpublished CSNK2A1 and CSNK2B variants have been placed in data repositories which include clinical manifestations similar to the published variants. In view of the spread of the data, we collected all of the CSNK2A1 and CSNK2B variants from publications and data repositories. Chromosomal variants were not collected in this study. The results of this data collection are found in Tables 1, 2, where the data is divided into non-conservative amino acid mutations and splice mutations. Table 1 includes the 36 published CSNK2A1 variants (some of which were also in data repositories), and 32 unique variants from data repositories (Simons, DECIPHER, ClinVar, AutDB). Table 2 includes 40 published CSNK2B variants (some of which were also in data repositories) and 27 unique variants from data repositories. By pooling these diverse variant data resources, we have increased the number of variants analyzed by 89% in CK2α and by 68% in CK2β. Interestingly, no genetic diseases are known so far to be associated with mutants of CSNK2A2, a CSNK2A1 paralog, located on a different chromosome (Yang-Feng et al., 1991).
TABLE 1 | CK2α mutants associated with OCNDS phenotypes. Tables include nucleotide mutation, amino acid residue change (when applicable), number of patients per mutation and source. (A) includes variants that affect amino acid residues and (B) includes splice variants. Total number of patients for CK2α was 129. For samples found duplicated in different sets, we included all sources separated with a “/”.
[image: Table 1]TABLE 2 | CK2β mutants associated with POBINDS phenotypes. Table includes nucleotide and amino acid residue changes, number of patients per mutation and reference/source. (A) includes variants that affect amino acid residues and (B) includes splice variants. Total number of patients for CK2α was 90. For samples found in different sets, we included all sources separated with a “/”.
[image: Table 2]For CSNK2A1, we collected 7 splice variants and 61 single nucleotide variants (SNVs) (Table 1). The SNVs were: 1 start site, 47 missense variants (S51R was coded by 2 different variants), 9 nonsense, and 4 frameshift variants. For CSNK2B, we collected 14 splice variants and 49 SNVs: 4 different start site variants, 20 missense, 13 nonsense (Y101* was coded by 2 different variants), 11 frameshift, and 1 codon duplication variant (Table 2). Most of the SNVs in CSNK2A1 were substitutions leading to missense mutations while in CSNK2B there was a high number of duplications and deletions, which resulted in a larger number of nonsense and frameshift mutants compared to CSNK2A1. Figure 2 depicts the location of the CK2α and CK2β mutants along their primary protein structures. Indicated in the Figure are distinct structural domains, highly conserved functional domains and putative functional residues from the literature and from PhosphositePlus (Hornbeck et al., 2012) that we will analyze and discuss below.
[image: Figure 2]FIGURE 2 | Protein diagram of CK2α and CK2β including the location of mutations to date. CK2α (A) and CK2β (B) mutants (nonsense, missense, start site variants, frameshift and splice) are represented on a diagram of the primary structure of the proteins. The diagrams include distinct structural and functional domains, and putative functional residues for each protein. For CK2β, the acidic loop domain has also function as pseudosubstrate, and for oligomerization, polyamine binding and polybasic peptide binding. The four Cys (residues 109, 114, 137, 140) key for zinc binding are highlighted in the Zn2+ binding motif. Ac, acetylation; gly, glycosylation; m1, monomethylation; nit, nitrosylation; sm, sumorylation.
CK2α and CK2β mutation frequency and hotspots
We collected the number of patients with each variant to identify hotspots (excluding splice sites). First, we represented the total number of unique patients per mutation in each residue (Figure 3). Then, we utilized a non-random mutation clustering (NMC) approach to determine clusters of mutated residues that cannot be explained by random mutation in the nucleotide sequence. We found a number of significant clusters of residues of varying lengths (Supplementary Table S1), of which we selected single-residue clusters (Table 3). For CK2α, these were (in order of significance): K198, Y50, R47, R80, R191, R312, H160, D156, S51, Y39, R195 and D175. For CK2β, these were D32, R47, M1, C137 and R86. Since mutations in these residues were determined to be non-random in the NMC analysis, these residues may be potential mutational hotspots.
[image: Figure 3]FIGURE 3 | Histogram representing the number of mutations along the primary sequence of CK2α and CK2β. The X-axis represents the primary sequence and the functional domains of CK2α (A) and CK2β (B). The Y axis represents the number of patients with missense, nonsense, and frameshift mutations along the primary structure of CK2α and CK2β. Numbers in the histogram represent single residues found significant in the non-random mutation cluster (NMC) analysis.
TABLE 3 | Nonrandom mutation clustering (NMC) for CK2α and CK2β mutations. Analysis was performed on the total number of patients with mutations in each amino acid residue (excluding splice site mutations). Table only includes significant clusters with a cluster size of one amino acid residue.
[image: Table 3]For some residues, all the patient mutations were the same (e.g., K198R in CK2α, and R47* in CK2β) while for others, there were multiple different mutations in the same residue (Supplementary Table S2). For CK2α, 24% of residues had 2 or more distinct mutations (11 of 45 residues), and 18% for CK2β (7 of 39 residues) (Supplementary Table S2). Therefore, we calculated the probability of finding the number of patients with mutation(s) in each residue. If we assume that each of the 9 variants per codon are equally likely, then the counts across the 9 mutations will follow a multinomial distribution with the probability of observing each variant once in nine (1/9 = 0.11). We calculated an exact chi-square test statistic comparing the observed mutation probabilities to those expected by chance and present the corresponding p-value (Supplementary Table S2). For CK2α, significant results were found for R47G/Q, Y50C/F/S, R80C/H, H160R, R191Q/*, R195*, K198R and R312Q/W; and for CK2β for D32A/N, R47*, R86C, R111P, and H165R.
Understanding the genetic mechanisms (population, gene characteristics, etc.) underlying the higher mutability of these sites may lead to important insights that could help us understand the etiology of these diseases.
Mutation clusters
Studies on neurodevelopmental diseases (NDD) find that missense mutations cluster in or near the functional domains of NDD-associated proteins, in contrast with rare missense mutations found in the 1000 Genomes project (Geisheker et al., 2017). CK2α and CK2β missense mutants were found in both functional domains and interdomain sequences (Figures 2, 3).
We compiled the number of patients in the different functional domains (excluding splice sites) and calculated the ratio of mutations to residues (number of mutations in a protein domain divided by the number of residues in the protein domain) (Table 4; Supplementary Table S1). All functional domains had mutations, albeit at different ratios. None of the Ser and Thr phosphorylated sites in CK2α or CK2β were mutated, but as we will discuss in the structural section, phosphorylation may be affected. For CK2α, the highest ratio was found in the Gly-rich-loop (4.3) followed by the P+1 loop (3.2) while the lowest ratio was found in the activation loop (0.08, with a similar ratio to interdomain sequences). For CK2β, the highest ratios were in the Cys bound to Zinc (1), putative destruction box (0.75) and interface one to CK2α (0.71) while the lowest was in the acidic loop (0.13). Intriguingly, the ratio of the N-terminal segment was among the four highest, suggesting that this region contains functional domains. The interdomain sequences in CK2β showed a higher ratio (0.17) than one known functional domain, suggesting that there may be unidentified functional domains in CK2β located in these sequences. Both these hypotheses are supported by the fact that most of the clusters of one residue in the NMC analysis for CK2β fall in known functional domains, except for D32 and R47 in the N-terminal segment, and R86 in interdomain sequences.
TABLE 4 | Number of mutations per CK2α and CK2β functional and structural domain. Table summarizes the numbers of CK2α (A) and CK2β (B) mutants in each functional domain and the # mutations/# number of residues (excluding splice sites).
[image: Table 4]Therefore, as the regulation of CK2α and CK2β is still not fully understood, we examined the NMC data to identify short clusters of mutations outside the known functional domains that could be novel functional domains (Supplementary Table S1). For CK2α, we found clusters including the known functional domains (or shorter versions), except for the hinge region that appears in clusters including the activation segment. Residues in the N-terminal segment were found at minimum in clusters that included at least the Gly-rich loop (e.g.: cluster 21-53), suggesting a functional interaction between the N-terminal and the Gly-rich loop. We also found clusters from residue 107 until the second CK2β binding domain, and from residue 147 to the catalytic loop, the activation segment and residues 312/326. These residues (107, 147 and 312/326) are outside of the known functional domains. This suggests that these residues have functional interactions with known functional domains and/or form part of novel functional domains, particularly the Ct residues that are essential for CK2α’s tertiary structure. This is supported by the fact that most of the clusters of one residue in the NMC analysis fall in known functional domains, except for R312 in CK2α (discussed in our structural analysis).
For CK2β, the significance found in the NMC analysis was lower than in CK2α, most likely due to the limited sample number. We did not find short clusters that included the residues of the known functional domains. A number of clusters started at residues 1, 20, 21 and 27 of different lengths (highest significance ending in 32–47). We found significant short clusters around residue 32 (e.g., 31–35), and clusters including residues 47 (34/42-47) and 86 (86–88). These data suggest that these may be one to three novel functional domains, which will be further discussed in our structural analysis.
Overall, these data suggest that protein function will be affected at least by some of these mutations. We will need experimental data to show that the identified potential domains in CK2α and CK2β are bona fide functional domains. If so, NMC analysis could be used to identify novel potential functional domains for NDD-associated proteins. Our next analyses will assess, via diverse methods, the potential impact of these mutations in protein structure and function, and will indicate potential biochemical mechanisms.
Evolutionary conservation
Disease-causing mutations are more likely to occur in evolutionary conserved positions in proteins (Michaelson et al., 2012; Yuen et al., 2016; Geisheker et al., 2017; Lelieveld et al., 2017; Wang et al., 2020); therefore, we assessed whether the residues mutated in CK2α and CK2β in OCNDS and POBINDS were conserved across species including vertebrates, invertebrates, plants, yeast and fungi. Supplementary Figures S1, S2 show an alignment of a subset of species using MUSCLE (highest conserved residues highlighted in blue), with the residues mutated in OCNDS and POBINDS highlighted in red. Supplementary Figures S3, S4 show an alignment of 150 species (highest conserved residues highlighted in raspberry red) using MUSCLE. The accession numbers of the 150 sequences can be found in Supplementary Table S3. Figure 4 shows a 3D representation of alignment of 150 species using a 3D surface representation of the conserved residues calculated using the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016), and Supplementary Figure S5 shows the 3D surface representation using the subset of sequences in Supplementary Figures S1, S2. The alignments showed that the highest conservation across species was found in the first 324 CK2α residues. The CK2β sequence is less conserved than the CK2α sequence and there was a higher degree of conservation between vertebrate and invertebrate sequences and between plant and unicellular organisms (Supplementary Figure S5). Chantalat et al. (Chantalat et al., 1999) found 40 identical residues in the seven species they investigated, which are highlighted in Supplementary Figure S2. Among these conserved residues, 32, 34, 35 and 86 have missense mutations in POBINDS (defined by Chantalat as surface cluster 1, and discussed in the structural section). As discussed above, based on the NMC analysis, these residues could form part of novel functional domain(s).
[image: Figure 4]FIGURE 4 | Conserved residues in CK2α and CK2β across 150 species. (A) General clustering of the mutation sites in CK2α including surface representation. The structure of the CK2α1-335 monomer is shown as a pale cyan cartoon representation, the OCNDS related mutation sites are shown as sticks and are coloured raspberry red. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. The figure was drawn using PyMOL (Schrödinger 2013). (B) Conserved residues of CK2α. Conserved residues of CK2α in spacefill representation. The figure was created using the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016) with the CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)). Multiple Sequence Alignment was built using MAFFT (Katoh et al., 2018). The Homologues were collected from UNIREF90 using the homolog search algorithm HMMER (Eddy 2011) (E-value: 0.0001; No. of HMMER Iterations: 1). As maximal identity between sequences 95% and as minimal identity for homologs 40% were chosen. The calculation was performed on a sample of 150 sequences (see Supplementary Data Sheet S3) that represent the list of homologues to the query. Conservation scores were calculated using the Bayesian method (Mayrose et al., 2004). (C) General clustering of the mutation sites in CK2β including surface representation. The structure of the CK2β1-193 dimer is shown as a pale cyan cartoon representation, the mutation sites related to neurodevelopmental disability and epilepsy are shown as sticks and are coloured raspberry red. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. The figure was drawn using PyMOL (Schrödinger 2013). (D) Conserved residues in chain A of the CK2β dimer in spacefill representation. The figure was created analogously to Figure 3B with the ConSurf server (Glaser et al., 2003; Landau et al., 2005; Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016). The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used as input file. Multiple Sequence Alignment was built using MAFFT (Katoh et al., 2018). The Homologues were collected from UNIREF90 using the homolog search algorithm HMMER (Eddy 2011) (E-value: 0.0001; No. of HMMER Iterations: 1). As maximal identity between sequences 95% ID and as minimal identity for homologs 40% ID were chosen. The calculation was performed on a sample of 150 sequences (see Supplementary Data Sheet S4) that represent the list of homologues to the query. Conservation scores were calculated using the Bayesian method (Mayrose et al., 2004).
Prediction programs based on evolutionary conservation are frequently used to determine the possible consequences associated with mutations. We used two well-known prediction programs, MutationTaster2 and PANTHER, to analyze CK2α and CK2β mutations (Supplementary Table S4). In MutationTaster2, all CK2α mutants were classified as disease causing and in PANTHER, all mutants were classified as probably damaging except for S356T (possible damaging). For CK2β mutants, both MutationTaster2 and PANTHER classified the mutants as disease causing/probably damaging. There was a concordance between the two prediction programs even for residues not fully conserved across species.
Functional predictions
We assessed the functional effects of CK2α and CK2β mutations with six functional prediction programs (SIFT, PROVEAN, I-Mutant 3.0 Disease, MutationAssessor, Polyphen-2, and SNAP2) and two consensus prediction programs (REVEL and PredictSNP). The majority of the programs only analyze missense mutations; therefore, the computational analyses below are restricted to these mutations. Figure 5 represents the residues and number of patients with missense mutations.
[image: Figure 5]FIGURE 5 | Histogram representing the number of missense mutations along the primary sequence of CK2α and CK2β. The Y axis represents the number of patients with missense mutations in each amino acid residue along the primary structure of CK2α (A) and CK2β (B). The X-axis represents the primary sequence and the functional domains of CK2α (A) and CK2β (B). Numbers mark single residues found significant in the non-random mutation cluster (NMC) analysis.
For CK2α, the mutations predicted to be functionally impacted across all programs were D156H, D156E, D156Y, K158E, N161S, N161D, P231R, R312Q, and R312W (Table 5A). Mutations Y50C, Y50S, S51I, S51R, V53L, C147Y, K158R, G177S, S194F, and F197I may also be highly affected as none of the programs predicted these mutations to be neutral, tolerated, or benign. In addition to these mutations, M1?, G46V, M153R, D175G, D175E, and L178W were predicted to be damaging by both consensus programs. Mutations S356T, P363H and P382L were predicted neutral/benign/non-disease causing in most of the programs. For the rest of the mutations there were discrepancies between the programs. For CK2β, the mutations predicted to be functionally impacted across all programs were D32A, N35K, R86C, R111P, C137R, C137G, C137F, and H165R (Table 5B). The mutations D32N, F34S, F106V, L187P, and L187R may also be highly affected because none of the programs predicted these mutations to be neutral/tolerated/benign. Six prediction programs also provided numerical values associated with the predictions (Supplementary Table S5).
TABLE 5 | Analysis of CK2α and CK2β protein mutations using functional prediction programs. Predictions for CK2α (A) and (B) CK2β. Colors in the cells reflect the effect from neutral (white) to high effect (red). The numbers obtained in the analysis can be found in Supplementary Table S4. (C, D) Comparison between CK2α predictions and experimental data on CK2α from Dominguez et al., 2021. (C) kinase activity of the recombinant CK2α protein mutants purified from bacteria; from 0% to 25% (top rows) to 25%–50% (bottom rows) compared to wild-type purified protein. (D) Degree of similarity between nuclear/cytoplasmic localization CK2α protein mutants to wild-type proteins expressed in cell lines; from low to high. N/A (= not applicable) indicates residues that could not generate a prediction. [Note: MutationAssessor has been down precluding us from analyzing 7 mutants, indicated with (—)].
[image: Table 5]We performed McNemar’s tests to determine whether there were statistically significant differences in the categorial values between the programs. For this, each categorical value was coded as either as “benign” (neutral, benign, tolerated, non-disease causing) or “effect” (deleterious, effect, probably damaging, possibly damaging, not tolerated, disease, low/medium/high impact, disease causing). We then calculated percent agreement, the Kappa coefficient (to address agreement beyond what would be expected by chance) and the p-value in McNemar’s test (Table 6A,B). For CK2α functional predictions, REVEL had the least agreement with most other programs followed by Mutation Assessor Functional Impact, while SIFT and PredictSNP had agreement with the most number of programs. For CK2β there were fewer significant agreements between programs, probably due to limited sample size.
TABLE 6 | McNemar’s test of categorical values. Each categorical value was coded as either a benign or effect. We calculated percent agreement, the Kappa coefficient and performed McNemar’s test to determine statistically significant differences in categorical values.
[image: Table 6]Since disease-causing mutations are more likely to have common structural features, these computational analyses could identify the best mutant candidates for experimental testing of the functional impact. A complexity in using these programs is that they each have their own thresholds for determining what is damaging and the extent to which a mutation is damaging. For example, some programs predict nearly all mutations to be damaging, while other programs categorize mutations based on predicted severity. In addition, not all programs consider other factors, such as position of the mutation, which have a significant impact on the consequence of the mutation. For instance, in the case of M1?, some of the programs predicted this mutation to be neutral/benign/tolerated and did not take into consideration that this is a mutation at the start codon, and therefore cannot not be neutral. Therefore,
Our next aim was to compare the results from these computation analyses with experimental data to determine which prediction program(s) can best help guide us in understanding the potential consequences of CK2α and CK2β mutations. We acknowledge that we have limited experimental data to date, particularly for CK2β, nonetheless, we correlated experimental data, in particular, kinase activity and subcellular localization with the functional predictions. The in vitro kinase activity of 18 CK2α recombinant mutant proteins purified from bacteria ranges from 0% to 50% of wild-type protein (Dominguez et al., 2021). Table 5C displays the CK2α mutants sorted from low (0% for D175G, S51R and F197I) to medium activity (50% for V73E and R191Q) compared with the wild type protein. Given that all of these mutants had less than 50% activity, PROVEAN and SNAP2 could be used to find mutants that have impacted activity since these two programs properly categorized all of these mutants as having an effect (except M1?). For the rest of the programs, we assessed whether their categorical values may have discrimination power between mutants with the less activity (0%–25%) compared to those with higher activity (25%–50%) (bold line in the table). Based on this cut-off, PredictSNP appears to most accurately predict most of the 0%–25% range to be deleterious (eight out of nine mutations) and it predicts less of the 25%–50% to be deleterious (only 2 out of five mutations). This suggests that predictSNP may be able to pinpoint the mutants most affected and may be utilized to predict large activity changes. We also investigated the numerical predictions to determine whether we can set a range of values for mutants more or less affected (Supplementary Table S5). For CK2α, SNAP2 and REVEL showed somewhat overlapping ranges. For SNAP2: mutants with 0%–25% activity were in the range 96–6 and those with 25%–50% activity in the range: 79–31, suggesting that the most affected mutants could be found in the 96–79 range. For REVEL: mutants with 0%–25% activity were in the range 0.902–0.361 and mutants with 25%–50% activity were in the range: 0.552–0.357, suggesting that the most affected mutants could be found in the 0.902–0.552 range.
We also compared these prediction results with experimental data on nuclear/cytoplasmic distribution of CK2α mutant proteins (Dominguez et al., 2021) as the subcellular distribution could be an indicator of the similarity to the wild-type protein structure (e.g., folding). CK2α wild-type is predominantly nuclear in 80% of cells. To assess the predictions, we categorized the mutants into three groups: high, medium and low similarity to wild-type depending on the percentage of cells with predominantly nuclear distribution. High similarity mutants to wild-type had approximately 80% nuclear distribution (E27K, R80H, I174M, D175G, R191Q, K198R, P231R), medium similarity mutants had 50%–70% nuclear distribution (R47G, R47Q, Y50S, S51R, V73E, D156H and F197I), and low similarity mutants had 20%–30% nuclear distribution (R321Q/W). Table 5D displays the CK2α mutants from low to high similarity to wild-type nuclear distribution. There does not seem to be a clear correlation between the categorial predictions and CK2α subcellular distribution for any of the programs. We also investigated the numerical predictions to determine whether we can find a range of values to distinguish mutants more or less affected (Supplementary Table S5). SNAP2 and MutationAssessor showed somehow overlapping ranges, as follows. For SNAP2, these were the range 96–90 (20%–30% nuclear distribution); range: 91–31 (50%–70% nuclear distribution), and range 89–6 (80% nuclear distribution) suggesting that the most affected mutants could be found in the 96–91 range. For MutationAssessor, these were range >4.61 (20%–30% nuclear distribution), range 4.21–0.525 (50%–70% nuclear distribution), and range 3.865–0.095 (80% nuclear distribution), suggesting that the most affected mutants would be ranked >4.61 and the less affected mutants ranked <0.525.
More data is needed to determine the predictive power of these programs as it relates to CK2α and CK2β, including computing of more complex characteristics that can be affected by changes in the primary structure of these proteins, such as interaction and oligomerization.
Protein stability predictions
We utilized PremPS, Kinact, and I-Mutant 3.0 ΔΔG to predict protein stability changes of missense mutations. All three of these programs were utilized for CK2α mutations. Only PremPS and I-Mutant 3.0 ΔΔG were used for CK2β mutations since Kinact is specifically for kinase proteins. The prediction programs provide the Gibbs Free energy (kcal/mol) for change in protein stability. As in the above analyses only missense mutations were analyzed (Table 7).
TABLE 7 | Analysis of the CK2 protein mutations using stability prediction tools. Predictions for each mutant in CK2α (A) and CK2β (B) according to each program. Highlight colors in the cells reflect the effect from stabilizing (white) to high destabilizing (red). The numbers obtained in the analysis can be found in Supplementary Table S5. (C) Comparison between predictions and experimental data from Dominguez et al., 2021. Table includes CK2α mutants whose expression in cell lines is significantly altered.
[image: Table 7]For CK2α, mutations Y39S, G199D, and R312Q were predicted to be highly destabilizing across all programs (Table 7A; Supplementary Table S6). Mutations Y39C, Y50S, R80C, R80H, K158E, L178W, and P231R may also be destabilizing as several programs predicted them to be highly destabilizing and none of the programs gave them a stabilizing prediction. Predictions were somehow different between the programs. Kinact mCSM and I-Mutant 3.0 ΔΔG predicted all mutants to be destabilizing at some level, and PremPS predicted all mutants to be destabilizing at some level except for E27K and D156Y. Both Kinact SDM and Kinact DUET predicted all mutations to be destabilizing except for a few, including G46V, S51I, T127M and D175G that both programs predicted stabilizing. For CK2β, both PremPS and I-Mutant 3.0 ΔΔG predicted all CK2β mutations to be destabilizing at some level (Table 7B; Supplementary Table S6). Mutations F34S, F34C, F106V, C137G, L187P, and L187R were predicted to be highly destabilizing by both programs while D32A and E77K were predicted to have a lower destabilizing effect. We performed McNemar’s tests for the differences in the categorial values between the programs (Tables 6C,D). For CK2α stability, Kinact SDM ΔΔG and Kinact DUET ΔΔG had the least agreement with other programs (significant p-value).
A complexity of the use of these programs is that these prediction programs required a structure input, except for I-Mutant 3.0 ΔΔG that used protein sequence. Overall, there are 287 CK2α structures in the PDB; 228 of them are from the two human paralogs CK2α and CK2α. Selecting the structure to use may be difficult for the newcomer to the field. Indeed, we obtained varied results when using three different structures for human CK2α to run Kinact (PDB ID’s 2PVR, 5OMY, 2ZJW) (not shown). For the data in the table, we used PDB ID 2PVR as it was the structure with the highest resolution.
There is no experimental study of the stability of CK2α mutants to be compared with the results from these program analyses. However, there is data on expression levels from a subset of CK2α mutant proteins that were expressed in cell lines (Dominguez et al., 2021). Three mutants appear less expressed than others in cell lines: R312Q, R312W and R47Q. As we will discuss below, R312 is a key residue to maintain the 3D structure of CK2α as it forms an ion pair with Q201 in α-EF helix, coupling the a-GHI-subdomain with the α-EF-helix; therefore, it is predicted to be less stable. The mutant with the lowest expression, R312Q, was predicted to be destabilizing by all programs (Table 7C). We also investigated the numerical predictions to determine whether we can find a range of values to distinguish mutants more or less affected (Supplementary Table S6). For CK2α, the three less expressed mutants had I-Mutant 3.0ΔΔG scores from −1.27 to 0.73. For CK2β, T37Yfs*5 had low expression levels (Nakashima et al., 2019). However, we could not assess this mutant, as the prediction programs only analyze missense mutations. More experimental data is needed to determine specific programs that are better at predicting stability properties of the CK2α and CK2β mutants.
Prediction of changes in binding free energy induced by point mutations
The binding free energy change between the wild type and mutant complex (ΔΔG) was predicted using BeAtMuSiC (http://babylone.ulb.ac.be/beatmusic) (Dehouck et al., 2013). For this, the binding of one CK2α chain to a CK2β dimer was evaluated, using the CK2 holoenzyme structure (PDB ID: 4DGL; (Lolli et al., 2012)) as input file. Individual side chains whose contributions strongly dominate the binding affinity of protein-protein interactions—so-called “hotspots”—(Clackson and Wells 1995) are usually defined as positions which cause an increase of binding free energy of more than 2.0 kcal/mol upon mutation. BeAtMuSiC identifies a residue as part of the protein–protein interface if its solvent accessibility in the complex is at least 5% lower than in the individual partner (Dehouck et al., 2013). First, ΔΔG values for experimentally characterized CK2α and CK2β mutants were predicted and compared to the experimental data (Table 8A,B). Indeed BeAtMuSiC predicted the highest ΔΔG values for the exchanges to Ala for the described hotspots of the CK2α/CK2β interaction, namely Leu41 and Phe54 of CK2α (Raaf et al., 2011) as well as Tyr188 and Phe190 of CK2β (Laudet et al., 2007) (Table 8A,B).
TABLE 8 | Binding free energy changes between the wild type and mutant complexes. ΔΔG values were predicted using BeAtMuSiC (Dehouck et al., 2013). For this structure based approach, the binding of one CK2α chain (chain C) to the CK2β dimer (chains A/B) was evaluated, using the CK2 holoenzyme structure (PDB_ID 4DGL; (Lolli et al., 2012)) as input file. Mutations which cause an increase of binding free energy of more than 2.0 kcal/mol upon mutation are highlighted in red in the first column. Positive ΔΔG values indicate that the mutation decreases binding affinity (in red), and negative ΔΔG values indicate that the mutation increases binding affinity (in green). BeAtMuSiC (Dehouck et al., 2013) identifies a residue as interface residue if its solvent accessibility in the complex is at least 5% lower than in the unbound form. (A) ΔΔG values for previously experimentally characterized CK2α variants (Raaf et al., 2011). (B) ΔΔG values for previously experimentally characterized CK2 variants or corresponding exchanges in a CK2β-derived cyclic peptide including CK2β residues Arg186 to His193 (Laudet et al., 2007). (C) ΔΔG values for OCNDS-related CK2α variants. (D) ΔΔG values for POBINDS-related CK2β variants.
[image: Table 8]Among the OCNDS-linked CK2α mutants, Tyr39Ser, Tyr39Cys and Arg47Gly have the highest ΔΔG values (1.76 kcal/mol, 1.12 kcal/mol and 1.69 kcal/mol) but are not considered binding hotspots as they are close but not directly involved in the interaction site (although the BeAtMuSiC algorithm recognizes them as interface residues) (Table 8C). Residues not in the interface were not predicted to change the affinity for CK2β. This hypothesis is supported by the literature, at least in the case of Lys198Arg (Werner et al., 2022).
For CK2β, the interface mutation Leu187Pro has a predicted ΔΔG value of 2.25 kcal/mol (Table 8D). Laudet et al. included Leu187 in a CK2β-derived cyclic peptide mimicking the C-terminal CK2β hairpin loop (Arg186 to His193) essential for binding of CK2α (Laudet et al., 2007). In this study, each amino acid of the cyclic peptide was individually replaced by Ala and the derivatives of the original peptide were explored regarding their antagonistic activity in a CK2α/CK2β-binding assay. The exchange to Ala of the Leu187 equivalent position in the peptide caused a marginal reduction of CK2α/CK2β-binding and the role of this residue was interpreted as passive. Indeed, the Leu187Ala mutation is predicted to induce a smaller change in binding free energy (1.94 kcal/mol; Table 8B) than the POBINDS-related mutation Leu187Pro (Table 8D). Compared to the Leu187Arg variant with a predicted ΔΔG value of 1.04 kcal/mol, the Leu187Pro variant is predicted to have a stronger impact on the CK2 subunit interaction. It has to be noted that other variants of CK2β with a predicted ΔΔG value higher than 2 kcal/mol are not located in the interface, namely Tyr80Asn, Cys137Arg and Cys137Gly. As described later, Tyr80 and Cys137 are important for the global architecture of CK2β and hence, the high ΔΔG values for the exchange of these residues may be due to changes in folding free energy.
Therefore, this analysis identified Leu187Pro in CK2β as a potential mutation with consequences for CK2 holoenzyme formation. Further analyses could test the influence of mutations on the oligomerization of the holoenzyme, pseudosubstrate region or the binding to other partners.
A structural perspective on the OCNDS-related CSNK2A1 mutations
As we discussed above, the majority (57%) of the CK2α variants linked to OCNDS lead to missense mutations which cluster in highly conserved functional domains and key structural regions, such as the Gly-rich loop, the basic cluster, the activation loop and the P+1 loop (Figures 2A, 4, 6). Accordingly, the catalytic and structural key elements share a high score of conservation as represented in Supplementary Figures S1, Supplementary Data Sheet S3. Apart from residues involved in catalysis, certain mutations are located in the N- and C-terminal segments, which are important for the global fold of the kinase and are critical at stabilizing the constitutively active conformation (Figures 6B,H). Other mutations, such as Tyr39Cys, are located in the CK2β subunit interaction site (Figure 6F). Two of the reported mutations, Thr127Met and Cys147Tyr, are not located in functional domains. Thr127 is located in the helix αD and is exposed to the solvent, so its exchange with the hydrophobic Met might disturb solubility of CK2α.
[image: Figure 6]FIGURE 6 | Detailed CK2α functional and structural domains. (A) Clustering of mutation sites in the catalytic and structural key elements of CK2α. The side chains of the mutated residues are shown as sticks and are coloured according to the different elements as described in the figure. Mutation sites not residing in these elements are highlighted in raspberry red. The CK2α1-335 structure in complex with AMPPNP (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. (B) Mutation sites in the N-terminal segment and the helix αC. The N-terminal region of CK2α with the mutation sites Arg21 and Glu27 drawn in light pink. The helix αC, which is located adjacent to mutation site Val73, harbors the basic cluster (light blue) including the mutation site Arg80. The critical salt bridge between Lys68 and Glu81 is shown as well as the mutation sites residing in proximity such as Tyr50 from the Gly-rich loop (pale green) and Leu178 of the activation loop (yellow). The CK2α1-335 structure PDB_ID: 2PVR (Niefind et al., 2007) was used for the figure. (C) Mutation sites in the Gly-rich loop. The Gly-rich loop is shown in its open conformation (pale green, PDB_ID: 2PVR (Niefind et al., 2007)) and collapsed conformation (wheat, PDB_ID: 3FWQ (Raaf et al., 2009). The mutation sites of the Gly-rich loop Arg47, Tyr50, Ser51, Glu52 and Val53 are shown as sticks, as well as AMPPNP. In the collapsed conformation, Arg47 forms hydrogen bonds to Asp120 and His160, which are depicted as purple dashed lines. (D) Mutation sites in the active site of CK2α. The mutation sites in the catalytic loop (Asp156, Lys158, His160 and Asn161) are drawn as dark cyan sticks. The activation loop is shown as stick representation, the respective mutation sites are Gly177 and Leu178. The Gly-rich loop is drawn as sticks and the mutation sites Arg47, Tyr50, Ser51, Glu52 and Val53 are labelled. Magnesium ions are shown as dark salmon spheres. The maize CK2α structure in complex with AMPPNP and magnesium ions (PDB ID: 1LP4 (Yde et al., 2005)) served as a reference for the binding mode of AMPPNP and magnesium ions in this figure. (E) Mutation sites involved in substrate binding. To illustrate the substrate binding mode, a peptide substrate (coloured blue) was modelled into the substrate binding site as described (Niefind et al., 2007). Sulfate ions present in the structure mark the anion binding sites for the substrate. Mutation sites which are relevant for substrate binding from the P+1 loop (Arg191 and Ser194, Phe197, Lys198 and Gly199, dark salmon), catalytic loop (Met153 and His160, dark cyan), activation loop (Leu178, yellow) and the basic cluster (Arg80, light blue) are shown as stick representations. In addition to the mutated residues, Arg155 is shown as stick representation, as it creates a positively charged anion binding site together with Arg80 which is required for substrate recognition at the P+3 position. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. (F) Mutation sites in the subunit interaction interface. Critical residues for binding on the CK2α (Leu41 and Phe54, pale cyan) and CK2β (Tyr188 and Phe190, grey) surface are shown as sticks. The mutation site Tyr39 is not directly involved in the interaction but stabilizes the protein fold through a hydrogen bond to Asp99. To illustrate the movement of the β4β5 loop upon assembly of the CK2 holoenzyme, the closed conformation of the CK2α monomer (pale cyan) and the open conformation of CK2α with bound CK2β (grey) are shown. The CK2α1-335 structure monomer (PDB_ID: 2PVR (Niefind et al., 2007)) and the CK2 holoenzyme structure (PDB_ID: 4DGL (Lolli et al., 2012)) were used for the figure. (G) Cis-configuration of the Pro231. The mutation site Pro231 is located in the C-terminal segment of CK2α. Pro231 was found as a cis-peptide in all CK2α structures published so far. Pro231 is located in proximity to the P+1 loop and its mutation to a non-proline residue lacking cis-peptide propensity may disturb the local or even global fold of the protein. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. (H) Mutation sites in the hydrophobic cluster around Met153 and the C-terminal region. The mutation site Met153 is part of a hydrophobic cluster and resides in close proximity to Leu213 and the aromatic rings of Tyr188, Tyr209, Tyr211. The mutation site Arg312 forms a critical salt bridge with Glu201 of the P+1 loop/activation segment. Position Arg312 is in close proximity to the mutation site Asp210 and to a critical water cluster, which mediates the contact of the N-terminal segment (light pink), the activation loop, and the αC helix, which keeps them in the active conformation. The CK2α1-335 structure (PDB_ID: 2PVR (Niefind et al., 2007)) was used for the figure. Electron densities around water molecules have a cutoff level of 2σ.
The side chain of Cys147 is directed to the inside of the kinase and its replacement with the bulkier Tyr is likely sterically incompatible with the protein fold. These sites could be functional as Thr127 has been found phosphorylated (Phosphosite Plus) and Cys147 to be nitrosylated (Wu W et al., 2020; Borgo et al., 2021). For the nitrosylation at Cys147, however, the side chain must get exposed.
Missense mutations in the N-terminal segment
The N-terminal segment (residues 1-39) stabilizes the helix αC and the activation loop in their active conformations, and it is therefore a decisive element for the constitutive activity of CK2α (Niefind et al., 1998). Indeed, the deletion of the first 30 residues leads to loss of kinase activity (Sarno et al., 2002). The Met1? Mutation will affect the start codon, and is predicted to lead to an N-terminal truncation of the protein until amino acid 137, the position of the next in-frame start codon (Chiu et al., 2018). The mutation site Arg21 is directed towards the surface however, from a structural point of view, the consequences of the exchange with Gln cannot be anticipated. The likewise critical position Glu27 (Chiu et al., 2018) is in close contact to the basic cluster of helix αC and its exchange to Lys may have an repellent electrostatic effect (Figure 6B).
Missense mutations in the Gly-rich loop
The mutations Gly46Val, Arg47Gln/Gly, Tyr50Cys/Ser/Phe, Ser51Arg/Asn/Ile, Glu52Lys and Val53Leu reside in the highly flexible, Gly-rich loop (Figure 6C). Gly-rich loops are highly conserved among kinases and many other nucleotide-binding proteins. Gly residues are highly conserved in nucleotide positioning loops (NPLs) because of their minimal steric repulsion and their contribution to high backbone flexibility. In the protein kinase family the Gly-rich loop connects the β strands 1 and 2, and its sequence is Gly-X-Gly-X-X-Gly-X-Val (Grant et al., 1998). In CK2α however, the third Gly is replaced by a Ser residue: Gly46-Arg-Gly48-Lys-Tyr-Ser51-Glu-Val. The spatially undemanding Gly residues allow a close proximity of the loop backbone and the β- and γ-phosphates of ATP (and GTP in the case of CK2) (Niefind and Battistutta 2013). A systematic literature review revealed that mutations altering the Gly-rich loop are more likely to cause the widest range of phenotypes (Wu et al., 2021). Gly46 interacts with the ribose moiety of ATP/GTP (as shown in maize CK2α structures in complex with AMPPNP (Niefind et al., 1998) and GMPPNP (Niefind et al., 1999). Mutation of the equivalent position in PKA (Gly50) showed a 10-fold decrease of affinity for ATP (Grant et al., 1998), therefore Gly46Val may lead to a decreased affinity to ATP/GTP. Structural studies revealed that this particular loop can collapse so that Arg47 blocks the active site (Raaf et al., 2009). Tyr50 is of topological interest because cyclin-dependent kinases (CDKs) also carry a Tyr residue at the equivalent position. This tyrosine is an important phosphorylation site in CDKs because its dephosphorylation in a CDK/cyclin complex is necessary for full catalytic activity (Dorée and Galas 1994). In CK2α, there has been speculation about the regulatory significance of Tyr50 (Allende and Allende 1995). Mass spectrometry studies found Tyr50 to be phosphorylated (Gu et al., 2010; Schreiber et al., 2010) however, if putative phosphorylation of Tyr50 plays a role in the regulation of CK2 remains unresolved.
Val53 is a highly conserved residue in the catalytic spine (C-spine; residues: Leu41, Val53, Phe54, Val66, Val162, Met163, Ile164, Phe121, Met221, Met225) (Kornev et al., 2008; Taylor and Kornev 2011), and is located in the β2 strand at the end of the Gly-rich loop. The C-spine and its counterpart, the regulatory spine (R-spine; residues: Leu85, Leu97, His154, Trp176), are two stacks of hydrophobic side chains within the catalytic core of eukaryotic protein kinases (EPKs) extending from the C-lobe to the N-lobe of the kinase (Kornev et al., 2008). Unlike the R-spine, the C-lobe requires an external supplementation: it needs to be completed by the purine ring of ATP/GTP. Val53 is one of the residues sandwiching the purine moiety; hence, the introduction of Leu, another hydrophobic amino acid with a bulkier side chain, may subtly affect ATP/GTP cosubstrate binding.
The Gly-rich loop is in close proximity to the CK2α/CK2β subunit interface. Therefore, mutations in this loop might alter the flexibility of the Gly-rich loop or affect the assembly of the CK2 holoenzyme. GST-tagged CK2α Ser51Arg was inactive in an in vitro activity assay, while the Arg47Gln/Gly mutants showed 40%–50% activity compared to WT (Dominguez et al., 2021). The activity of these three GST-CK2α mutants remained unchanged in the presence of GST-CK2β. In contrast GST CK2α Tyr50Phe was partially rescued from 10% to 40% of in vitro kinase activity by addition of GST-CK2β, suggesting a potential conformation change due to the binding of CK2β. Noteworthy, the C-spine of CK2α has a remarkable extension that interacts with the interaction ‘‘hot spots’’ in CK2β: Leu41 and Phe54 (Bischoff et al., 2011b). Considering this, it makes even sense to test whether the mutation Val53Leu has an indirect effect on CK2β binding.
Missense mutations in the basic cluster
Val73 is located N-terminal of the CK2α typical KKKKIKRE-sequence which is important for substrate recognition and binding (Figure 6B). The exchange from Val to the negatively charged Glu in OCNDS may interfere with binding of the typically negatively charged substrates. Indeed, GST-CK2α Val73Glu had half the activity of the wildtype protein towards a synthetic negative charged peptide substrate, and could not be rescued by adding GST-CK2β. Arg80 is part of the RE-motif (Arg80-Glu81) which is characteristic for EPKs in the CMGC family. Arg80 resides in helix αC and is followed by Glu81. Glu81 forms a characteristic salt bridge with a conserved Lys68 (Figure 6B). Through this salt bridge, Lys68 is positioned in the correct conformation to bind the α and β phospho-groups of the ATP/GTP cosubstrate (Huse and Kuriyan 2002). Spatially, Arg80 is in close proximity to Arg155 to create a positively charged anion binding site required for substrate recognition at the P+3 position (Niefind et al., 2007) (Figure 6E). Therefore, loss of the positive charge upon exchange from Arg80 to His (Owen et al., 2018) or Cys (Wu et al., 2021) likely interferes with substrate binding, and might also disturb the conformation of the critical residue Glu81. Experimentally, GST-tagged CK2α Arg80His was only minimally active and the GST-Val73Glu mutant showed 40–50% activity compared to WT in vitro activity assays. Neither mutant is rescued by addition of GST-CK2β (Dominguez et al., 2021). This region of the protein is also involved in holoenzyme oligomerization however a mutation in the KKKKIKRE sequence would not have a big impact on oligomerization as the KKKKIKRE sequence is close to CK2β but the P+1 residues of the substrate binding site are significantly much closer.
Missense mutations in the active site
Met153 is a buried residue. Although its function is structural, it has been assigned to the active site in this study as it is located just before the beginning of the catalytic loop. Met153 is part of a hydrophobic cluster, and resides in close proximity to Leu213 and the aromatic rings of Tyr188, Tyr209, Tyr211 (Figure 6H). Met153 is located close to Arg155, which is involved in substrate binding at the P+3 site (Figure 6E). The exchange of Met153 to an Arg would significantly disrupt this hydrophobic arrangement and therefore the global folding of the protein.
Asp156 is located in the active site (Figure 6D). It is the catalytic base of the kinase, therefore the Asp156His or Asp156Tyr mutations likely abolish activity, as it was shown for the kinase dead mutant CK2α Asp156Ala (Korn et al., 1999). Even though the mutation Asp156Glu is electrostatically conservative, the exchange at this critical catalytic position may greatly affect kinase activity. The catalytic key residue Lys158 is highly conserved among EPKs and stabilizes the transition state of the phosphorylation reaction. An exchange of Lys158 to Glu/Arg may interfere with this stabilizing effect. In addition to their catalytic functions, it was shown that Asp156 and Lys158 contribute to heparin binding in a structure of CK2α complexed with the substrate competitive inhibitor heparin (Schnitzler and Niefind 2021). Analogously, both residues could be involved in substrate binding. His160 was shown to interact with the acidic residue of the substrate at the P-3 site (Schnitzler and Niefind 2021) (Figure 6E), therefore the substitution of His160 with Arg may sterically interfere with substrate binding. Asn161 coordinates Mg2+, which is essential for balancing the negative charges of ATP (or GTP). In addition to this, it forms a hydrogen bond to the catalytic base Asp156 (see Figure 6D). Exchange from the highly conserved Asn to Ser or Asp may interfere with these functions. Ile174 is a critical residue of the active site as well (Figure 6D). Together with the residues Met163, Val53 and Ile66 it forms a hydrophobic area to fix the adenine/guanine group of ATP/GTP (Niefind et al., 1998). Exchange with Met might interfere with ATP/GTP binding (Owen et al., 2018).
The Mg2+ binding Asp175 (Figure 6D) is a highly conserved residue among protein kinases and is involved in the coordination of both Mg2+ ions. GST-tagged CK2α Ile174Met showed 10% activity compared to WT, while GST-CK2α Asp175Gly was no longer catalytically active at all; Ile174Met showed a slight rescue by GST-CK2β (Dominguez et al., 2021). Gly177 is in close proximity to the Lys68-Glu81 salt bridge. A replacement with Ser might disturb the salt bridge and thereby alter catalytic activity. The intact Lys68-Glu81 salt bridge is critical for catalytic activity, and the formation of the corresponding salt bridges is involved in regulation of many EPKs. In the inactive state of many regulated EPKs, this critical salt bridge is broken and the helix αC is rotated. As part of coupled conformational rearrangements upon inactivation, the so-called DFG-motif at the beginning of the activation loop can rotate into the active site and block nucleotide and substrate binding (Huse and Kuriyan 2002). In CK2α, however, Gly177 is part of the equivalent DWG-motif (see Figure 6D) which—compared to the canonical DFG-motif—is internally stabilized by an additional hydrogen bond. Consistent with CK2α’s constitutive activity, the aforementioned rearrangements for inactivation have never been observed in CK2α. Leu178 is located close to the P+3 site of the substrate (Figure 6E), and replacement with the bulkier Trp residue might interfere with substrate binding.
Missense mutations in the P + 1 loop
The OCNDS-sensitive positions Arg191, Ser194, Phe197, Lys198 and Gly199 belong to the P+1 loop of the activation segment and are important for substrate recognition (Figure 6E). Mutational studies in which the combination of Arg191, Arg195 and Lys198 were replaced by alanines showed defective substrate recognition at the P+1 position and decreased inhibition by the substrate competitive inhibitor heparin (Sarno et al., 1996; Vaglio et al., 1996). In a complex structure of CK2α with heparin, it was shown that Arg191, Ser194, Phe197 and Lys198 are involved in heparin binding (Schnitzler and Niefind 2021). Changes in side chain charges in this region could alter the formation of regulatory holoenzyme oligomers.
Protein kinase C (PKC)-mediated phosphorylation at CK2α residues Ser194 and Ser277, and at CK2β residue Ser148 stimulate CK2 activity (Lee et al., 2016). Accordingly, the Ser194Phe mutation should interfere with the phosphorylation by PKC. Further phosphorylation sites in the proximity of the mutated residues are Tyr182 and Tyr188. Phosphorylation of Tyr182 and Tyr188 by Src-related kinase SRMS was shown to increase CK2α activity (Goel et al., 2018). Mutations near the phosphorylation sites may disturb the recognition by SRMS (Roffey and Litchfield 2021).
The Lys198Arg mutation is the most frequently observed variant in OCNDS patients and is considered as a mutation hotspot (Okur et al., 2016; Akahira-Azuma et al., 2018; Chiu et al., 2018; Owen et al., 2018; Nakashima et al., 2019; Xu et al., 2020). Lys198 was described as the key residue determining the anion binding potential of the P+1 loop (Sarno et al., 1995; Sarno et al. 1996; Sarno et al. 1997). The crystal structure of the CK2α Lys198Arg variant discloses a significant shift of a sulfate ion marking the anion binding site in the P+1 position (Werner et al., 2022). This observation supports the notion by Caefer et al. that the Lys198Arg mutation causes an alteration of substrate specificity (Caefer et al., 2022). In this recent publication (Caefer et al., 2022), a Proteomic Peptide Library Approach (ProPel) using CK2α Lys198Arg expressed in E. coli revealed that the mutation shifts substrate specificity by decreasing the preference for acidic residues in the P+1 position. Furthermore, the Lys198Arg mutation alters the phosphoacceptor preference: in contrast to the WT, CK2α Lys198Arg strongly disfavoured Thr phosphorylation and showed an increased preference for Tyr phosphorylation. The Lys198 equivalent position in protein kinase A (PKA-C) is Leu205 and, interestingly, the mutation Leu205Arg is linked to cortisol-secreting adrenocortical adenomas responsible for Cushing’s Syndrome. It was reported that the Leu205Arg mutation disrupts the binding of R (regulatory)-subunits; thereby, it renders the enzyme constitutively active (Calebiro et al., 2014) and it drastically changed the phosphorylation profile in a phosphoproteomic mapping (Lubner et al., 2018). Using NMR spectroscopy, thermodynamics, kinetic assays, and molecular dynamics simulations, Walker et al. (Walker et al., 2019) found that the Leu205Arg mutation causes global changes in PKA-C: it rewires the intra- and intermolecular interactions, and causes losses in nucleotide/pseudo-substrate binding cooperativity. By rewiring its internal allosteric network, PKA-C Leu205Arg is able to bind and phosphorylate non-canonical substrates. An additional interesting structural observation concerning Lys198 is that it stabilizes Arg193 in an unfavourable backbone conformation via hydrogen bonds. Similar tensions in the P+1 loop can be found in other CMGC Kinases, where tension and release are factors in the control mechanism (Huse and Kuriyan 2002). For CK2α, the tension at Ala193 is without any evident function (Niefind et al., 2007). GST-tagged CK2α Lys198Arg showed 20%–30% activity and CK2α Arg191Gln showed 40%–50% activity compared to wild type using a standard peptide (Dominguez et al., 2021).
The mutation Gly199Asp most likely changes the main characteristics of the P+1 loop and, therefore, the ability to bind substrates due to steric clashes of the larger residue may result in rearrangements of the P+1 loop. The substitution for an acidic residue will have a repulsive effect on the binding of acidic substrates.
Missense mutations in the C-terminal segment
This study defines the C-terminal segment as the sequence after the P+1 loop (residues 202–391). The OCNDS-associated mutations Asp210Asn, Pro231Arg, Arg312Gln/Trp, Ser356Thr, Pro363His, Pro382Leu and the C-terminal truncation Arg333* occur in the C-terminal segment. The GST-tagged variants of CK2α Pro231Arg and CK2α Arg312Gln lost 90% of their catalytic activity compared to WT, and Pro231Arg was rescued by CK2β (Arg312Gln was not tested) (Dominguez et al., 2021). A cis-peptide was found at Pro231, a in all CK2α structures published so far. The role of the Pro231 cis-peptide bond in CK2α (Figure 6G) is not known yet, but possibly the mutation to a non-proline residue lacking cis-peptide propensity destabilizes the local or even global fold of the protein. Position Arg312 forms a critical salt bridge with Glu201 of the activation segment. Arg312 is in close proximity to Asp210 which was substituted for Asn in OCNDS (Figure 6H). Both residues are located near a critical cluster of water molecules -observed in high-resolution CK2α structures- that mediates the close contact of the N-terminal segment, the activation loop, and the αC helix, keeping them in the active conformation. The C-terminus of CK2α is an important site of posttranslational modifications and mediates the interaction with peptidyl-prolyl isomerase Pin1 (Messenger et al., 2002). However, structural information about this region is not available except for a CK2α-derived peptide in complex with O-GlcNAc transferase (Lazarus et al., 2011). CK2α is phosphorylated in a cell cycle dependent manner by Cdk1/cyclin B at the positions Thr344, Thr360, Ser362 and Ser370 (Bosc et al., 1995) and can be O-GlcNAc-modified on Ser347 by O-GlcNAc transferase (Tarrant et al., 2012). Mutations in proximity to critical residues can potentially interfere with recognition motifs or binding site; for example, P363H may affect Thr360/Ser362 phosphorylation by CDK1 and MAPK1 (Ji et al., 2009).
Truncating and frameshift mutations
The majority of the truncating mutations (nonsense and frameshifts) likely result in the complete loss of the normal protein folding. Interestingly, the C-terminal truncated variant Arg333 resembles the CK2α1-335 construct commonly used for crystallization and other in vitro experiments. This variant is less prone to C-terminal degradation under in vitro conditions (Ermakova et al., 2003). Some frameshift mutants may also be an exception to miss-folding/destabilization, as we describe below for CK2β. This indicates that each mutant must be individually studied to address stability and function.
A structural perspective of the POBINDS-related CSNK2B mutations
In contrast to the CSNK2A1 mutations in OCNDS, most mutations of the CSNK2B gene linked to POBINDS or related syndromes are frameshift, truncating, and splice site mutations. Missense mutations cluster in highly conserved regions (Figures 2B, 4D; Supplementary Figure S2), including regions important for CK2β dimerization or CK2α subunit interaction and therefore for the assembly of the CK2 holoenzyme (Figure 1). Many of the missense mutations are located at buried residues important for the global architecture of the protein: Phe21Leu, Tyr80Asn, Met97Ile, Arg111Pro, Phe106Val, Cys137Arg/Gly/Phe, Pro164Arg and His165Arg. These missense mutations likely destabilize the protein. Still, there are surface exposed residues in the N-terminal segment (Asp32Asn/Ala/His, Phe34Ser/Cys, Asn35Lys, Arg86Cys), in the acidic loop (Glu77Lys), and in the CK2α interaction site, Leu187Arg/Pro and Gly189Val.
Missense mutations in Chantalat’s clusters and N-terminal segment (residues 1-54)
In the first published structure of CK2β (CK2β1-182), Chantalat et al. described two clusters of exposed, conserved residues (Chantalat et al., 1999). Since CK2β functions as a docking platform, it has been suggested that these conserved surface regions play a role in ligand binding (Chantalat et al., 1999). The first conserved surface cluster is composed of Asp32, Phe34, Asn35 and Arg86 and is directed away from the rest of the protein (Chantalat et al., 1999) (Figures 4C, 7B). Interestingly, the missense mutations of each of the residues (Asp32Asn/Ala/His, Phe34Ser/Cys, Asn35Lys and Arg86Cys) have been linked to neurodevelopmental disability and/or early onset epilepsy in POBINDS and in a new CK2β-linked intellectual disability-craniodigital syndrome (Asif et al., 2022). As discussed above, this could be a novel functional domain of CK2β. One possibility is that this region controls protein stability as Lys33 is found ubiquitinated; therefore, mutations in this region may affect protein half-life (Borgo et al., 2021). It has to be noted that in the CK2 holoenzyme, mutations of this surface cluster will be located in the neighbourhood of the Gly-rich loop and the basic stretch of CK2α—in particular, next to Tyr50, Lys49 and Val73 (Figure 7B). This proximity to the holoenzyme catalytic machinery could mean that mutations in the conserved surface cluster of CK2β may impact the catalytic properties and/or binding of substrate proteins of the CK2 holoenzyme.
[image: Figure 7]FIGURE 7 | Detailed CK2β functional and structural domains. (A) Clustering of mutation sites in structural and functional key elements of the CK2β dimer. The mutated residue side chains are shown as sticks and are coloured according to the different elements as described in the figure. Mutation sites residing outside of the highlighted elements are shown in raspberry red. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. Parts of chain A of the CK2β1-193 dimer, which are not belonging to the highlighted elements, are drawn in light cyan and the dimerization domain is drawn in light pink. Analogously, parts of chain B are drawn in dark cyan and the dimerization domain is drawn in raspberry red. The acidic loops were not defined by electron density and are therefore indicated as dashed lines. (B) Mutation sites in the N-terminal region forming a conserved surface exposed cluster. The structure of the CK2β1-193 dimer (PDB_ID: 3EED (Raaf et al., 2008)) is drawn in light cyan and the structures of the CK2β and CK2α subunit assembled in the CK2 holoenzyme (PDB_ID: 4DGL (Lolli et al., 2012)) are drawn in grey. The CK2β mutation sites Asp32, Phe34, Asn35 and Arg86 are drawn as sticks, as well as CK2α residues, which are located near the CK2β mutation sites in the assembled CK2 holoenzyme. The distance between CK2β Asp32 and CK2α Lys49 is shown as a purple dashed line to illustrate that the distance is too far to establish a close contact via a salt bridge. (C) Conserved surface clusters as described by Chantalat (Chantalat et al., 1999). The first conserved surface exposed cluster is composed of Asp32, Phe34, Asn35 and Arg86 (drawn in blue). The second surface cluster is composed of: Ile10, Glu20, Phe21, Phe22, Cys23, Glu24, Lys100, Asp105, Gly107, Pro110, Tyr144, Pro146, Lys147 and Ser148 (drawn in orange). The side chains of residues Ile10, Cys23, Phe21, Phe22, Pro146 and Tyr144 point into the inside of the protein. The mutation site Phe21 is highlighted. (D) Environment of the Chantalat’s cluster 2 mutation site Phe21. Phe21 and His151 are interacting through π-π stacking. The other His-residues of the of the karyophilic cluster (residues 147–153) as well as Pro121 and the mutation site Phe106 are highlighted. (E) Mutation site Glu77 residing in the helix αD of the e acidic groove. Further acidic residues are shown as sticks. The acidic loop is indicated as a red dashed line. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. (D) Mutation sites in the dimerization domain of the CK2β1-193 dimer (PDB_ID: 3EED (Raaf et al., 2008)). The dimerization domain of CK2β1-193 chain A is drawn in light pink and the dimerization domain of CK2β1-193 chain B is drawn in raspberry red respectively. The mutation sites Phe106, Arg111 and Cys137, as well as the remaining Cys residues of the zinc binding motif and Asp142, which is involved in an inter-subunit salt bridge with Arg111 of the other CK2β chain are shown as sticks. Zinc ions are drawn as spheres and the interactions between Zn2+ and the coordinating Cys residues are indicated as purple dashed lines. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. (E) Mutation sites located inside of CK2β and the contact area to the CK2β chain A body and the CK2β chain B C-terminal tail/hairpin loop. The mutation sites Met97, Phe106, Cys137 and His165 are buried inside of CK2β chain A and are shown as sticks as well as the mutation site Leu187 of the C-terminal hairpin loop of chain B. Further residues of the hydrophobic cluster such as Met141, Val143, Tyr136 and Phe168 of CK2β chain A and Phe183, Pro185 and Ile192 residing in CK2β chain A are shown as sticks, The Cys residues coordinating the Zn2+ ion in chain A are shown as sticks as well. The CK2β1-193 structure (PDB_ID: 3EED (Raaf et al., 2008)) was used for the figure. (F) Mutation sites Leu187 and Gly189 are residing in the subunit interaction interface of CK2β. Critical residues for the subunit interaction of the C-terminal hairpin loop (coloured wheat) of CK2β chain A (Tyr188 and Phe190) and the helix αF (coloured green) of CK2β chain B (Met166 and Met169) surface are shown as sticks the CK2α (Leu41 and Phe54, pale cyan). The N-terminal region of CK2α subunit in the assembled CK2 holoenzyme is shown in grey and residues important for the subunit interaction (Leu41 and Phe54) are shown as sticks. The CK2 holoenzyme structure (PDB_ID: 4DGL (Lolli et al., 2012)) was used for the figure.
The second cluster of conserved surface residues is a helical groove wrapping around the dimer, containing identical residues in 6 species: residues Ile10, Glu20, Phe21, Phe22, Cys23, Glu24, Lys100, Asp105, Gly107, and Pro110 in chain A, and Tyr144, Pro146, Lys147, and Ser148 in chain B of the CK2β dimer (Chantalat et al., 1999) (Figure 7C; Supplementary Figure S2). However, the side chains of residues Ile10, Phe21, Phe22, Cys23, Pro146 and Tyr144 point to the inside of the protein according to their hydrophobic nature. Two of the residues of this groove are reportedly linked to POBINDS: residues 20 (Glu20Ter) and 21 (Phe21Leu). Although the hydrophobic character is retained by the exchange of Phe21 with Leu, the aromatic stacking with His151 can no longer be established Interestingly, His151 is one of the three His residues of the karyophilic cluster (147KSSRHHH153) proposed to serve as a nuclear localization signal (NLS) (Filhol et al., 2003). Residues adjacent to the ones in this second cluster (Met97Ile, Phe106Val, and Arg111Pro) were found mutated in POBINDS, which may affect the cluster’s structure.
Missense mutations in the acidic stretch
CK2β is characterized by an acidic stretch consisting of an acidic loop (Asp55 - Asp70) and an extended acidic groove with residues from helices αA, αC and the N-terminus of helix αD (Chantalat et al., 1999). It is noteworthy that the acidic loop plays a role in the modulation of CK2 activity. It was shown that mutation of residues 55-57 to alanine results in the neutralization of the acidic loop, and hyperactivates CK2 in vitro (Boldyreff et al., 1993). Furthermore, the crystal structure of the CK2 holoenzyme showed that crystal contacts between neighbouring CK2 heterotetramers are mediated by the CK2β acidic loop that binds to the positively charged substrate binding region of CK2α (Niefind and Issinger 2005). Among the residues located in helix αD is Glu77 (Figure 7E), which is mutated to Lys in CK2β-related neurodevelopmental disability (Ernst et al., 2021). The replacement with positively charged Lys changes the electrostatics of the acidic stretch and could alter the interactions with other proteins as well as it might affect the formation of oligomeric forms of the CK2 holoenzyme.
Missense mutations in the zinc-binding and CK2β dimerization domain
Many mutations in POBINDS patients occur in CK2β’s dimerization region (Figure 7F). Cys137 is one of the four cysteines in CK2β’s zinc finger/dimerization motif (Cys109, Cys114, Cys137 and Cys140). Three different POBINDS-associated mutations at position 137 have been reported (Cys137Arg/Gly/Phe). Lys139 has been proposed as a ubiquitination site as it is an exposed residue (Zhang et al., 2002; French et al., 2007), and we hypothesize that the ubiquitination may serve as a signal to degrade non-dimerized CK2β proteins. Mutation of Cys109 and Cys114 to Ser disrupted CK2β dimerization and CK2 holoenzyme formation in vitro and in vivo in previous studies (Canton et al., 2001). Arg111 is involved in an inter-subunit salt bridge with Asp142 of the other CK2β chain (Niefind et al., 2001). In addition to the loss of the salt bridge, the Arg111Pro (Li et al., 2019) mutation may lead to a structural rearrangement incompatible with zinc complexation. His165 is a part of the hydrophobic cluster in the dimerization interface (Niefind et al., 2001) (see Figure 7G). Exchange to Arg may induce steric clashes. The neighbouring residue Pro164 resides at the beginning of helix αF and has the function of a helix breaker. The exchange of Pro164 with Arg interferes with function and leads to steric clashes (see Figure 7G).
Missense and frameshift mutations in the C-terminal segment (residues: 179-215) and CK2α interaction site
POBINDS-related mutations were found also in the C-terminal region of CK2β harbouring the CK2α interaction site (see Figure 7H). Leu187 and Gly189 are important for CK2α binding and were included in a CK2β-derived cyclic peptide mimicking the highly conserved CK2β hairpin loop essential for binding of CK2α (Laudet et al., 2007). A Gly residue at this position is essential for the close contacts of the hairpin structure, therefore, Leu187/Arg or Pro and Gly189 Val are very likely to disturb the CK2α/CK2β interaction. In this segment, Arg186 is found methylated and Lys191 ubiquitinated, suggesting that mutations in neighbouring residues may affect these two posttranslational modifications (Phosphosite Plus) (Hornbeck et al., 2012).
The Pro179Tyrfs*49 mutation leads to an altered CK2β mutant with a prolonged C-terminus which in co-IP experiments lacks the ability to bind CK2α (Nakashima et al., 2019). Similarly, other frameshift variants with altered sequence of the C-terminal hairpin loop are lacking the main determinant for the subunit interaction and, consequently, may not be able to interact with CK2α.
Truncating mutations
The majority of the reported truncating mutations should affect the global fold of CK2β and its dimerization. Exceptions to this are truncating mutations in the C-terminal region. The crystal structure of the C-terminal deletion mutant CK2β1-182 showed that the global fold of the protein remains intact (Chantalat et al., 1999). All C-terminal deletion variants with complete loss of C-terminal hairpin loop (main determinant for CK2α interaction) may not interact with CK2α.
CONCLUDING REMARKS
We collected these data on CSNK2A1 and CSNK2B variants with the aim to provide a consolidated resource on CSNK2A1 and CSNK2B variants, and analyzed all the mutants using diverse methods to provide integrated information on their potential functional effects that can be used to inform researchers of OCNDS and POBINDS syndromes. We analysed both syndromes together, as the proteins encoded, CK2α and CK2β, can form a functional unit in the cell (protein kinase CK2). We acknowledge that there may be other variants yet to be identified that could modify some of the discussion and conclusions in this study.
Our study has opened additional research questions, including addressing the genetic mechanisms leading to hotspots in CSNK2A1 SNVs. The ratio of #mutations/#residues could serve to prioritize domains/mutations to study experimentally (e.g., Gly-rich loop in CK2α). Our study indicates that NMC analysis can be used to identify potential novel functional domains in the primary sequence of NDD-associated genes (e.g., N-terminal sequences in CK2α). Our approach in this study, combining NMC analyses with structural analysis (i.e., residues exposed or forming clusters) and evolutionary analyses (highly conserved residues), results in a more solid identification of novel domains that should be further studied experimentally.
A number of key residues involved in substrate recognition are found mutated majorly to a specific amino acid (e.g., Lys198Arg, Arg80His, His160Arg, Arg47Gln and Tyr50Cys). It is possible that mutations in these codons that lead to other amino acids result in embryonic lethality, and thus are not identified in patients. For example, for Lys198 and Arg80 the other potential mutations in the codon are less conservative. It is conceivable that the exchange of these residues involved in substrate recognition to a less conserved residue may result in a defect other than reduced CK2α activity. This hypothesis is supported by the fact that several mutations that strongly interfere with CK2 kinase activity (Dominguez et al., 2021) are present in patients.
For the mutations identified, potential mechanisms of action include: 1) change of substrate specificity but still a strong overlap with canonical CK2 substrates leading to phosphorylation of non-canonical substrates, as is likely the case for Lys198Arg as supported by the literature (Caefer et al., 2022; Werner et al., 2022); 2) change in substrate specificity with no overlap to CK2 canonical substrates (e.g., Lys198 exchange to Thr, Gln, Glu Asn, Ile) which we hypothesize is deleterious as proteins will be phosphorylated in an unregulated way; 3) interference with substrate phosphorylation; 4) the global fold of CK2α is disrupted whenever the amino acid is involved in stabilizing part of the architecture (e.g., Arg312 mutations). We do not expect a loss on the ability to bind substrates, as substrate recognition is not determined by one single residue.
Regarding the correlation of experimental to prediction data for CK2α, we found ranges in the numerical scores from some prediction programs that relate to the mutants with the lowest activity in kinase assays, with the most altered N/C distribution, and with the lowest expression levels. Future work should experimentally address the stability of the mutant proteins. Mutant stability will have implications for treatment; mutants that are destabilizing and degrade rapidly may lead to haploinsufficient phenotypes.
This study utilized prediction programs that analyze missense mutants. Nonsense, frameshift and splice variants that are also found in CK2α and CK2β are typically deemed as de facto loss-of-function. Determining the impact of these types of mutants is complex as the prediction programs are still under development (Abrahams et al., 2021; Lord and Baralle 2021). For CK2α and CK2β, it will be key to develop predictions programs that include computing of more complex characteristics that can be affected by changes in the primary structure (e.g., binding to each other or other proteins, post-translational modifications, subcellular localization or the formation of oligomeric forms that inhibit activity (Glover 1986; Valero et al., 1995; Borgo et al., 2021; Roffey and Litchfield 2021). The NMC analysis assumes that each residue has an independent and equal likelihood of mutation (i.e., homogeneous mutation probability across all base positions), and calculates the probability that mutations (or clusters of mutations) are non-random. Both population and gene characteristics can affect site mutability. Published studies estimate the genome-wide average mutation rate at ∼1–1.5 × 10−8 mutations per base pair per generation (Carlson et al., 2018), and that de novo missense mutations in patients with neurodevelopmental diseases are not randomly distributed, and cluster in fewer genes compared to controls (The Deciphering Developmental Disorders Study 2015). A potential explanation is that for mutations associated with neurodevelopmental disease, embryonic lethality will impact on the variants that are found in patients. This will result in a non-homogeneous distribution of patient mutations.
Genotype data for many of the patients included in this study is absent or partial. However, Wu et al. indicate that mutations in protein-coding CK2α regions appear to influence the phenotypic spectrum of OCNDS. In particular mutations residing in the Gly-rich loop were more likely to cause the widest range of phenotypes (Wu et al., 2021). For POBINDS, Bonanni et al. very recently reviewed the available literature, where they correlate the neurodevelopmental abnormalities to epilepsy severity and highlight the heterogeneity of the clinical phenotypes that have been associated with the CSNK2B gene (Bonanni et al., 2021). A recent article has reviewed both diseases (Ballardin et al., 2022). Broader phenotype-genotype correlation data will help us understand the severity of the diseases and may lead to a specific differential diagnosis to clearly identify OCNDS and POBINDS patients. These types of correlations will help us understand other diseases were these genes are mutated or functionally affected (Castello et al., 2017; Colavito et al., 2018).
Further experimental data is necessary to determine the impact (if any) of each identified mutation in protein structure and biochemistry, subcellular localization and molecular mechanism of disease in embryonic development and in adulthood, which will lead to insights to the severity and nature of reported symptoms. CSNK2A1 and CSNK2B variants could lead to mutants with reduced or increased activity, or dominant negative or gain of function effects. Defining these effects will help indicate therapeutic approach strategies that may be needed.
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(A) OGD, compared to control. (B) OGD + CK2 inhibition with CX-4945, compared to OGD., Welch's t-test. Negative sign indicates decrease. [Modified from (Baltan et al,, 2021)].
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Substrate/Uniprot ID

CLIC1_HUMAN
ARC1B_HUMAN
ANXA2_HUMAN
GRP78_HUMAN
PDIA4_HUMAN
KAP2_HUMAN
1433T_HUMAN
14338_HUMAN
MDHC_HUMAN
BAT2_HUMAN
TERA_HUMAN
1433G_HUMAN
1433Z_HUMAN
LGUL_HUMAN
1433F_HUMAN
C1QBP_HUMAN
RCN2_HUMAN
SEPT9_HUMAN
UTP18_HUMAN

Uniprot

000299
015143
PO7355
P11021
P13667
P13861
P27348
P31946
P40925
P48634
P55072
P61981
P63104
Q04760
Q4917
Qo7021
Q14257
QOUHD8
QOY5J1

huCK1 paralog

CKle
CKid
CK1dle/g1/g2/g3
CKidig2

CKidle

CK1d/g2

CKidle

CK1d
CK1dig1/g2/g3
CK1d/gt

CKle

CK1d/e
CK1d/e/g1/g2/g3
CK1d/g3
CKle/g2
CK1d/e/gl/g3
CKid/e/gt
CK1d/e

CKid

Phosphoryated by huCK1s
and L-CK1.2

S221

8311
S12/5184
s311

5468

$80

T30

T32
T321/8332
$1092
837

T31
$28/T30
s114

T31

205

T187

s247
$121/5124/8210

Protein description

Chioride intracellular channel protein 1
Actin-related protein 2/3 complex subunit 18
Annexin A2

78 kDa glucose-reguiated protein

Protein disulfide-isomerase Ad
GAMP-dependent protein kinase type II-alpha regulatory subunit
14-3-3 protein theta

14-3-3 protein beta/alpha

Malate dehydrogenase, cytoplasmic

Large proline-rich protein BAT2

Transitional endoplasmic reticulum ATPase
14-3-3 protein gamma

14-3-3 protein zeta/delta

Lactoylglutathione lyase

14-3-3 protein eta

Complement component 1 Q subcomponent -binding protein, mitochondrial

Reticulocalbin-2
Septin-9
U3 small nucleolar RNA-associated protein 18 homolog
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Inhibitor name and structure

CK1 inhibitors

N

= NH,
L

C
SN
o

H—CI
PF-4800567

Biological activity

- heterocyclic, central nervous system (CNS)-penetrating, and
ATP-competitive inhibitors of CK18 (ICs, values of 23 nM and
47 nM)

- selective over a 456 kinases panel
- decrease of TDP-43 phosphorylation in cell culture assays

- able to prolongate the Drosophila lifespan by inhibition of
TDP-43 neurotoxicity

- IGS-2.7 possesses protective activity on dopaminergic neurons
induced by 6-hydroxy dopamine (6-OHDA) and reduces the
lipopolysaccharide inflammatory activation in primary cell
cultures of astrocytes and microglia

- effect on cell proliferation, TDP-43 phosphorylation, and
subcellular localization

- effect on TDP-43 dependent repression of CDK6 expression

- progranulin-deficient cells treated with 5 pM IGS-2.7 led to a
potent inhibition of TDP-43 phosphorylation and normalization
of the abnormal cytosolic TDP-43 accumulation

- expression of CDK6 mRNA and the amount of TDP-43 was
decreased by I1GS-2.7

- IGS-2.7 prevented cytosolic TDP-43 accumulation in a human
neuroblastoma SH-SY5Y cell model through CK18 inhibition

- able to reduce TDP-43 phosphorylation in human cells derived
from FTD and ALS patients

- 1GS-2.7 is active in a TDP-43 transgenic mouse (A315T) model
and in a human cell-based model of ALS

- selective ATP-competitive CKle inhibitor

- higher inhibitory activity towards CKle than towards CK19
with ICs values of 32 and 711 nM as well as ICs, values of
2.65 and 20.38 yM in whole cells, respectively

- blocks period protein 3 (PER3) nuclear localization mediated
by CKle (0.01-10 uM) and suppresses PER2 degradation at uM
- rapid absorption and distribution in the plasma and brain of
mice

- extension of the period for single phases of the molecular
clockwork, especially the duration of PER2-mediated
transcriptional feedback

References

Alquezar et al. (2016); Martinez-Gonzalez et al. (2020);

Morales-Garcia et al. (2017); Posa et al. (2019); Salado et al.

(2014)

Meng et al. (2010); Walton et al. (2009)

PF-670462

PF-5006739

- effective and selective inhibitor of CKle and CK18 (ICsq values
of 7.7 nM and 14 nM, respectively)

- influence on the localization of the GFP signal back to the
cytoplasm dependent on the inhibitor concentration, with an
ECs of 290+39 nM in CKle-transfected COS7 cells

- a potent inhibitor of the Wnt/f-catenin signaling pathway with
an 1Cs of ~17 nM

- weak inhibition of cell proliferation and only moderately
inhibition of HEK293 and HT1080 cell growth (1 uM)

- potential to repeal hippocampal proteomic changes in several
AD-related and clock-regulated pathways, e.g., synaptic
plasticity and APP cleavage

- able to reverse effects of working memory deficits and lead to
the improvement of disturbances in behavioral circadian rhythm
- inhibition of CK16/e increases the cognitive-affective behavior
and inhibits the amyloid amount in the APP-PS1 mouse model
of AD

- possesses strong and selective potency against CK16 and CKle
in enzymatic assays (3.9 nM and 17 nM, respectively) and in
whole-cell screening (ECso = 15.2 and 83 nM, respectively)

- in a panel of 59 kinases, only JNK2 and MAP4K6 are inhibited
at a concentration of 1 uM with ICs, values of 6.1 and 1.5 uM,
respectively

- used in the treatment of several psychiatric disorders

- lowers theeffect on opioid drug-seeking behavior in a rodent operant
reinstatement animal model dependent on the inhibitor dose

- daily treatment of diet-induced obese and ob/ob mice increase
expression of clock genes and improved the glucose tolerance

Adler et al. (2019); Badura et al. (2007); Cheong et al. (2011);

Sundaram et al. (2019)

Cunningham et al. (2016); Wager et al. (2014)

F

- effective ATP-competitive CK1 inhibitor (ICs, values of 44 nM
for CK16 and 260 nM for CKlg)

- ECs, value below 100 nM estimated in a MTT assay against
human melanoma cell line A375

- a binding assay analysis of 442 kinases showed that only CK16
and CKle are strongly inhibited

- reduction of the activities of CDK6/cyclin D3, CDK6/cyclin
D1, CDK4/cyclin D3, CDK4/cyclin D1, and FLT3 (ICs values
between 368 and 3,000 nM)

- decrease of TPA-induced skin tumor formation in carcinogen-
initiated mouse skin cells, most likely by the inhibition of the
Wnt/B-catenin signaling

- selective, cell-permeable, ATP-site-targeting inhibitor

(ICs values of 290 nM, 1.3 uM and 2.5 uM for CK19, ¢, and
a, respectively)

- inhibition of PER1 phosphorylation by CK16 and its
degradation

- able to prolongate the circadian period in U20S cells, but only
minimally effects the amplitude

Bibian et al. (2013); Su et al. (2018)

Lee et al. (2011)

NH, O
Amino-antraquinone 2

- effective, reversible, and weakly specific ATP-competitive inhibitor of
CK16 and AIK5 with IGsg values of 0.3 and 0.5 pM, respectively

- modest inhibitory activity against other kinases, including
p38a MAP kinase, PKB, SGK, and GSK-3p

- potently kills leukemia stem cells (LSCs) with high selectivity
when compared to normal HSPCs

- CKla inhibition causes a decrease of ribosomal protein

S6 phosphorylation and activates p53 resulting in the selective
removal of leukemia cells

- inhibition or down-regulation of CKla, efficiently reduced
glioblastoma multiforme (GBM) cell proliferation in both
Tp53 wild-type and Tp53-mutant GBM cells

- significant reduction of AB40 peptide production in N2A cells
expressing APP-695

- effect towards y-secretase cleavage activity in mammalian cells
transfected with the C-terminal fragment of APP

- compound 1: ATP-competitive and isoform CK16 seletive
inhibitor (K; = 125 nM)

- compound 2: inhibitory activity against CK18 (ICso = 0.6 uM)
- cytotoxicity of compound 1 on human ovarian carcinoma cell
line 2008 (ICso = 14.4 uM) and on its cisplatin-resistant clone
C13 (ICso = 87.9 uM)

- cytotoxicity of compound 2 on human ovarian carcinoma cell
line 2008 (ICsy = 122.4 uM) and on its cisplatin-resistant clone
C13 ( ICsy = 8.0 uM)

Flajolet et al. (2007); Jaras et al. (2014); Liu et al. (2021); Rena

et al. (2004)

Cozza et al. (2008)

Bischof-5

cl NH

Bischof-6

F

F><

o F

Hh}\@
=N

= NH NH

o N

Compound 1
|
[o] = /0
| HN

HC

Compound 2

- highly effective ATP-competitive inhibitor of CK18 (ICs,
CK168=4 nM, IC5, CK1e=25 nM)

- highly selective towards CK18 when tested against more than
321 protein kinases

- high efficiency against p38a MAPK with an ICs, value three-
fold higher compared to CK16

- inhibitory effect on human pancreatic cancer cell lines
Colo357 and Panc89 (ECs, of 3.5 and 1.5 puM, respectively)

- potent ATP-competitive and specific inhibitors of CK18 (ICso
values of 40 and 42 nM, respectively)

- Bischof-5 exhibits a 5-fold higher affinity towards CK16 than
to CKle (IC50=199 nM)

- Bischof-6 inhibits both isoforms in similar range (IC5p=33 nM
for CKle)

- Bischof-5 is highly potent and selective towards CK18 in a
panel of 442 kinases

- Bischof 5 and 6 negatively influence the proliferation of several
tumor cell lines

- potent ATP-competitive and selective CK18/e inhibitors (ICs
values of 0.07-0.81 puM and 0.13-1.36 pM)

- inhibition of growth analysed by cell viability assays and cell
cycle distribution on 82 different tumor cell lines

Halekotte et al. (2017)

Bischof et al. (2012)

Richter et al. (2014)

.Hac
X °C
KINHJA}\N/

z

-
N~

? Z

BTX-A51

- ATP-competitive and CKI specific

- specifically inhibits CK18 when compared to 320 other kinases
(ICs values of 0.317 and 4 pM for CK18 and CKlze, respectively
- inhibition of the gatekeeper mutant™**"CK18 (ICs, = 40 nM)
- inhibition of the viability of various cancer cell lines

- multi-kinase inhibitor (ICs, values between 0.5 and 20 nM for
CK1 isoforms, CDK7, and CDK9)

- specifically blocks leukemic stem cell target CKla as well as
CDK7 and CDK9 preventing transcription of key oncogenic
genes.

- activation of p53 and its sustained stabilization by a super-
enhancer shutdown of Mdm2 in combination with the
transcriptional shutdown of leukemia oncogenes, including Myc
and Mcll

Garcia-Reyes et al. (2018)

Ball et al. (2020)

HaC CHy
OH
Compound 1h

Lamellarin 6

- highly selective and CK1 isoform-specific (ICso = 14 nM for
CKly)

- excellent selectivity over other CK1 isoforms, like CK1a (ICso =
9.18 uM) and CK18 (ICs = 2.32 uM)

- no inhibitory activity against 48 kinases including GSK3p
(ICsp = 60 uM)

- stable in the rat and human microsomes and show good effects
on cells and modest pharmacokinetic properties in rats

- inhibitory activity against CK18 and CKle (ICs, values of
0.41 and 0.8 uM, respectively)

- inhibition of other kinases (CDKs, DYRK1A, GSK3a/p, and
PIM1) with ICs, values from 0.06-0.6 uM

- inhibition of cell survival of human neuroblastoma SH-SY5Y
cells (ICs, values of 0.56 and 0.11 pM for lamellarin 3 and 6,
respectively)

Hua et al. (2012)

Baunbzk et al. (2008); Iwao et al. (2011)

Hymenialdisine

TTBK1/2 inhibitors

- inhibitory activity in nanomolar range against few AD-related
protein kinases, e.g., CK19, GSK3p, and CDK5/p25 (ICs, values
of 35, 10, and 28 nM, respectively)

- numerous kinases were inhibited only in the micromolar range,
e.g., Aurora-A, Herl/2, IKKa, PKA, and PKB

- CK1 dose-dependent inhibition of presenilin-2
phosphorylation using presenilin-2-maltose-binding protein

- debromohymenialdisine inhibits the activities of diverse
protein kinases including CK18, CDK5/p25, and GSK3p (ICso
values of 0.1-0.4 uM

Meijer et al. (2000); Plisson et al. (2014); Wan et al. (2004);

Zhang et al. (2012)

TTBK1-IN-1

- potent and selective ATP-competitive inhibitors (ICso values of ~ Xue et al. (2013); Kiefer et al. (2014); Palomo et al. (2020)

4.4 uM and 6.8 uM (AZ-1), 2.6 uM and 3.2 uM (AZ-2) for
TTBK1 and TTBK2, respectively)

- neuroprotective profile on phospho-TDP-43 induced cell death
in cellular human neuroblastoma models

- potent, selective and brain-penetrant TTBKI inhibitor (ICsy =
2.7 nM)

- in in vivo selectivity study with a panel of 150 kinases only
4 kinases (including TTBK1/2) are inhibited more than 50%

- dose-dependent inhibition of tau phosphorylation levels at
Ser422 (ICsg of ~9.5 nM) in isoflurane-induced hypothermia
mice model

- reduction of TDP-43 phosphorylation and formation of high
molecular species in N2a cells

Dillon et al. (2020); Halkina et al. (2021); Tian et al. (2021)

. NH,
N%
N
<\f/< — = CHy
N
N/\\ N Ho
HaC

Compound 8

Compound 31

- potent, selective and brain penetrant inhibitors of TTBK1 (ICsq
of 60 nM (compound 8) and 2.7 nM (compound 31))

- compound 31 inhibits tau phosphorylation at $422 in mouse
hypothermia and a rat developmental model (ICs, of 315 nM)

Halkina et al. (2021)

Cl

- cell-permeable, ATP-competitive TTBK1/2 inhibitor (ICs,
values of 0.24 uM and 4.2 uM for TTBK1 and TTBK2,
respectively)

- inhibition of TDP-43 phosphorylation in vitro and in vivo, in
cell cultures and in the spinal cord of transgenic TDP-43 mice

Nozal et al., (2022)

- possesses good CNS penetrating properties and potent
antioxidant and anti-inflammatory activities

- inhibition of LPS-induced NF-kB translocation and expression
of iNOS and COX-2 blocking MAP kinase and Erk signaling
pathways

Jana and Singh, (2020); Wang et al. (2016)

AMG-28

CK2 inhibitors

- inhibition of TTBK1 and TTBK2 (1 pM) with remaining
activity of 8% and 12% (MRC Kinase Profiling Inhibitor
Database)

- inhibition of tau phosphorylation at $422 in a biochemical and
cellular assay with ICs, values of 199 nM and 1.85 uM,
respectively

- new analogs are more potent inhibitors of TTBK2 than TTBK1
- assayed in NanoBRET test in permeabilized HEK293 cells and
compound 9 shows ICs values of 2.5 and 1.8 pM for TTBK1 and
TTBK2, respectively

- in an enzymatic test derivative 9 possesses inhibitory activity
(ICs values between 150 and 400 nM)

- derivative 9 shows highest kinome-wide selectivity towards the
TTBK activities

Potjewyd et al. (2022)

Br
TBB

- cell-permeable, highly selective, and ATP/GTP-competitive
inhibitor of CK2 (ICs, values of 0.9 and 1.6 pM for rat liver and
human recombinant CK2, respectively)

- discrimination between CK2 subunits (K; values ranging from
80 nM to 210 nM)

- strong inhibition of several other kinases (DYRK1-3, HIPK2,
and PIM1-3) at a concentration of 10 uM

- effect on human prostate cancer PC-3 cell viability is
dependent on the time of administration

- inhibition of okadaic acid-induced monomeric and oligomeric
phospho-tau in both, N2a and CTX culture

- prevention of I,""**

animal models

phosphorylation at Ser9 in neurons and

Pagano et al. (2008); Sarno et al. (2001); Szyszka et al. (1995);

Yadikar et al. (2020); Zhang et al. (2018)

Br N CH,

B NH  CH,

DMAT

OH

Simitasertib (CX4945)

HC

- ATP-competitive CK2 inhibitor (ICso = 130 nM)

- inhibition of PIM1-3, HIPK2-3, DYRK1-3, PKD1, and CDK2
(ICso values between 0.07-3.7 pM)

- possesses anti-neoplastic effect on the growth and hormonal
activity of human adrenocortical carcinoma cell line (H295R)
in vitro

- able to induce cell death in antiestrogen-resistant human breast
cancer cells

- inhibition of TDP-43 phosphorylation which is necessary for
the decrease of the ND251 or ND207 aggregation

- orally bioavailable, highly selective, and potent CK2 inhibitor
(ICso value of 13 nM against CK2a and CK2a’)

- in cancer cells, causes cell-cycle arrest and selectively induces
apoptosis when compared to normal cells.

- correlation between the antiproliferative activity and the
expression of CK2a as well as inhibition of the PI3K/Akt
signaling

- synergistic effects on cell death in combination with other
inhibitors

- synergistic cytotoxic effects of bortezomib (20S proteasome
inhibitor with K; of 0.6 nM) and CX-4945 in acute lymphoblastic
leukemia resulting in turning off the prosurvival ER chaperone
BIP/Grp78 and turning on the pro-apoptotic NF-«xB

- dose-dependent inhibition of the IL-1B/TNF-a induced
secretion of the inflammatory cytokines MCP-1 and IL-6 in
human primary astrocytes and U373 astrocytoma cells

- strong inhibition of CLK activity

- inhibition of CDC2-like kinases in nanomolar range leading to
the inhibition of the phosphorylation of serine/arginine-rich
proteins in mammalian cells

- induction of abnormal alternative splicing of CK2a' pre-
mRNA

- orphan drug status by the US FDA for therapy of hard-to-treat
bile duct cancers, known as cholangiocarcinomas

- first described orally bioavailable CK2 inhibitor that advanced
into clinical trials

- inhibition of CK2 with a K; of 40 nM

- high selectivity towards CK2 confirmed using serine/threonine
(ASK1, JNK3, Aurora A, and Rock 1) and tyrosine protein
kinases (FGFR1, Met, and Tie2)

- inhibition of CK2 decreases taspasel-dependent

MLLLI processing leading to higher MLLI stability, and finally
displace the MLL chimeras from chromatin

- suppression of CK2 retard the leukemic progression in a MLL-
AF9 leukemia mouse model

Li et al. (2011); Lawnicka et al. (2010); Pagano et al. (2008)

Yde et al. (2007)

Buontempo et al. (2016); Chon et al. (2015); Cozza et al.
(2012); Lee et al. (2019); Kim et al. (2014); Pierre et al. (2011)
Rosenberger et al. (2016); Siddiqui-Jain et al. (2010);

Golub et al. (2011); Zhao et al. (2018)
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- potent inhibitor of CK2 with activity on both isoforms, CK2a
and CK2a’ (ICs, values of 4.2 nM and 2.3 nM, respectively)

- inhibition of DYRK2 (ICs, of 440 nM)

- potent suppression of CK2-mediated neuroinflammatory
response inhibiting the expression of the proinflammatory
cytokines IL-6 and IL-1p

- potent and selective inhibitor of CK2 (ICs, of 7 nM) and minor
effects on CK18 and CKla activities

- inhibition of PIM2 (ICs, of 13 nM)

- inhibition of the phosphorylation of clock proteins, including
PER2

- cell type-dependent inhibition of cancer cell growth that
correlated with cellular clock function

- in vitro potency and selectivity comparable to CX4945

- potent and selective dual inhibitor of CK2 and serine-arginine
protein kinase 1 (SRPK1)

- activity in mouse model of age-related macular degeneration
due to the involvement of SRPK1 in angiogenesis and CK2 in
neovascularization

Wells et al. (2021); Mishra et al. (2022)

Borgo et al. (2021b); Oshima et al. (2019)

Dalle Vedove et al. (2020); Morooka et al. (2015)

Luteolin

Quercetin

- the most potent SRPIN803-rev derivative (IC5, = 0.28 uM)
- significant selectivity when tested on 320 kinases (inhibits only
CK2 catalytic subunits by more than 50% at 1 uM
concentration)

- good cell permeability, inhibiting endocellularly CK2

- significant reduction of Jurkat and CEM cells viability

- antioxidant, anti-cancer, and anti-inflammatory activities

- ATP-competitive inhibition of CK1 (ICso = 1.6 uM)

- inhibition of CK2 holoenzyme and CK2a (ICs, 0.5 and
0.35 uM, respectively)

- prevention of NDDs by reducing oxidative stress,
inflammation, and AP production

- protection against lipopolysaccharide-induced lethal toxicity
and a reduction of the expression of pro-inflammatory

intermediate in mice (0.2 mg/kg)
- reduction of 6-hydroxy-dopamine-derived toxicity leading to

neuroprotection in rat pheochromocytoma PC12 cells
(3.13-50 M)

- neuroprotective effects on stroke patients undergoing
neurorehabilitation as a component of a co-ultramicronized
composite (140 mg/day for 60 days) and palmitoylethanolamine

- improvement of brain insulin resistance as well as
inflammation protecting against the development of AD and the
gut microbiota-liver-brain axis

- antioxidant and anti-inflammatory activities

- potent inhibition of all CK2 isoforms with ICs, values below
1 uM

- affects ROS-producing enzymes and protects neurons from
oxidative stress-induced damage

- potential up- and/or down-regulation of cytokines via Nrf2,
ERK1/2, PI3K/Akt, JNK, MAPK pathways

- Improvement of cognitive performance and cognitive
functions in patients with neurological diseases or
neurobehavioral disorders

- inhibition of AP production in vitro and protection against
cognitive impairments in a mouse model

- inhibition with ICs, values in low nanomolar range

- administration alleviates the damage caused by cerebral
ischemia and reperfusion in MCAO model rats

- administration reduces the area of brain infarction and relief of
neurobehavioral deficits

- inhibition of the production of pro-inflammatory cytokines,
- reduction of neuronal apoptosis and promotion of nerve

Dalle Vedove et al. (2020)

Caltagirone et al. (2015); Daily et al. (2021); Guo et al. (2013);
Kang et al. (2004); Kotanidou et al. (2002); Kwon, (2017); Lolli
et al. (2012); Lopez-Lazaro, (2009); Rezai-Zadeh et al. (2009);

Sharma et al. (2007)

Baier et al. (2018); Nakagawa and Ohta, (2019); Selvakumar

et al. (2012); Zaplatic et al. (2019)

Baier et al. (2017); Shao et al. (2021)

Chrysoeriol growth
- neuroprotective mechanism is strongly linked to the activation
of the Wnt/B-catenin signaling pathway
- potent, selective, ATP-competitive, and cell-permeable Cozza et al. (2009); Cozza et al. 2015; Schwind et al. (2017)

0\ inhibitor of CK2 ( K; = 50 nM) Zhou et al. (2015)
HO OH - able to discriminate between the free catalytic subunits and the
— CK2 holoenzymes
AR o8 - downregulation of transcription factors and modulation of
9 microRNA in 3T3-L1 cells leading to inhibition of adipogenesis
o 0'1‘ - inhibition of cell viability, especially in adenocarcinoma cells
uinalizarin

Bikaverin

OH

HO

Resveratrol

Ellagic acid

harboring EGFR sensitive mutation and interruption of
migration

- stimulation of apoptosis in different human lung cancer cell
lines

- moderate ATP-directed inhibitor of the CK2 holoenzyme (ICs,
of 1.24 uM)

- reduction of cell viability and proliferation in cancer cell lines,
like MCF7, A427, and A431 (10 uM)

TTBK1/2 inhibitors

- cytotoxic and antitumor effect on L5178Y lymphoma cells
(ICsp of 0.23 pg/ml) and on BALB/c mice inoculated with
L5178Y

- capable to recover the nuclear and mitochondrial integrity in
H,0,-induced damaged cells

- antioxidant, anti-cancer, anti-inflammatory, and anti-aging
properties

- CNS penetrating molecule

- increases the activity of antioxidant enzymes

- reduction of the cell viability of human breast carcinoma cells
(MCF-7) dependent on the concentration (IC5, = 106 uM)

- inhibition of CK2 activity by 1.6-fold

- decrease of the potential of the mitochondrial membrane

- increases ROS levels by 1.7-fold

- protection of the central nervous system against symptoms of
disorders, like stroke, spinal cord injury-induced inflammation,
AD, PD, or HD

- activation of SIRT1, Nrf2, and AMP-activated kinase

- potent ATP-competitive CK2 inhibitor (ICso = 40 nM, K; =
20 nM)

- inhibitory effects towards the activity of many kinases such as
LYN, PKA, SYK, GSK3, PKC, FGR, or CK1 (ICs, values between
2.9 and 13 uM)

- normalization of the lipid metabolism and the lipidemic profile
- regulation of proinflammatory mediators, such as IL-6, IL-1p,

and TNF-a
- upregulation of Nrf2 and the inhibition NF-kB

- neuroprotection due to antioxidant properties, ability to iron
chelating, the induction of signaling pathways, and the reduction
of mitochondrial dysfunction

- neuroprotective contribution towards several neurotoxins in
numerous animal models

- neuroprotective effect in the 6-OHDA rat model of PD

(50 mg/kg/day for one week)

- neuroprotective potential by the reduction of apoptosis and

oxidative stress, and inhibition of MAO-B.

- effect on the ERB/Nrf2/HO-1 signaling cascade

- protective influence on DA neurons from rotenone-induced
neuronal damage by activating Nrf2 signaling

- induction of Nrf2 and HO-1 expression and inhibition of the
NF-kB signaling pathway

- protection of rats (6-OHDA rat model) against MTX-induced
apoptosis and mitochondrial dysfunction

- significant reduction of the volume of cerebrum infarction and
the neurological deficit scores of the rats in an experimental rat
model based on oxygen-glucose deprivation and reoxygenation
in primary cultured cortical rat neurons.

- increase of the number of Bcl-2-positive cells and the ratio of
Bcl-2-positive to Bax-positive neurons in the semidarkness zone
near the brain ischemic focus in the photothrombotic cerebral
ischemia model

- higher neuron viability, cell nuclear integrity, and a higher ratio
of Bcl-2/Bax expression in the primary cultured neuron model

- decrease of the number of apoptotic cells

Haidar et al. (2019); Nirmaladevi et al. (2014);

Hinojosa-Ventura et al. (2019)

Ahmed et al. (2017); Costa et al. (2021); Gomes et al. (2018)

>
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Farkhondeh et al. (2020); Kim et al. (2018); Komorowska et al.

(2020); Kumar et al. (2011); Turner et al. (2015); Liu et al.
(2015); Zhao et al. (2021); Maher et al. (2010); Yu et al. (2016)

Su et al. (2021); Yang et al. (2021)

5

Baluchnejadmojarad et al. (2017); Cozza et al. (2006); Dheen

et al. (2005); Ebrahimi et al. (2019); Lastres-Becker et al.
(2016); Liu et al. (2017); Rios et al. (2018); Vargas et al. (2006)

Wang et al. (1998); Wei et al. (2020)
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kinase

a-synuclein Parkinson’s disease, Alzheimer’s ~ CK1§ 87,5129 Okochi et al. (2000)
disease, Lewy Body Dementia

cK2 s129 Okochi et al. (2000); Fujiwara et al. (2002);
Ishii et al. (2007); Paleologou et al. (2008);
Waxman and Gasson, (2008); Xu et al.
(2015)

Amyloid-beta Parkinson’s disease, Alzheimer’s  CK18/e, CK2 ~ $198, 5206 Walter et al. (2000); Sundaram et al. (2019)

precursor disease

protein (APP)

B-Secretase Alzheimer's disease CK18/e 5498 Walter et al. (2000)

Tau protein Alzheimer's disease, Parkinson  CK18/e T17, $46, T50, T95, T101, T102, S113,$131, T149,  Chen G et al. (2017); Oliveira et al. (2017)
dementia syndrome, Pick disease T169, S184, S198, $208, $210, $212, $237, 5238,
of the brain 5262, T263, $285, $289, 5293, $305, $341, $352,

$356, $361, $373, $386, 5396, $404, $412, S413,
T414, $416, $433, $435
TTBK1/2 Y197, $198, $199, 5202, $205, $208, 5210, $416,  Tomizawa et al. (2001); Sato et al. (2006);
8422, T427 Oliveira et al. (2017); Taylor et al. (2018);
Tkezu et al. (2020)
cK2 T39, T52, 556, 5199, $386, 396, $400, $404, 5412, Hanger et al. (2007); Greenwood et al.
5413, $414, $416 (1994); Oliveira et al. (2017)

TDP-43 Amyotrophic lateral sclerosis ~ TTBKI1/2 $409/410 Hasegawa et al. (2008); Liachko et al. (2014);
(ALS), Frontotemporal lobar Taylor et al. (2018); Taylor et al. (2019)
degeneration

CK18, CK2  $379, $403/404, $419/410 Kametani et al. (2009); Taylor et al. (2019)

Parkin Parkinson’s disease CK1§ 101, §127, $378 Chakraborty et al. (2017); Yamamoto et al.

(2005); Rubio Rubio de la Torre et al. (2009)

Huntingtin Huntington’s disease cK2 s13, 516 Atwal et al. (2011)

Ataxin-3 Spinocerebellar ataxia 3 (SCA3) ~ CK2 340, 8352 Mueller et al. (2009)

Presenilin -2 Alzheimer’s disease CK2 §7,89 Walter et al. (1996); Sannerud et al. (2016);

Borgo et al. (2021b)
CK1 s19 Walter et al. (1996); Sannerud et al. (2016)

L Alzheimer’s disease CK2 S9 Zhang et al. (2018)
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RIS6A
LIS7A
Y188A
G189A
FI90A
KI91A
[192A
H193A

CK2a Mutations

R21Q
E27K
Y39C
Y395
GA6V
R47G
R47Q
Y50C
YSOF
Y508
SSIN
SSIR
S511
E52K
Vs3L
V73E
RSOC
RSOH
T127M
C147Y
MIS3R
D156H
DIS6E
D156Y
K158E
K158R
HI60R
N161§
N161D
[174M
D175G
D175E
G1778
LI78W
R191Q
S194F
F1971
K198R
G199D
D210N
P23IR
R312Q
R312W
$356T
P363H
P382L
D

CK2a Mutations

F21L
D32N
D32A
F34S
F34C
N35K
E77K
Y80N
R86C
M971
F106V
R111P
CI37R
C137G
CI37F
P164R
H165R
L187P
LIS7R
G189V

AAGBiInd (kcal/mol)  Solvent accessibility (in partner(s))  Solvent accessibility (in complex)

352
292
235

53.34% 0%
21.10% 0%
27.07% 2.76%

AAGBind (kcal/mol)  Solvent accessibility (in partner(s))  Solvent accessibility (in complex)

1.53
135
1.94
245
1.74
3.63
0.87
1.49
134

22.62% 1155%
43.95% 36.13%
1269% 6.99%
71.58% 46.03%
46.54% 23.84%
68.45% 3321%
61.78% 46.50%
17.13% 1436%
60.99% 37.78%

AAGBind Solvent accessibility (in partner(s)) Solvent accessibility (in complex)

(kcal/mol)

-0.01 58.20%

024 40.82%

L2 1182%

176 11.82%

0.1 3405%

1.69 69.92%

079 69.92%

07 50.25%

021 50.25%

051 50.25%

031 24.65%

027 2465%

0.01 24.65%

045 3115%

024 1459%

075 32.83%

07 1094%

036 10.94%

021 54.43%

027 0%

041 049%

0.01 1134%

038 1134%

013 1134%

038 2081%

0.06 2081%

-0.03 74.07%

0.49 242%

0.49 242%

0.42 13.26%

016 39.07%

05 39.07%

016 13.62%

-0.08 21.75%

0.01 68.75%

018 2080%

076 6.28%

02 9.30%

021 0%

025 5.04%

086 1226%

041 117%

021 117%

nd. nd. nd.

nd. nd. nd.

nd. nd. nd.

AAGBind Solvent accessibility (in Solvent

(keal/mol) partner(s)) accessibility

(in complex)

123 180% 180%

012 50.72% 48.83%

022 50.72% 48.83%

039 75.85% 5L17%

088 75.85% 5L17%

0.6 24.17% 22.36%

0.03 49.95% 49.95%

24 0% 0%

096 2891% 28.12%

037 0% 0%

142 0.45% 0.45%

056 879% 8.79%

225 0% 0%

204 0% 0%

096 0% 0%

-0.43 0% 0%

029 1.23% 123%

225 12.69% 6.99%

1.04 12.69% 6.99%

159 46.54% 23.84%
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A

CK20 Mutations | PremPS | Kinact mCSM AAG | Kinact SDM AAG | Kinact DUET AAG I-Mutant 3.0 AAG
M1? N/A N/A N/A N/A destal g
R21Q weak effect weak effect weak effect stabilizing destabilizing
E27K stabilizing weak effect weak effect stabilizing destabilizing
Y39C destabilizing | destabilizing weak effect destabilizing destabilizing
Y398 destabilizing | destabilizing destabilizing destabilizing destabilizing
G46V weak effect weak effect stabilizing stabilizing eak effect
R47G weak effect weak effect stabilizing weak effect destabilizing
R47Q weak effect weak effect weak effect stabilizing destabilizing
Y50C destabilizing | weak effect weak effect weak effect destabilizing
Y50F weak effect weak effect stabilizing weak effect weak effect
Y508 destabilizing | destabilizing weak effect weak effect destabilizing
S51N weak effect weak effect weak effect weak effect destabilizing
S51R weak effect | weak effect weak effect weak effect weak effect
S511 weak effect weak effect stabilizing stabilizing weak effect
E52K weak effect weak effect weak effect weak effect destabilizing
V53L weak effect weak effect weak effect weak effect destabilizing
V73E weak effect weak effect destabilizing weak effect destabilizing
R80C weak effect destabilizing weak effect destabilizing destabilizing
R80H destabilizing | destabilizing weak effect destabilizing destabilizing
T127T™M weak effect stabilizing stabilizing stabilizing weak effect
C147Y destabilizing | weak effect destabilizing weak effect weak effect
M153R destabilizing | destabilizing destabilizing weak effect destabilizing
D156H weak effect | weak effect weak effect weak effect weak effect
D156E weak effect | weak effect weak effect weak effect weak effect
D156Y stabilizing weak effect weak effect weak effect weak effect
K158E destabilizing | destabilizing weak effect weak effect destabilizing
K158R weak effect destabilizing stabilizing weak effect weak effect
H160R weak effect weak effect stabilizing weak effect weak effect
N161S weak effect | weak effect weak effect weak effect weak effect
N161D destabilizing | destabilizing weak effect weak effect weak effect
1174M weak effect weak effect weak effect weak effect destabilizing
D175G weak effect weak effect stabilizing stabilizing destabilizing
D175E weak effect |weak effect stabilizing weak effect weak effect
G177S weak effect destabilizing weak effect weak effect destabilizing
L178W destabilizing | destabilizing weak effect weak effect destabilizing
R191Q weak effect weak effect weak effect stabilizing destabilizing
S194F weak effect weak effect stabilizing weak effect weak effect
F1971 destabilizing | destabilizing stabilizing weak effect destabilizing
K198R weak effect | weak effect weak effect weak effect weak effect
G199D destabilizing | destabilizing destabilizing destabilizing destabilizing
D210N weak effect weak effect weak effect weak effect destabilizing
P231R destabilizing | weak effect destabilizing weak effect destabilizing
R312Q destabilizing | destabilizing destabilizing destabilizing destabilizing
R312W weak effect | weak effect weak effect weak effect weak effect
N/A
destabilizing
P382L [N/A N/A weak effect
B
CK2B Mutations| PremPS |I-Mutant 3.0 AAG
F21L destabilizing
D32N weak effect |destabilizing
D32A weak effect |weak effect
F34S destabilizing | destabilizing
F34C destabilizing | destabilizing
N35K destabilizing | weak effect
E77K weak effect |weak effect
Y8ON destabilizing |destabilizing
R86C weak effect |destabilizing
M97I destabilizing | weak effect
F106V destabilizing | destabilizing
R111P destabilizing | weak effect
C137R destabilizing | weak effect
C137G destabilizing | destabilizing
C137F destabilizing | weak effect
P164R destabilizing
H165R destabilizing | weak effect
L187P destabilizing | destabilizing
L187R destabilizing | destabilizing
G189V weak effect Meak effect
C.
CK2a Protein expression
Mutatons | Premps | Kinact mCSM [ Kinact —SDM [ Kinact DUET | [Mutant 3.0 e
R47Q weak effect | weak effect weak effect stabilizing destabilizing | 30%
R312Q destabilizing | destabilizing destabilizing destabilizing destabilizing 10%
R312W weak effect [ weak effect weak effect weak effect weak effect 40%
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SNAP2 Polyphen-2 SIFT I-Mutant 3.0 disease MAFI PredictSNP
SNAP2
(p = 0.5637)
Polyphen-2 K= 0.6319 K = 04535
(p = 05637) (p=0.99)
SIFT X = 00408 1336
(p=01317) (p = 0.1655)
I-Mutant 3.0 Disease K = 03597 x=02316 K =0.149%
(p = 0.0016) (p = 0.0039) (p = 0.1967)
MAFI x = 0.3968 x=02773 k= 03410 K =0.4397 K = 04788
(p = 0.0082) (p = 0.0047) (p =0.0339) (p = 04795) (p = >0.999)
PredictSNP K = 0.1455 K =0.1869 K = 00242 Kk = 0.5386 ®=01132 k= 05275
(p=0.1317) (p = 0.0578) (p = 0.0833) (p = 0.7055) (p = 03173) (p = 0.7055)
REVEL = 0.1983 x=0.1399 k= 08773 Kk =03244 K = 0.3081 K=03886  x=02828
(p = 0.0005) (p = 0.0003) (p = 0.5637) (p = 0.0075) (p = 0.1967) (p=0.0209  (p=0.0201)
SNAP2 k=" (p=03173)
Polyphen-2 *(p=01573) x=06429
(p=0.3173)
SIFT K=*(p=03173) x=-0.0526 K =0.6429
(p = >0.999) (p=03173)
I-Mutant 30 Disease  ** k=" (p=03173) x="(p=01573) *(p=03173)
MAFI - K="(p=03173) =*(p=0.1573) (p=03173) **
PredictSNP =*(p=01573) x=-0.0714 K = 0.4444 K = 06429 K=" (p=01573) Ki=d
(p=0.5637) (p = >0999) (p=03173) (p=03173)
REVEL K=" (p=00833) «=04595 k=07727 4595 K=" (p=00833) x=07727
(p=0.1573) (p =03173) 0.1573) 0.1573)  (p = 03173)

PremP$S

Kinact mCSM AAG
Kinact SDM AAG
Kinact DUET AAG
I-Mutant 3.0 AAG

K =-0.0320 (p = 0.5637)
Kk = -0.0854 (p = 0.0126)
K = 0.1357 (p = 0.0339)
.1573)

K="=

Kinact mCSM AAG

K = 01296 (p = 0.0016)
Kk = 0.1887 (p = 0.0082)
K=" (p=03173)

Kinact SDM AAG

.2621 (p = 0.3657)
(p = 0.0009)

Kinact DUET AAG

(p = 0.0047)

PremPS

I-Mutant 3.0 AAG

= Kappa coefficient, MAFI = Mutation Assessor Functional Impact, p = p-value from McNemar's test. * Could not be computed, ** Could not compute k or p-value.
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Mutation

Growth

Development

Neurological or behavioural problems

Problems

Anomalies

Missense
Nonsense
In-frame duplication
Frameshift
Start loss
Splice site

Microcephaly
Short stature
Underweight
Delayed bone age

Walking onset
Speech onset

Dysmorphic features
D

Hypotonia
Autistic features
Stereotyped behaviour

Hyperactivity
ADHD features

Seizures
Seizures: GTCS

Sleep
Eating/gastro
Muscolo-skeletal

EEG
MRI
Pituiary gland

OCNDS POBINDS
Cases % Cases %
32/35 91 20/48 4
035 0 8/48 17
0/35 0 1/48 -3
035 0 748 15
1/35 3 3/48 6
2/35 6 /g 19
810 80 12/14 86
27/31 87 21/23 91
23/27 85 1113 85
418 50 13 *
Average 27.6 mo (based on Average 22.5 mo (based on
27 cases) 24 cases)
Average 42.9 mo (based on Average 24.5 mo (based on
14 cases) 12 cases)
18/21 86 18/20 90
15/16 9 34/40 85
17/22 ” 16/20 75
/11 55 916 56
2 58 o7 0
1/6 v 1/8 13
38 38 419 44
8/22 36 41/45 91
08 0 18/41 44
1013 77 1”7 s
14/24 58 5/5 3
5/5 . 33 .
13 . 12/20 60
12/23 52 10/25 40
an3 31 - -

For OCNDS, 35 and for POBINDS, 48 patient profiles were published. The respective publications are referenced in Tables 2A, 2B, Supplementary Tables S1, S2. The percentages of
occurting symptoms were calcuiated as number of cases with symptoms divided by the number of cases where the particular symptom was tested. Therefore, we decided to not calculate
the incidence ratio ifa symptom was assessedin five or less patients, since this clearly would have skewed the ratio towards a misleading high percentage. These cases are marked with *.
Abbreviations: mo: months; ID: intellectual disabilty; ADHD: attention defiit hyperactiviy disorder; GTCS: generalized tonic-clonic seizure; EEG: electroencephalography; MRI: magnetic

resonance imaging.





OPS/images/fmolb-09-850559/fmolb-09-850559-t002.jpg
outn dday
Doviopmenial oy

Oysmorpc fetures
o

Newrlogical and behavoura problens

Al patients whose symptoms were published thus far are ordered by the position of their amino acid aleration, from lef to right:

‘Strctural domain

vasart pi.)

Motor waking ot mo)
‘Spooch onsat (m0)

Hypotonia
At s
Storotypod baravous
Hypoaciity

ADHD foatures
Soaures

Soop

Eatinggasro st
=y

™

NeTorm

M2

a0

"
n

555888

-
?
-

»n

ssin

Ceegpe

s

Sseseeseseserge

Vi RaoH
2
I
2
2 2
[

+
.o

¢

otseH

P s

n7am

Ser s es e egge

910

S SRS

Rior

Fian

i

KioeR

n
wn

w

s
s
pr
povs
prs

o
s
ps
2

p

ez

terminus to the C-terminus. Patients with the same variant are grouped in one colu

symptom s present, *~* that s absent, “+/"s used when patients were described who had or had not the specific phenotype, *2"is used when the specific phenolype was not iscussed i the corresponding public
age indications (in months) for symptom onset/detection are given. Abbreviations: ATP: adenosine triphosphate; GTP: guanosine triphosphate; ID: intellectual disabilty; LD: learming disabiity; ADHD: attention defct
GTCS: generalized tonic-clonic seizure; GERD: gastroesophageal reflux disease; Grtube: Gastrostomy tube; EEG: electroancephalography; MRI: Magnelic resonance imaging. For more detais, Supplementary
derived from (Trinh et al., 2017 Akahira-Azuma et al,, 2018: Chiu et al., 201

Colavito et al., 2018: Owen et al., 2018; Nakashima et al., 2019: Martinez-Monseny et al., 2020: Xu et al., 2020; Wu et al., 2021).
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Al patients whose symptoms were publishe thus far are ordered by the positon of their amino acid aflration, rom lef o rght: N-terminus (o the C-teminus. Patients with the same variant are groupedn one colu
symptom s present, *~* thattis absent, “+/"s used when patients were described who had or had not the specific phenotype, *2"is used when the specifi phenolype was not discussediin the corresponding public
age indications (in months) for symptom onse/detection are given. Abbreviations: ATP: adenosine triphosphate; GTP: guanosine triphosphate; ID: intellectual disabilty LD: leaming disabiity; ADHD: attention defcit
GTCS: generalized tonic-clonic seizure; GERD: gastroesophageal rflux disease; Grtube: Gastrostomy tube; EEG: electroencephalography; MRI: Magnetic resonance imaging. For more detais, Supplementary
derived from (Sakaguchi et al,, 2017 Li et al., 2019; Nakashima et al., 2019: Bonanni et al, 2021; Emst et al, 2021: Wilke et al, 2022).
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Protein
name

SCN1A
SCN2A
KCNAT
SCN2A
CACNA1H
CACNA1D
SCN1A

CACNA1TH
CACNA1D
KCNQ2

Position

510
514
438
1,126
1,027
1,266
1,136

2,004
2,138
839

Sequence

KRKQKEQS *GGEEKDE
KKKQKEQS *GEEEKND
VSSPNLAS*DSDLSRR
TEEFSSES *DMEESKE
AEGDANRS *DTDEDKT
FKPKGYFS *DAWNTFD
TEDFSSES *DLEESKE

GGEEAEAS *DPADEEV

QDFGPGYS *DEEPDPG
PYIAEGES*DTDSDLC

cK2"T
probability (%)

34
35
64
83
64
61
83

61
81
58

*Sites were considered to be known i they appeared on PhosphoSitePlus.
bSites were identified in fewer than three high throughput experiments.

CK2K198R
probability (%)

100
100
23
44
25
23
44

24
44
22

Probability
difference

66%

65%
—-40%
-39%
-39%
-39%
-38%

-37%
-37%
-36%

Known phosphorylation site

Paralog to known SCN2A S514 site
“Yes, Human

“Yes, Human

“Yes, Human

No

No

Paralog to known SCN2A 51126
site

No

No

“Yes, Mouse
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CK2a Functional Consensus
IMutant | Mutation
Mutations | PROVEAN | SNAP2 | Polyphen-2 SIFT 3.0 " PredictSNP | REVEL
v Disease | Functional
Impact
m1? neutral neulral_| probably damaging | ot folerated | neutral NA deleterious | disease causing
R21Q neutral neutral | probably damaging | tolerated disease | - neutral non-disease causing
E27K deleterious | effect | probably damaging | not tolerated | disease | medium Geleterious | non-disease causing
Y3sc deleterious | effect | probably damaging | not tolerated | disease | high deleterious | non-disease causing
Y398 deleterious | effect | probably damaging | not tolerated | disease | high deleterious | non-disease causing
Ga6V deleterious | effect | probably damaging | not tolerated | disease B deleterious | disease causing
R47G deleterious | effect | probably damaging | not tolerated | disease | low neutral disease causing
R47Q deleterious | effect | probably damaging | tolerated disease neutral neutral non-disease causing
Ys0C deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
'Y50F deleterious | effect probably damaging | tolerated neutral neutral deleterious non-disease causing
Y508 deleterious | effect | probably damaging | not tolerated | disease | low deleterious | disease causing
S51IN deleterious | effect possibly damaging tolerated neutral medium deleterious non-disease causing
S51R deleterious | effect | possibly damaging | not tolerated | disease | high deleterious | disease causing
511 deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
E52K deleterious | effect | possibly damaging | tolerated disease | neutral neutral disease causing
Vs3L deleterious | effect | possibly damaging | not tolerated | disease | medium deleterious | disease causing
VT3E deleterious | effect | probably damaging | not tolerated | neutral neutral neutral non-disease causing
RBO0C deleterious | effect | probably damaging | not tolerated | disease | high deleterious | non-disease causing
R80H deleterious | effect | possibly damaging | nottolerated | disease medium deleterious | non-disease causing
T127M__ | deleterious | effect | probably damaging | not tolerated | disease | low neutral non-disease causing
C147Y_ | deleterious | effect | probably damaging | nottolerated | disease | medium deleterious | disease causing
M153R | deleterious | effect | probably damaging | nottolerated | disease | - deleterious | disease causing
D156H | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
D156E deleterious | effect | probably damaging | nottolerated | disease high deleterious | disease causing
D156Y | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
K158E deleterious | effect probably damaging not tolerated disease high deleterious disease causing
K158R | deleterious | effect | probably damaging | nottolerated | disease | medium deleterious | disease causing
H160R deleterious | effect | probably damaging | tolerated disease neutral neutral disease causing
N161S_ | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
N161D | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
174M deleterious | effect | probably damaging | not tolerated | neutral medium deleterious | non-disease causing
D175 | deleterious | effect | benign not tolerated | disease | medium deleterious | disease causing
D175E | deleterious | effect | possibly damaging | not tolerated | neutral high deleterious | disease causing
G177S | deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
L178W | deleterious | effect | probably damaging | not tolerated | neutral medium deleterious | disease causing
R191Q__ | deleterious | effect | probably damaging | tolerated disease | low deleterious | non-disease causing
S194F deleterious | effect | probably damaging | not tolerated | disease | medium deleterious | disease causing
F1o71 deleterious | effect | probably damaging | not tolerated | disease | low deleterious | disease causing
K198R | deleterious | effect | possibly damaging | tolerated neutral neutral neutral non-disease causing
G199D | deleterious | effect | possibly damaging | nottolerated | disease | neutral deleterious | non-disease causing
D210N deleterious | effect | probably damaging | tolerated disease Tow. neutral non-disease causing
P231R_ | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
R312Q deleterious | effect | probably damaging | not tolerated | disease high deleterious | disease causing
R312W | deleterious | effect | probably damaging | not tolerated | disease | high deleterious | disease causing
S356T neutral neutral benign not tolerated neutral neutral neutral non-disease causing
P363H neutral neutral | benign not tolerated | neutral neutral deleterious | non-disease causing
P382L neutral effect benign not tolerated neutral neutral deleterious non-disease causing
CcK2B Functional Consensus
I Mutation
' Mutant | Assessor .
Mutations | PROVEAN | v Poetoont | snaP2 | siFT Polyphen-2 | REVEL PredictSNP
Disease | Impact
F21L deleterious | disease | - effect | M probaby [ neutral
tolerated | damaging causing
- : - not probably : ’ ;
D32N deleterious | disease | medium | effect | g8 | BRSNS disease causing deleterious
) : not probably ) ’ )
D32A deleterious | disease | high e || B disease causing deleterious
F34s deleterious | disease | medium effect | Mot (A disease causing deleterious
tolerated | damaging
” " i not probably = "
F34C deleterious | disease effect | Glerated | damaging disease causing deleterious
) - not probably " " )
N35K deleterious | disease | high s || G | disease causing deleterious
ETTK deleterious | disease | medium effect | tolerated | benign 2:;‘:;‘5;3“ neutral
Y8ON deleterious | disease | - effect | Mot [ disease causing deleterious
tolerated | damaging
: ) " not probably . .
R86C deleterious | disease | high effect | {lerated | damaging disease causing deleterious
3 > : not non-disease 3
mo71 deleterious | disease | medium neutral | @E tag | beign catsing deleterious
" " : not possibly - " ’
F106V deleterious | disease | medium | effect | oo | Gamaging disease causing deleterious
R111P deleterious | disease | high effect | Mot [ disease causing deleterious
tolerated | damaging
5 not probably =
C137R deleterious | disease | high effect | {lerated | damaging disease causing deleterious
: " ot probably 5 " 5
c1376 deleterious | disease | high offect | 10 wted | Hamain disease causing deleterious
" " not probably 5 » "
C137F deleterious | disease | high effect | ioiorated | damogi disease causing deleterious
P164R deleterious | disease | - effect | Mot [ disease causing deleterious
tolerated | damaging
) " ; not probably ) ’ )
H165R deleterious | disease | high effect | Glerated | damaging disease causing deleterious
- - " not possibly - ’ ’
L187p deleterious | disease | medium | effect | g8y | BN disease causing deleterious
) - ) not possibly . ’ )
L187R deleterious | disease | medium | effect | gierated | amaging disease causing deleterious
- - not probably ) : -
G189V deleterious | disease | - offect | {orated | dameging disease causing deleterious
[
CK2a Functional Consensus Experimental
Mutation
2 I-Mutant .
:'""""" PROVEAN | SNAP2 | Polyphen-2 | SIFT 3.0 :S:z:z:’al E"’"""SN REVEL Kinase activity
Disease | ool
D175G6 deleterious | effect | benign 2;"; rated | disease medium deleterious :fj;::
possibly not " X disease
S51R deleterious | effect damaging tolerated disease high deleterious causing
Fl971 deleterious | effect | Probably | not disease | low deleterious | disease
damaging | tolerated causing
possibly not non-disease
R8O0H deleterious | effect | G0V | Worateq | dSe@se | medum deleteriovs | G20
probably not disease 0-25% of
R312wW deleterious | effect damaging oerated disease high deleterious causing Wild-type
probably not 8 non-disease
174m deleterious | effect damaging tolerated neutral medium deleterious causing
P231R | deleterious | effect | broady | ot dgisease | high deleterious | disease
jamaging | tolerated causing
probably 5 non-disease
Y50F deleterous | effect | GETEGH, | olerated | neutra neutral deleteriovs | G20
possibly non-disease
K198R deleterious | effect Gl tolerated neutral neutral neutral causiny
probably | not sease
R47G deleterious | effect | GRTH. | Werated | dSe@se | low neutral g
probably non-disease
R47Q deleterious | effect damaging tolerated disease neutral neutral causing
probably | not non-disease | 25-50% of
E27K deleterious | effect damaging tolerated disease medium deleterious causing Wild-type
V13E deleterious | effect | Propably | ot neutral | neutral neutral non-disease
jamaging | tolerated causing
probably ; non-disease
R191Q | deleterious | effect | EECH. | tolerated | disease | low deleterious | 100"
D
CK2a Functional Consensus N/C distribution
Mutation
I-Mutant N
Mutations | PROVEAN | SNAP2 | Polyphen-2 | SIFT 3.0 Assessor PredictSNP | REVEL similarity to
Disease | Functional wild-type
Impact
R312Q | deleterious | effect g:’;}’:;gg o ateg | de@se | high deleterious g:’:sal:; low
RI1ZW | deleterious | effect | o2t o atod | de@se | high deleterious | Ss0ase low
e ey e —
F1o71 deleterious | effect g;‘:f":;:zg o ated | disease | low deleterious g‘:f;:; mid
V73E deleterious | effect 5‘;::;:: A :‘;; rated | nevtral | neutral neutral 2:::[:2““’ mid
probably not disease.
R47G deleterious | effect damaging Serated disease low neutral causing mid
Y508 deleterious | effect g‘:;’:;'z 8 nol e | dSease | fow deleterious :fj;:: mid
R47Q deleterious | effect g’a"r;’:;'zg tolerated | disease | neutral neutral 2:3;?[:;9553 mid
S51R deleterious | effect 5:;5;‘;% . o ated | disease | high deleterious :';f;:; mid
D156H deleterious | effect s’a‘#":":: :g; rated | disease | high deleterious gi:f;:a mid
[ee—— - e
probably non-disease
R191Q deleterious | effect damaging tolerated disease low deleterious causing high
probably ot - : disease -
P231R | deleterious | effect | EVECN erated | disease | high deleterious | CNE0 high
’ ot . disease -
D175G | deleterious | effect | benign erated | isease | medium deleterious | SRS high
probably not ? non-disease |
174m deleterious | effect | FOR0N terated | neutral | medium deleterious | 10 e high
probably not non-disease
E27K deleterious | effect damaging tolerated disease medium deleterious causing high
possibly not : non-disease |
R8O0H deleterious | effect | EPRON orated | disease | medium deleterious | (0 high
possibly non-disease |
K198R | deleterious | effect | A°Y | tolerated | neutral | neutral neutral Hesiniven high
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Interdomain
N-terminal segment
Phosphorylation sites
Destruction box
Acidic loop (Asp/Glu-rich)
Zinc-finger

Cys bound to Zinc
CK2B/CK2p contact region
Interface to CK2a 1
Interface to CK2a 2
C-terminal segment

Interdomain

Residues

1-39

46-51

74-80

113-128

154-161

175-201

36-73, 103-108
46-51, 66, 114, 115, 116, 163, 174
175-177

178-190

191-201

13, 182, 255, T344, T360, $362, $370
1-54

234, 5209, T213
47-54

55-70

106-146

109, 114, 137, 140
110-205

164-170

186-198

179-215

39-45 & 71-105

Total residues

39
6
7
16
8
27
44
12
3
13
1

Number of patients

26

12
40
35
27

35

19
33

10

2

15

#Patients/#residues

023
433
086
0.19
15

148
08

225
133
0.08
318
0.00
0.08
061
0.00
075
0.13
024
1.00
023
071
038
022
017
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CK2a residue

39
47
50
51
80
156
160
175
191
195
198
312

Number samples

p-value

312107
4.16 x 107"
128 x 107
303 x 107
164 x 10
303 x 107
303 x 107
312x 102
260 x 107
312107
273 x 10
2,60 x 107

Functional domain or description

N-terminal segment; CK2b binding
Gly-rich loop; ATP binding; CK2b binding
Gly-rich loop; ATP binding; CK2b binding
Gly-rich loop; ATP binding; CK2b binding
Polybasic stretch

Catalytic loop

Catalytic loop

Activation segment; Mg?* binding loop
Activation segment (P+1 loop)

Activation segment (P+1 loop)

Activation segment (P+1 loop)

Interdomain

CK2 residue

Number samples

p-value

Functional domain or description

1

32
47
86

6
7
6
4
4

312x 107
1.04 x 107
302 % 107
208 % 107
208 x 10

N-terminal segment (Truncated protein)

N-terminal segment (Chantalat’s Conserved surface cluster 1)
N-terminal Segment (Destruction box; Truncated protein)
Chantalat’s Conserved surface cluster 1

Zinc finger (Cys bound to Zinc), CK2a contact region
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Position

20
21
27
31
32
32
34
34
35
37
12

47

57
61
77
77
80
82
86

132
137
137
137
158
164
165

167
179
181
186
187
187
188
189
207

Position

24
24
58
97
97
122
122
122
122
122
185
185
186
186

Nucleotide Mutation
change
C1A>G pMetl?
c2T>A pMetl?
€3G>A pMetl?
c2T>G pMet1?
<13G>T pGlusTer
c27del pTrp9Ter
<58G>T P.Glu20Ter
C63C>A pPhe2llen
<78_83dup PpGlu27_Asp28dup
<91C>T p.Gln31Ter
C94G>A PpAsp32Asn
<95A>C pAsp32Ala
<101T>C pPhe34Ser
c101T>G PpPhe34Cys
C105T>A pAsn35Lys
.108dupT Pp.Thr37TyrfsTers
c124C>T PpGlnd2Ter
€139C>T p.Argd7Ter
c.170del p.Glus7Glyfs*15
CI81G>T PpGlu61Ter
€229G>A pGlu77Lys
€229G>T PGlu77Ter
c238T>A p. Tyr80Asn
€ 245T>A P.Leus2Ter
€256C>T PArg86Cys
264delC pllessilefs a6
c268dupA Pp.Thr90Asnfs*24
c291G>A pMet97lle
€303C>A ¢303C>G  p.Tyrl01Ter
c316T>G pPhel06Val
€332G>C pArgl11Pro
€349C>T pGln117Ter
€.394_404del p-Met132LeufsTerl 10
<409T>C pCysl37Arg
c409T>G pCys137Gly
<410G>T pCys137Phe
cA72del p.Tyr158fs
c491C>G pProl6dArg
CA94ASG pHisl65Arg
<499delC Leul67Serfs*60
€533 534insGT pProl79TyrfsTer49
c.542del pAsn181ThrfsTerd6
€.554_555dupCC P.Argl86fs
C560T>C pLeul87Pro
C560T>G pLeul87Arg
c.564del pTyri8sTer
€566G>T PpGly189Val
€620_621insC P.Phe207Phefs*39

Nucleotide change

€72+ 1G>A

c73-2A5G

€175 + 2T>G

€2922A5C

€292245G

€367 + 1G>A

€367 + 2T>C

€367+5del

€367 + 6T>C

€368-24>G

€557 + 2T>C

€557 + 1G>A

€558-24>G

€558-3T>G

Residue

20
21
27
31
32
32
34
34
35
37
42

OHzZzmmoUOommmEmE EEE

=

47

57
61
77
77
80
82
86

e < Emomom

88

97

101
106
111
17
132
137
137
137
158

Z v <OoOO0OO0OEZO®®M=<Z A

165

167
179
181
186
187
187
188
189
207

mo K- o o®mzZ Y

Variant

Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant
Splice variant

Splice variant

Mut

_D28dup

® 0o ® >z

Yis'5

o}

1fs*46
Nfs*24
1

v

24

Lfs*110

Sfs*60
Yis*49
Tfs*46
fs
P
R

v
Ffs*39

Number of
patients

Number of patients

Source

Ernst et al,, 2021 (1); ClinVar (2)
Ernst et al, 2021 (1)

Yang et al,, 2021 (1)

ClinVar (1)

Li etal, 2019 (1)

Ermst et al, 2021 (1); ClinVar (1)
Ernst et al, 2021 (1)
DECIPHER (1)

Ernst et al, 2021 (1)

ClinVar (1)

Ernst et al,, 2021 (3); ClinVar (2); DECIPHER (1)
DECIPHER

Ernst et al,, 2021 (1)

ClinVar (1)

Ernst et al,, 2021 (1)

Sakaguchi et al., 2017 (1); ClinVar (1)
E

Fernindez-Marmiesse et al., 2019 (1); Ernst et al,

2021 (1)

Selvam et al, 2021 (1); E
ClinVar (4)

Valentino et al., 2021 (1)

Ernst et al, 2021/ClinVar (1)
Ernst et al., 2021 (1); ClinVar (1)
ClinVar (1)

ClinVar (1)

ClinVar (1)

Li et al, 2019 (1); Ernst et al, 2021 (1);
ClinVar (2)

Li et al, 2019 (1)

ClinVar (1)

Ernst et al,, 2021 (1)

Ernst et al, 2021 (2); ClinVar (1)
Ernst et al, 2021 (1)

Li et al, 2019 (2); ClinVar (1)
DECIPHER (1)

Ernst et al, 2021 (1)

Ernst et al, 2021 (1)

Li et al, 2019 (1)

Li et al, 2019 (1); Yang et al,, 2021 (1)
ClinVar (1)

ClinVar (1)

Nakashima et al,, 2019 (1), Yang et al., 2021 (1),
ClinVar (1)

Yang et al,, 2021 (1)

Nakashima et al., 2019/ClinVar (1)
Ernst et al, 2021 (1)

ClinVar (1)

st et al,, 2021 (1);

ClinVar (1)

Li et al,, 2019 (1)

Rahman and Fatema 2021 (1)
ClinVar (1)

Li et al, 2019 (1)

Source

ClinVar (1)

Ernst et al,, 2021/ClinVar (1)
Poirier et al., 2017/ClinVar (1)
Yang et al., 2021 (1); ClinVar (1)
ClinVar (1)

ClinVar (1)

Poirier et al, 2017/ClinVar (1)
ClinVar (2)

ClinVar (1)

Li et al., 2019/ClinVar (1)
DECIPHER (1)

Ernst et al,, 2021 (1)

Ernst et al,, 2021 (1)

Yang et al,, 2021 (1)
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Position

21
27

32
36
39
39
39
16
47
47

50

50
50
51
51

51
52
53
73
80
80

126
127
128

153
156
156
156
158
158

161
161
174
175
175
177
178
191
191
194
195
197
198

Nucleotide Mutation

change

ClA>G pMeti?
C62G>A pArg21GIn
C79G>A p.Glu27Lys
c.96delA pGlu32Aspfs*14
€106C>T pGln36*
c116A>G pTyr39Cys
C116A>C p.Tyr3oSer
cl17C>A pTyr39Ter
c137G>T pGlyd6Val
€139C>G pArgd7Gly
c140G>A p.Argd7Gln
C149A>G pTyr50Cys
C149A5T pTyrs0Phe
C149A>C p.Tyr50Ser
c152G>A pSerslAsn
cI51A>C pSerSlArg
CI5S3T>A

€152G>T pSersllle
C154G>A pGlus2Lys
157G>C p.Vals3Leu
C218T>A p.Val73Glu
<238C>T PArgs0Cys
€239G>A p.Arg80His
<319C>T p.Arglo7*
<.376delC p.Gln126Argfs2
<380C>T p.Thri27Met
<383T>A plLeul2s®
c440G>A pCysl47Tyr
c458T>G pMet153Arg
€466G>C p.Aspl56His
CA68T>A PpAspl56Glu
cA466G>T PASpIS6Tyr
CAT2A5G pLys158Glu
473A>G plLysI58Arg
c479A5G pHisl60Arg
c482A5G pAsnl6lSer
CA81A>G p-Asnl61Asp
<522A5G pllel74Met
C524A>G PpAsp175Gly
€596G>A PAsp175Glu
529G>A pGlyl77Ser
<533T>G pLeul78Trp
<572G>A pArgl91Gln
<571C>T pArglol*
581C>T pSer194Phe
<583C>T pArgl9s*
<589T>A pPhe1971le
C593A5G pLys198Arg
€596G>A pGly199Asp
<628G>A pAsp210Asn
€692C>G pPro231Arg
C783C>A pTyr261Ter
<916C>T p.Arg306*
€935G>A pArg312Gln
€934C>T pArg312Trp
€972_973dupCAG ~ p.Tyr325Serfs'5
€976_977insG p.T3268erfs*13
€997C>T pArg333
c1066T>A pSer356Thr
c.1088C>A pPro363His
c1145C>T p.Pro3s2Leu

Nucleotide change

c165G>A

€366_366+3del

€367-1G>A

€426 + 1G>T (IVS6+1G>T)
<824 + 2T>C

€973 + 1G>A

€973 + 1G>C

Ref

L]

RO << <Om

-~ ZZIAROYUUUZOCHO®B®RA << @O v oo oe o< =

AT m o R = E QOO

R )

Residue Mut

21
27

32
36
39
39
39
16
47
47

50

50
50
51
51

51
52

53

73

80

80

107
126
127
128
147
153
156
156
156
158
158
160
161
161
174
175
175
177
178
191
191
194
195
197
198

199
210
231
261
306
312
312
325
326
333
356
363
382

Dfs*14

“ w0

=z » o oo <

m oo m

Rfs*2

L v mMOZTU® R @M< mm®™®=

-

=z

Q

w
Sfs5
Sfs*13
T

H

L

Variant

Splice variant
Splice variant
splice variant
Splice variant
splice variant
Splice variant

splice variant

Number of
patients

24

Source

Chiu et al., 2018/Wang et al,, 2020/ClinVar (1)
ClinVar (1)

Lelieveld et al,, 2017/Chiu et al., 2018 (1);
(1)

ClinVar (1)

DECIPHER (1)

Wang et al., 2020 (1)

DECIPHER (1)

ClinVar (1)

ClinVar (1)

ClinVar (1); SFARI (1)

Okaur et al., 2016 (1); Chiu et al., 2018 (1)

Owen et al,, 2018/DECIPHER (1); DECIPHER (1);
ClinVar (4)

Martinez-Monseny et al., 2020 (1); Wu R et al,, 2020 (1);
ClinVar (5); DECIPHER (2)

Dominguez et al., 2021 (1)

Okur et al., 2016 (1)

Owen et al., 2018/DECIPHER (1)
Chiu et al,, 2018 (1); ClinVar (1)

Wang et al., 2020 (1)

ClinVar (1)

SFARI (1)

Chiu et al., 2018 (1)

Wang et al., 2020/Wu et al., 2021 (1)

Owen et al., 2018/DECIPHER (1); ClinVar (4)
Wang et al,, 2020 (1); ClinVar (1)

ClinVar (1)

Wang et al., 2020 (1)

ClinVar (1)

Wang et al., 2020 (1)

ClinVar (1)

Trinh et al,, 2017/ClinVar (1)

ClinVar (2)

ClinVar/SFARI (1)

ClinVar (1)

ClinVar (1)

van der Werf et al,, 2020 (1); Wu et al., 2021 (1); ClinVar (2)
DECIPHER (1)

ClinVar (1)

Owen et al,, 2018/DECIPHER (1)

Okur et al., 2016/ClinVar (1); Duan et al, 2019 (1)
ClinVar (1)

ClinVar (1)

DECIPHER (1)

Owen et al, 2018/DECIPHER (1); DECIPHER (1)
Nakashima et al., 2019 (1); Wang et al,, 2020 (1); ClinVar (1)
SFARI (1)

Wang et al., 2020 (1); ClinVar (2)

Owen et al,, 2018/DECIPHER (1)

Tossifov et al., 2014 (1); Okur et al, 2016 (1)
Akahira-Azuma et al,, 2018 (1); Chiu et al., 2018 (1)

Owen et al., 2018/DECIPHER (4); Nakashima et al., 2019 (1);
van der Werf et al,, 2020 (1); Xu et al,, 2020 (1); ClinVar (9);
TGen (3)

ClinVar (1)

Wang et al., 2020 (1)

Lelieveld et al.,, 2017/Chiu et al., 2018 (1)
ClinVar (1)

Wang et al., 2020 (1)

Chiu et al., 2018 (1); ClinVar (1)

Owen et al,, 2018/DECIPHER (1); ClinVar (2)
Wang et al,, 2020 (1)

DECIPHER (2)

ClinVar (1)

ClinVar (1)

ClinVar (1)

ClinVar (2)

Number of patients Source

ClinVar (2)

DECIPHER (1)

ClinVar (1)

ClinVar/SFARI (1)

Okaur et al., 2016/ClinVar (1)
Wang et al., 2020 (1)

Wang et al., 2020 (1)
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POM compound ICso (M)
FL-CK2a CK2a a2p2
MossPOM >1,000 - -
Na (Trp-SiWio 18219 = =
Na (D)Trp-SWio 128+ 1.7 = =
Na Biotin-SWso 164+1.3 - -
TBA (LTrp-SWio 8504 = =
TBA (D)Trp-SWio 11006 - -
TBA Biotin-SiWso 53:06 - -
RuPOM 363+0.17 363 +0.09 557 = 068

(Cso values were determined for CK2 inhibition by means of radioactive kinase assays
using the synthetic peptide CK2-tide as substrate, in the presence of increasing
concentrations of the indiicated POM compound. For RusPOM, besides full-length CK2a
(FL-CK2a), a C-terminal truncated form of CK2a (CK2a) and the tetrameric holoenzyme
(azf2) were tested. The other POMs were tested only on ful-length CK2a. At least two
independent experiments were performed. Mean values + SEM are reported.
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Proteome dataset

Identified proteins
Significantly modulated proteins

Down-regulated
Up-regulated

HL-60
30 min 3h
6,270 6,181
25 85
Total: 109; Overlap: 1
16 4
9 81

Total: 233; overlap: 5

OCI-AML3
30 min 3h

6,382 6,422
74 58
Total: 129; Overlap: 3
6 3
68 55
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Enzyme complex

TS/DHFR®
SHMT1/TS
SHMT1/pTS
SHMT1/DHFR
SHMT1/DHFR/TS
SHMT1/DHFR/PTS

Kd [uM] QCM-D

7607
No interactions
5.35 + 0.87
1211+ 7.86
NA
0.28 +0.23

AAntosiewicz et al., 2015: NA, not analyzed.

Kd [uM] MST

2804
No interactions
0.219 + 0.02
12,60 + 0.66
5.04 +0.5
0.32 £ 0.05
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X-ray diffraction data quality

Wavelength [A]
Synchrotron (beamiine)
Space group
Unit cell: a, b, ¢ [A]
a, B y[]
Protomers per asymmetric unit
Resolution [A] (highest shell)
Roym (%]
cc1/2
Signal-to-noise ratio (l/a)
No. of unique reflections
Completeness (spherical) (%]
Completeness (ellipsoidal) [%]”
Multiplicity
Wiison B-factor [A%]
Refinement and structure quality
No. of reflections for Ruor/Riree
RuondRireo [%]
Number of non-H-atoms
Protein
Ligand/ion
Water
Average B-factor [A%]
Protein
Ligand/ion
water
RMS deviations
Bond lengths [A]
Bond angles []
Ramachandran plot
Favoured [%]
Alowed (%]
Outliers (%]

087313
ESRF (D23-2)

P4g2,2

127.824, 127.824, 123.180
90.0, 90.0, 90.0

2

88.698-1.774 (1.980-1.774)
58.7 (281.4)°

0.990 (0.709)

18.1 (1.8°

65,649 (3,280)"

665 (12.01

96.3 (0.1

44.4 (38.1)°

397

64,295/1,332
18.0/21.8
6,395

5,620

84

691

20.34

19.25

32.33

27.75

0.004
0.65

98.18
1.82
0.00

"The values in brackets refer to the highest resolution shel.
bAfter anisotropic analysis with STARANISO (Tickle et al., 2018).
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