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Summary
CSNK2B encodes for casein kinase II subunit beta (CK2b), the regulatory subunit of casein kinase II (CK2), which is known to mediate

diverse cellular pathways. Variants in this gene have been recently identified as a cause of Poirier-Bienvenu neurodevelopmental syn-

drome (POBINDS), but functional evidence is sparse. Here, we report five unrelated individuals: two of them manifesting POBINDS,

while three are identified to segregate a new intellectual disability-craniodigital syndrome (IDCS), distinct from POBINDS. The three

IDCS individuals carried two different de novo missense variants affecting the same codon of CSNK2B. Both variants, NP_001311.3;

p.Asp32His and NP_001311.3; p.Asp32Asn, lead to an upregulation of CSNK2B expression at transcript and protein level, along with

global dysregulation of canonical Wnt signaling. We found impaired interaction of the two key players DVL3 and b-catenin with

mutated CK2b. The variants compromise the kinase activity of CK2 as evident by a marked reduction of phosphorylated b-catenin

and consequent absence of active b-catenin inside nuclei of the patient-derived lymphoblastoid cell lines (LCLs). In line with these find-

ings, whole-transcriptome profiling of patient-derived LCLs harboring the NP_001311.3; p.Asp32His variant confirmed a marked differ-

ence in expression of genes involved in the Wnt signaling pathway. In addition, whole-phosphoproteome analysis of the LCLs of the

same subject showed absence of phosphorylation for 313 putative CK2 substrates, enriched in the regulation of nuclear b-catenin and

transcription of the target genes. Our findings suggest that discrete variants in CSNK2B cause dominant-negative perturbation of the

canonical Wnt signaling pathway, leading to a new craniodigital syndrome distinguishable from POBINDS.
Introduction

Intellectual disability-craniodigital syndrome (IDCS) refers

to cranial anomalies, including microcephaly, facial dys-

morphism, and digital anomalies of upper and/or lower

limbs (syndactyly, brachydactyly, polydactyly, hyperpha-

langism, and clinodactyly). Neurologically, IDCS presents

intellectual disability and epilepsy.1 IDCS is an umbrella

term, lumping together different conditions with overlap-
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ping clinical features. Of these, Filippi syndrome (MIM:

272440), Chitayat syndrome (MIM: 617180), and Jawad

syndrome (MIM: 251255) are conditions with identified

genetic causes, whereas genetic underpinnings of Woods

syndrome (MIM: 615236) are underexplored.2–5

Pathogenic CSNK2B (MIM: 115441) variants have been

reported to co-segregate with global developmental delay

and epilepsy, a condition termed Poirier-Bienvenu neuro-

developmental syndrome (POBINDS; MIM: 618732).6–8
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Experiments on the functional consequences of the

CSNK2B variants were not presented in any of these

reports.

The protein kinase casein kinase II (CK2) is an ubiqui-

tously expressed Ser/Thr kinase with a repertoire of more

than 450 physiological substrates.9 The holoenzyme is a

heterotetramer of two a subunits structured around the

obligate b dimer with three possible combinations: abba,

abba0, or a0bba0.10 The two catalytic subunits, a and a0,
are encoded by the genes CSNK2A1 (MIM: 115440) and

CSNK2A2 (MIM: 115442), respectively, whereas the regula-

tory subunit (CK2 subunit beta [CK2b]) is encoded by

CSNK2B.10 These subunits may also exist in isolation and

are supposed to have holoenzyme-independent roles in

the cell as well.11 One of the reported facilitative roles of

CK2b within the CK2 holoenzyme is substrate docking or

recruitment; CK2b contributes to the recognition of the

target substrate and promotes in this way the phosphory-

lation reaction.12 Generally, the catalytic activity of CK2a

is switched neither on nor off on holoenzyme formation;

nonetheless, phosphorylation of particular substrates can

be deeply altered in this way.13 These substrates are broadly

classified in three categories: class I substrates can be phos-

phorylated either by the holoenzyme or the catalytic sub-

units; class II substrates can be phosphorylated only by the

catalytic subunits, and here CK2b plays an inhibitory role;

and class III substrates can be phosphorylated only by the

holoenzyme, which means that the substrates must be

recognized and docked by the regulatory subunit.13

The role of CK2 is remarkably established in numerous

important cellular activities, such as cell proliferation, dif-

ferentiation, apoptosis, and DNA repair. CK2 positively

regulates theWnt signaling pathway, a key signaling event

for normal embryogenesis. The associated modulation of

gene expression is initiated by binding of Wnt proteins

to the cell surface Frizzled receptors, which results in an in-

hibition of glycogen synthase kinase-3b (GSK-3b), a kinase

that phosphorylates b-catenin.14 On inhibition of GSK-3b,

b-catenin accumulates in the cytoplasm, forms a complex

with DVL3, and translocates into the nucleus, where it

binds to a family of DNA-binding proteins known as

lymphoid enhancer-binding factor and T cell factor (LEF-

1/TCF).15 CK2 phosphorylates Lef-1 at Ser40 and b-catenin

at Thr393 located in the armadillo (arm) repeat domain

necessary to interact with Lef-1.14,16,17 On phosphoryla-

tion of LEF-1 by CK2, its binding affinity for b-catenin is

increased, and the affinity for transducin-like enhancer

protein 1 (TLE1), which is a negative regulator of Wnt

signaling, is decreased.17

CK2b is known to play a crucial role in the development

of the central nervous system and organogenesis. Loss of

Csnk2b in embryonic neural stem cells compromises

proliferation and differentiation of embryonic neural

stem/progenitor cells and oligodendrogenesis in the

mouse telencephalon.18 Knockout of Csnk2b in mice leads

to post-implantation lethality. Embryos showed a reduced

size at embryonic day (E) 6.5 andwere resorbed at E7.5. Ho-
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mozygous Csnk2b knockout morula did not further

develop after the blastocyst phase in vitro. A conditional

knockout study revealed that lack of Csnk2b is deleterious

formouse embryonic stem cells (ESCs) and primary embry-

onic fibroblasts.19

Here, we report five patients carrying suspected de novo

variants of CSNK2B, and we propose a novel IDCS in three

of them based on computer-assisted differential diagnosis.

We have also investigated the consequences of the under-

lying missense variants on structure and function of CK2b

and show that impairedWnt signaling causes the observed

new phenotype.
Material and methods

Subjects
Through international collaborators and GeneMatcher,20 we re-

cruited three affected members (subjects 1–3) manifesting a new

IDCS, and two subjects (4 and 5) were clinically diagnosed with

POBINDS. Notably, subject 5 was recruited through

GenomeConnect, the ClinGen patient registry.21 We obtained

written informed consents from the parents of the affected indi-

viduals. The protocol of this study on human material was

approved by the Institutional Review Boards of the University of

Cologne, Faculty of Medicine and University Hospital Cologne,

Germany and University of L’Aquila (Italian Undiagnosed Rare

Diseases Network), Italy.

GestaltMatcher analysis
We applied GestaltMatcher22 to compare facial phenotypes

among individuals with variants in CSNK2B. The detailed method

of GestaltMatcher is provided in the extended supplemental mate-

rial and methods. Briefly, we performed pairwise comparisons on

the seven photos (subjects 1–7); this includes two subjects, 6

and 7, from the literature as well,8,23,24 together with 3,533 images

from 2,516 diagnosed patients manifesting 816 syndromes

enlisted in the Face2Gene (FDNA, USA) database.

Whole-exome sequencing
To reveal the disease-causing DNA variant(s), we subjected either

trios, subject and both parents, or only affected members for

exome sequencing. The detailed procedure is given in the supple-

mental material and methods section.

Copy number analysis
We subjected the DNA of subject 1 for copy number analyses. The

procedure is given in the supplemental information.

In silico methods
We predicted the pathogenicity of CSNK2B variants through mul-

tiple in silico tools (Table S1). For estimation of evolutionary con-

servation of mutated residues, we aligned the reference sequences

of the orthologs retrieved from UniProtKB and/or NCBI using

Clustal Omega (EMBL-EBI, Wellcome Trust Genome Campus,

Hinxton, Cambridge, UK).

To rationalize the potential impact of variants at CK2b position

32 and to visualize this position within the CK2a2b2-holoenzyme

assembly, we constructed a suitable functional complex by in silico

3D modeling. To this end, we loaded the CK2a2b2-holoenzyme



structure with PDB: 1JWH10 into crystallographic object-oriented

toolkit (COOT).25 Then, using the structural superimposition op-

tion of COOT, the two catalytic subunits were exchanged with a

human CK2a structure in complex with two sulfate ions (PDB:

2PVR).26 These sulfate ions served as fixed points to place the

pþ1 and pþ3 side chains of a substrate peptide (sequence

DDSDDD) that was modeled into the active site as described by

Niefind et al.26 The ATP analogue adenosine-5’-(b,g-imido)

triphosphate (AMPNP) present in PDB: 2PVR was deleted because

it is disordered in the g-phospho group region; instead, AMPPNP

in complex with two magnesium ions was taken over from the

maize CK2a structure with PDB: 1LP4,27 where it is well defined,

after structural overlay of the protein matrices in COOT.25 Finally,

the two critical CK2b variants, either NP_001311.3;Asp32Asn or

NP_001311.3;Asp32His, were introduced with the amino acid ex-

change option of COOT;25 in this context, two preferred side-

chain conformations of histidine and asparagine according to

the COOT-internal rotamer database were selected.
Minigene construction, transfection, and RT-PCR
The detailed procedure is provided in the supplemental material

and methods.
Cell culture
We generated lymphoblastoid cell lines (LCLs) from subjects 1 and

2 from blood samples collected in lithium heparin-coated tubes

(BD Vacutainer PST). Red blood cells were lysed through incuba-

tion in lysis buffer (155 mM ammonium chloride, 10 mM potas-

sium hydrogen carbonate, and 0.1 mM disodium-EDTA) for

10 min. Pelleted lymphocytes were immortalized by transfection

of Epstein-Barr virus, followed by incubation at 37 �C for 1 h.

Finally, cyclosporine was added to selectively kill T lymphocytes

and generate only a cell line of B lymphocytes as detailed previ-

ously.2 In short, LCLs were grown in RPMI 1640 Medium,

GlutaMAX Supplement (61870044; Thermo Fisher Scientific), sup-

plemented, and fortified with 10% fetal bovine serum (FBS; Bio-

chrom), L-glutamine (P04-80050; PAN Biotech), and antibiotics

(penicillin/streptomycin, P06-07050; PAN Biotech). Cells were

cultured at 37 �C in incubators supplied with 5% CO2.
Immunofluorescence and immunoblotting
To localize and visualize proteins in cells, we used immunofluores-

cence (IF). For this purpose, coverslips were coated with poly-L-

lysine hydrobromide 0.1% (P5899-5MG; Sigma-Aldrich) for

10 min prior to seeding the LCLs. After achieving 70% confluency,

cells were fixed either bymethanol or 3% paraformaldehyde (PFA).

After permeabilization with 0.5% Triton X-100, cells were blocked

in 5% FBS for 1 h. Notably, methanol fixed cells were not permea-

bilized, they were directly subjected for blocking after fixation. In

the next step, cells were incubated overnight with primary anti-

bodies, followed by incubation with secondary antibodies and

DAPI for 30 min in the dark. Finally, cells were mounted on a glass

slide with the help of Fluoromount-G Mounting Medium

(00-4958-02; Thermo Fisher Scientific). For imaging, confocal laser

scanning microscope (TCS SP8 gSTED; Leica Microsystems) was

used.

For immunoblotting (IB), cells were collected and lysed using ra-

dioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH

7.5], 0.1% Triton X-100, 150 mM NaCl, 0.5% Na-deoxycholate,

0.1% sodium dodecyl sulfate [SDS]) along with Protease Inhibitor

Cocktail (PIC; P8340; Sigma-Aldrich) and 1 mM each of protease
Hu
inhibitors DTT, benzamidine, and PMSF. The cells were subse-

quently homogenized by passing through the 0.4 3 19 mm sy-

ringe attached with needles (27G 3 3/400, Nr.20, BD Macrolane

TM3) and incubation on ice for 15 min. After centrifugation,

proteins were denatured at 95 �C in 53 SDS sample buffer. Resul-

tant proteins were resolved by 4–12% SDS-PAGE (EC-890; Na-

tional Diagnostics) and transferred to nitrocellulose membrane

(PROTRANR, Germany). After blocking in 5% milk powder, mem-

branes were incubated with primary antibodies overnight at 4 �C
and respective secondary antibodies for 1 h at room temperature.

Finally, proteins were visualized on X-ray films using an enhanced

chemiluminescence (ECL) system. The detailed procedure of IF

and IB was also reported previously.2

The following primary antibodies were used for IF and IB: rabbit

polyclonal CK2b (Ab76025 for IF; Abcam), mouse monoclonal

CK2b (Sc-12739 for IB; Santa Cruz Biotechnologies), mousemono-

clonal b-catenin (05-665, active form dephosphorylated on Ser33,

Ser37, and T41; Millipore),28,29 rabbit monoclonal b-catenin

(ab32572, non-active form phosphorylated on Ser33, Ser37, and

T41; Abcam),28,29 rabbit monoclonal DVL3 (ab76081; Abcam),

mouse monoclonal a-tubulin (T8328; Sigma-Aldrich), rabbit

polyclonal Lamin A/C (H-110, sc-20681; Santa Cruz Biotech-

nology), mouse monoclonal GAPDH peroxidase-conjugated

(G8795 for IB; Sigma), mouse monoclonal anti-GFP (K3-184-2),30

and in-house manufactured mouse monoclonal glutathione

S-transferase (GST).31 Secondary antibodies used for IF were Alexa

Fluor 488 donkey anti-rabbit IgG (A21206; Invitrogen), Alexa Fluor

568goat anti-mouse IgG (A11004; Invitrogen), andAlexa Fluor 568

donkeyanti-rabbit IgG (A11004; Invitrogen). Secondary antibodies

for IBwere anti-mouse IgGperoxidase conjugate (A4416; Sigma-Al-

drich) and anti-rabbit IgG peroxidase conjugate (A6154; Sigma-

Aldrich).
Fractionation assay
The cells were washed with PBS, trypsinized, and pelleted at

1,100 rpm at 4 �C. The cells’ pellet was dissolved in PBS containing

0.1% Nonidet P-40 (NP-40). One-third of the dissolved lysate was

taken out and processed as whole-cell lysate. To separate out the

cytoplasmic fraction, we centrifuged the dissolved cell lysate at

15,000 rpm for 10 s at 4 �C; half of the supernatant was taken

out and boiled with SDS sample buffer. Next, the pellet was

washed with 1 mL of PBS containing 0.1% NP-40 and centrifuged.

The supernatant was discarded again, and the rest of the pellet was

boiled with SDS sample buffer, which was taken as the nuclear

fraction.
Plasmids construction for protein purification and

transient expression
The open reading frames (ORFs) of CSNK2B (GenBank:

NM_001320.7) and CSNK2A1 (GenBank: NM_177559.3) were

cloned in pGEX4T1 (GEHealthcare) and pEGFP-C1. Identified var-

iants of CSNK2B GenBank: NM_001320.7, c.94G>C, c.94G>A,

and c.374G>C, were introduced in these plasmids by site-directed

mutagenesis (Promega). Oligonucleotides sequences used to create

variants of CSNK2B are shown in Table S2. We obtained GFP-

CTNNB1 plasmid as a donation from Prof. Carien Niessen

(Cologne Excellence Cluster on Cellular Stress Responses in

Aging-Associated Diseases [CECAD], University of Cologne).

This plasmid contains the ORF of CTNNB1 (GenBank:

NM_001904.4), which was excised and introduced into pGEX4T1

plasmid.
man Genetics and Genomics Advances 3, 100111, July 14, 2022 3



Protein expression in eukaryotic cells
Eukaryotic expression plasmids (pEGFP-C1) of both wild-type and

mutants CSNK2B and CTNNB1 were transfected in HeLa cells

using 1 mg/mL polyethylenimine (PEI; 23966; Polysciences) or

Lipofectamine 2000 (11668019; Thermo Fisher Scientific). Cells

were subjected to IF, IB, and/or pull-down assay after 24 h of

transfection.

GST fusion protein expression and purification
To obtain the bacterially expressed recombinant Homo sapiens

CK2b, CK2a, andCateninbeta-1proteins, also knownasb-Catenin,

prokaryotic expressionplasmids (pGEX4T1) containingORFsof the

respective genes were cloned and expressed in E. coli Arctic Express

cells. After induction with 0.3–0.5 mM isopropyl beta-D-1-thioga-

lactopyranoside (IPTG), cells were grown at 10 �C overnight. Bacte-

rial cell pellets were resuspended in ice-cold STE buffer (10mMTris-

HCl [pH 8.0], 150 mM NaCl, and 1 mM EDTA) mixed with PIC

(P8340; Sigma-Aldrich), protease inhibitors (1 mM each of DTT,

benzamidine, and PMSF), lysozyme (100 mg/mL), and 1% Sarcosyl.

After sonication and centrifugation, the supernatant was mixed

with2%TritonX-100.Theproteinwaspurifiedby stimulatingbind-

ing to Glutathione Sepharose 4B beads (GE17-0756-01; GE Health-

care) by overnight incubation in STE buffer mixed with PIC and

1 mM each of DTT, benzamidine, and PMSF.

All the GST-tagged recombinant proteins (Figure S1A) were sub-

jected to cleave GST (Figure S1B) with the help of thrombin

(T6634; Sigma-Aldrich).

Pull-down assay and mass spectrometry analysis
To assay the possible impaired interaction between mutant CK2b

and b-Catenin, we incubated Glutathione Sepharose 4B beads car-

rying GST-tagged CK2b (wild type and mutants) with precleared

cell lysates of HeLa cells expressing GFP-tagged b-Catenin. To

study impact of variant on global interaction of CK2b, we added

Glutathione Sepharose 4B beads carrying GST-tagged CK2b (wild

type and mutants) to the precleared HeLa cell lysates.

In all cases, overnight incubated beads were sedimented,

washed five times with PBS containing 13 PIC and 1 mM each

of DTT, benzamidine, and PMSF. The interaction was either

analyzed by IB or samples were subjected to mass spectrometry

(MS). MS data were analyzed on the basis of log2 LFQ (label-free

quantification; signifies the relative amount of proteins in two

or more biological replicates) intensities and number of peptides

pulled down with purified GST-tagged CK2b wild type and

mutant. Proteins obtained for negative control (GST-only) were

excluded from the analyses. Pathway enrichment of resultant pro-

teins were performed by FunRich (functional enrichment analysis

tool, version 3.1.3).

Microscale thermophoresis
To monitor the effect of variant on interaction of mutant CK2b

with CK2a, we performed microscale thermophoresis (MST).

Purified CK2a, containing unnatural amino acid para-Azidophe-

nylalanine (pAzF) at Tyr239, was coupled with a fluorophore

DBCO-Sulfo-Cy5 via strain-promoted azide - alkyne click chemis-

try reaction (SPAAC) click reaction.32 Serial dilution ranging from

0.1526 to 5,000 nM GST cleaved wild-type and mutant CK2b was

mixed with 30 nM modified CK2a in final buffer containing

50 mM Tris-HCl (pH 8), 500 mM NaCl, 500 mM CaCl2, 0.05%

Tween 20, and 0.5% (v/v) DMSO. Thermophoretic movement of

fluorescently labeled CK2a was measured by monitoring the fluo-
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rescence distribution inside a capillary of Monolith NT.115

(NanoTemper, Munich, Germany). Fluorescence (red filter, light

emitting diode [LED] power 50%) and thermophoresis (MST po-

wer 20%) were recorded at 25 �C. The dissociation constant (KD)

values were determined from several independent experiments us-

ing NT Analysis v.2.1.3 software (NanoTemper Technologies,

Germany).
Kinase assays
To investigate the impact of variants on the kinase activity of CK2

holoenzyme, we conducted two different kinds of assay; their de-

tails are given below.

ADP-Glo assay

Phosphorylation of b-catenin by CK2 was analyzed using a lumi-

nescent ADP detection assay (Promega, Madison, WI, USA). Tetra-

meric CK2 holoenzyme was initially reconstituted by mixing

100 nM CK2a with 200 nM CK2b (wild type or one of both mu-

tants, NP_001311.3; p.Asp32His and NP_001311.3; p.Asp32Asn)

in 80 mM NaCl, 280 mM Tris-HCl (pH 8.0), 50 mM CaCl2,

7.5 mM MgCl2, and 1 mM ATP. After adding 6 mM b-catenin to a

total volume of 5 mL, the reaction mixture was incubated for

25 min at 37 �C. Afterward, 5 mL of ADP-Glo reagent was added

to terminate the kinase reaction. After 40 min of incubation at

room temperature, 10 mL of kinase detection reagent was added

to convert the generated ADP into ATP, which was measured in

a luciferase/luciferin reaction. Luminescence was detected after

1-h incubation at room temperature with a Tecan Infinite M200

Pro (Tecan, Männedorf, Switzerland).

Capillary electrophoresis

CK2 activity was analyzed using a previously published capillary

electrophoresis (CE)-based method.33 For kinase reaction, kinase

buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 10 mM MgCl2)

containing 70 nM CK2a and 140 nM CK2b (wild type and both

mutants NP_001311.3; p.Asp32His and NP_001311.3; p.As-

p32Asn) was pre-incubated for 10 min at 37 �C. After adding

pre-incubated assay buffer (25 mM Tris-HCl [pH 8.5], 150 mM

NaCl, 5 mM MgCl2, 190 mM substrate peptide RRRDDDSDDD34

[GenicBio, Shanghai, China] and 60 mM ATP), the samples were

incubated at 37 �C for 1, 2, 3, 4, and 5 min. The reaction was

stopped by decreasing the temperature to 4�C and addition of

5 mL EDTA (0.5 M). Samples were analyzed by Beckman Coulter

pa800 plus (Krefeld, Germany) CE system, with 2 M acetic acid

(pH 2.0) as background electrolyte and a constant current of

30 mA. Peptides were detected at a wavelength of 195 nm.
RNA extraction, quantitative real-time PCR, and

transcriptome profiling
Total RNA extracted from LCLs using RNeasyMini kit (74104; Qia-

gen) was converted into cDNA using SuperScript II reverse tran-

scriptase (RT) enzyme (18064014; Invitrogen). We performed

quantitative real-time PCR using an already described method.35

Oligos are enlisted in Table S2.

Forwhole-transcriptomeprofiling,we subjected 1 mg of total RNA

for poly(A) selection. After mRNA fragmentation, adaptor ligation,

and cDNA synthesis, libraries were sequenced on Illumina Hi-

Seq4000 (Illumina) with a 2 3 75-bp read length. Obtained data

were processed through the QuickNGS pipeline of CECAD.36 Reads

were mapped to the Homo sapiens reference genome version

GRCh37 using TopHat2 (version 2.0.10)37 and abundance estima-

tion with Cufflinks (version 2.1.1).38 DESeq2 is used for differential

gene expression analysis.39 The results were uploaded into the



QuickNGS database for further analyses. Genes were filtered on the

basis of involved pathways. Heatmaps were generated based on

FPKMs (fragments per kilobase permillion) values, using Heatmap-

per40 to visualize the DEGs (differentially expressed RefSeq genes).

Pathway enrichment was performed using PANTHER (protein anal-

ysis through evolutionary relationships).
Whole-phosphoproteome profiling
A total of 3 mg of protein lysates obtained from CSNK2B mutated

individual (subject 1) LCLs, along with wild-type (three biological

replicates of both) LCLs, was subjected to phosphopeptide enrich-

ment (PPE). The isolation of phosphopeptides was carried out by a

previously described method with some modifications.41 Further,

the lysates were incubated with DTT and iodoacetamide and di-

gested overnight using trypsin (1:50w/w ratio). Then, the peptides

were desalted and passed through a polysulfoethyl column (4.6-

mm inner diameter [ID]320-cm length, 5-mm particle size, 300-Å

pore size; PolyLC, Switzerland) for cation exchange fractionation.

The gradient being used in this experiment was solvent A (compo-

sition given below) (100%) and solvent B (0%) for 2 min, followed

by addition of solvent B (0–20%) for 40 min, increasing the con-

centration of solvent B (20–100%) for 5 min; finally, 100% solvent

B held for 5 min was processed. The composition of solvent A was

5 mMKH2PO4 25% acetonitrile (ACN) (pH 2.7), and solvent B was

5 mM KH2PO4, 25% ACN, 350 mM KCl (pH 2.7). Based on the

number of peptides, the fractions of 5 up to 10 were being

collected.

PPE was performed using FeNTA-IMAC columns (Pierce). Clean-

ing of phosphopeptides was performed using ZipTips followed by

their submission to nano-scale liquid chromatographic tandem

mass spectrometry (nLC-MS/MS) analyses on LTQ Orbitrap ma-

chine. The fractionation of peptides was carried out via nLC on

a 150-mm C18 column (75-mm ID; Dr. Maisch GmbH, Ammer-

buch, Germany) using an EASY nLC-II system (Proxeon/Thermo

Fisher Scientific). The separation of peptides was performed at

300 nL/min flow rate for 90 min (5%–7% ACN in 5 min, 7%–

45% in 60 min, 45%–50% in 5 min, 50%–97% in 5 min; wash

at 100%). Here the composition of buffer A was 0.1% formic

acid dissolved in H2O, and buffer B contained 0.1% formic acid

diluted in acetonitrile. The survey full-scan MS spectra (m/z

300–2,000) of intact peptides was carried out in the Orbitrap at a

resolution of 30,000 using m/z 445.12003 as a lock mass.

The mass spectrometer was used for spectra in data-dependent

automaticmode (automatic switch betweenMS andMS/MS acqui-

sition). Further, dynamic exclusionwas enabled for 1min. The five

most intense ions having a charge state z R 2 were isolated and

fragmented in the linear ion trap; this was carried out by colli-

sion-induced dissociation fragmentation. However, the peptides

having unknown z values were not being fragmented.
Bioinformatics analyses for phosphoproteome profiling
Andromeda, a peptide search engine, was used for searching the

RAW files followed by searching against the UniProtKB database.

The identification criteria of peptides were two miscleavages; min-

imum peptide size of seven amino acids; variable modifications

weremethionineoxidation, serine/threonine/tyrosinephosphory-

lation, andproteinN-terminal acetylation; andfixedmodifications

were alkylation of cysteine. Furthermore, up to three post-transla-

tional variable modifications were selected.

For detecting parent ions, first search mass accuracy was 20

ppm, with the second being 4.5 ppm. Fragment ion match was
Hu
0.5 Da. Phosphorylation sites with a localization probability

>0.75 (class I phosphorylation sites) and a delta score >40 were

preferably selected and used for further analyses. Other analyses

were performed as described elsewhere.42

To generate the position weighted matrices, we used iceLogo.

The normal amino acid distribution of the respective species was

considered as background.43 Furthermore, netphorest 2.0 was

used in order to predict potential kinase substrates.44 NCBI

HomoloGene groups (CPhos program) were used for identifying

the conservation.45,46 Gene Ontology enrichment was carried

out by GORilla using themouse homologous gene symbols, which

were taken from CPhos/HomoloGene.47 The p value threshold

was 10�3, and false discovery rate (FDR)-corrected q-values were re-

ported. Sequences were predicted by using different calculation

methods as described elsewhere;48 predict protein suite, IUPRED,

and FoldIndex were used in this study. The protein region denomi-

nated ‘‘intrinsically disordered’’ in all prediction methods was

chosen. For the correlational analyses of phosphorylation site

abundance, Perseus was used.49
Results

Description of subjects

We report on five patients with pathogenic CSNK2B vari-

ants. Three of them are manifesting a novel IDCS, while

the remaining two affected individuals, subjects 4 and 5,

are sharing phenotypic similarities with POBINDS (MIM:

618732) (Figure 1; Table 1).

To investigate the facial gestalt differences of our IDCS

affected members (subjects 1–3) with those of POBINDS,

we employed GestaltMatcher. Additionally, we included

two previously reported patients; one (subject 6) manifest-

ing POBINDS23 and the other subject 7 (his original ID in

the published article is patient 25) carrying the CK2b:

NP_001311.3; p.Asp32Asn variant.8 The pairwise ranks of

seven photos showed remarkable facial similarities among

subjects 1, 2, 3, and 7, and hence they are grouped together

in one cluster. Notably, subjects manifesting POBINDS

showed considerable differences and were placed far

away from subjects 1–3 and 7 (Figure S2). Interestingly,

subjects 1 and 2 appeared closer to each other as compared

with subjects 3 and 7. Subject 1 was at the first rank of sub-

ject 2, and subject 3 was at the 17th rank of subject 2, indi-

cating a high degree of similarity in the phenotype

(Figure S2). In short, the results suggested a novel pheno-

type seen in subjects 1–3 and 7 that is remarkably different

from patients manifesting POBINDS. Detailed clinical fea-

tures of these affected members are described below.

Subject 1 is a 19-year-old Italian woman born from

healthy and unrelated parents (Figure 1; Table 1). She

had short stature of �3.3 standard deviation (SD) (HP:

0004322); however, microcephaly (HP: 0005484) was not

observed. She exhibited global developmental delay (HP:

0001263), moderate intellectual disability (HP: 0002342),

dysarthria (HP: 0001260), and epileptic seizures (HP:

0001250). Digital findings included hypoplasia of fingers

(HP: 0006265) and toes (HP: 0010173), cutaneous syn-

dactyly of fingers 3–5 bilaterally (HP: 0010554); X-ray
man Genetics and Genomics Advances 3, 100111, July 14, 2022 5



Figure 1. Clinical presentation of patients with CSNK2B variants
Front and side views of subjects 1–3 diagnosed with IDCS show
strikingly similar facial gestalt, whereas subjects 4 and 5 diagnosed
with POBINDS show vivid difference of facial gestalt, and no
obvious digital or limb anomaly was recorded as in IDCS. Digital
anomalies of IDCS patients are shown in two panels on right
side. For subject 1, arrows show brachydactyly 2–5 and syndactyly
2–3 of the digits of the feet. Notably, preoperative radiographs of
the hands and teeth are shown for subject 1.
radiographs demonstrated bilateral osseous syndactyly of

the distal phalanges of the third and fourth fingers (HP:

0010492), clinodactyly (HP: 0001863), bilateral syndactyly

of second and third toes (HP: 0001770), and broad thumb

(HP: 0011304). Notable facial dysmorphic features (HP:

0001999) included deep-set eyes (HP: 0000490), broad

nasal bridge (HP: 0000431), hypoplastic alae nasi (HP:

0000430), thin upper lip (HP: 0000219), prognathism

(HP: 0000303) with pointed chin (HP: 0000307), and small

ears (HP: 0008551) with prominent antitragus (HP:

0008593). Further, ectodermal anomalies were observed

such as hypodontia (HP: 0000668) depicted by dental ra-

diographs (Figure 1) and thin hair (HP: 0008070). Ebstein’s

anomaly (HP: 0010316) and atrial septal defect (HP:

0001631) were also identified in this patient (Table 1).

Subject 2 is a 9-year-old Caucasian girl with develop-

mental delay, intellectual disability (HP: 0001249), and

speech impairment (Figure 1; Table 1). Electroencephalo-

gram (EEG) of this patient demonstrated excessively fast fre-
6 Human Genetics and Genomics Advances 3, 100111, July 14, 2022
quencies and interictal discharges (posterior predominant),

indicative of generalized or mixed epilepsy (HP: 0001250).

Among digital anomalies, syndactyly (HP: 0001159) was

absent, yet other features, includingbilateral tapering of fin-

gers (HP: 0001182) (most prominent on fifth digits), bilat-

eral clinodactyly (HP: 0001863) of third to fifth toes, and

protonation of both feet were apparent. In addition, a 1-

to 2-cm poorly circumscribed firm mass on plantar aspect

of left heel was also notable. She presented facial dys-

morphism (HP: 0001999), including deep-set eyes (HP:

0000490), hypoplastic alae nasi (HP: 0000430), thin upper

lip (HP:0000219), prognathism(HP:0000303)withpointed

chin (HP: 0000307), and asymmetric ears (HP: 0010722)—

the right ear was more prominent than left.

Subject 3 is a 2-year-old Caucasian girl (Figure 1; Table 1).

Initial physical examination at the age of 10 months re-

vealed a large fontanelle (HP: 0000239) (4 cm), epicanthal

folds (HP: 0000286), telecanthus (HP: 0000506), depressed

nasal bridge (HP: 0005280), broad nasal tip (HP: 0000455),

small cupped ears (HP: 0000378), which are low set, arched

upper lip, widely spaced nipples (HP: 0006610), brachy-

dactyly (HP: 0001156), and contracture of fourth and fifth

fingers of left hand. At the age of 2 years, she exhibited

salient facial features similar to subjects 1 and 2, such as

deep-set eyes (HP: 0000490), hypoplastic nasal alae (HP:

0000430), and prognathism (HP: 0000303). She presented

with developmental delay. Growth parameters were within

normal ranges. No seizures were observed. The subject pre-

sented digital abnormalities, such as contractures of the

fourth and fifth fingers, which required surgery (a trigger

finger release). Dental examination showed delayed erup-

tion of teeth (HP: 0000684), i.e., presence of only two

lower teeth with two more emerging on the bottom and

possibly two on the top. A fenestrated atrial septal defect

(HP: 0001631) was present.

Clinical features of subjects 4, 5, and 7 are given in the

supplemental information.

Identification of CSNK2B variants

For identifying the disease-causing variant(s) in family 1,

the following strategywas adopted; due tophenotypicover-

lap of patient 1 with Filippi syndrome, we first excluded

pathogenic variants in CKAP2L by Sanger sequencing.2 In

a next step, we performed trio exome sequencing of subject

1 and both parents. Data revealed de novo variants in

CSNK2B (GenBank: NM_001320.7:c.94G>C (p.Asp32His))

and MTM1 (MIM: 300415, GenBank: NM_000252.2:c.

1186T>G (p.Phe396Val)) (Figure 2A). Because de novo vari-

ants in CSNK2B have been reported to cause intellectual

disability and epilepsy,50–52 while MTM1 has been linked

to X-linked myotubular myopathy,53 we considered

CSNK2B more interesting to investigate its contribution to

the disease. Causative structural variants were excluded

by molecular karyotyping using the CytoScan HD array

from Thermo Fisher Scientific. In addition, subjects 2–5,

carrying variants in CSNK2B, were recruited through

GeneMatcher and GenomeConnect.20,21 In all of them,

http://www.ncbi.nlm.nih.gov/nuccore/NM_001320.5
http://www.ncbi.nlm.nih.gov/nuccore/NM_000252.2


Table 1. Clinical findings of patients with CSNK2B variants

Individuals Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

CSNK2B variant (GenBank:
NM_001320.7)

c.94G>C (p.Asp32His) c.94G>A (p.Asp32Asn) c.94G>A (p.Asp32Asn) c.374C>G (p.Ser125*) c.367þ5delG (p.Leu124Aspfs*26
and p.Leu98Alafs*11)a

Inheritance de novo de novo unknown de novo unknown

Sex female female female male female

Age (years) 19 10 2 7 30 (deceased)

Ancestry Caucasian Caucasian Caucasian Israeli Caucasian

Parenteral consanguinity – – – – –

Measurements (at birth)

Gestational age (weeks) 41 39 39 40 N/A

Height (SD) �1.9 �0.8 �2.8 N/A �1.33

Weight (SD) �1.3 �1.1 �0.8 N/A 0.21

OFC (SD) �0.9 N/A �1.2 N/A N/A

Measurements (at age) 12 years 9 years 2 years 6 years 30 years

Height (SD) �3.3 þ0.11 �0.26 �0.32 �0.8

Weight (SD) �1.9 þ1.53 þ0.21 �0.41 �2.03

OFC (SD) �1.7 þ0.9 �0.24 þ0.36 N/A

Neurological features

Global developmental delay þ þ þ þ þ

Intellectual disability þ (moderate) þ Developmental delay þ þ

Speech impairment þ (moderate) þ þ þ N/A

Epileptic seizures þ (tonic-clonic) EEG abnormalities – þ þ (tonic-clonic, myoclonic,
clonic, absence seizures)

Facial features

Deep-set eyes þ þ þ – eye movement issues, hyperopia,
myopia, lazy eye

Nasal bridge broad depressed broad, depressed prominent prominent

Hypoplastic alae nasi þ þ þ þ þ

Mouth thin lips thin lips arched upper lip – –

Prognathism þ þ þ – þ (class III underbite)

Pointed chin þ þ þ – þ

(Continued on next page)
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Table 1. Continued

Individuals Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

Ears small, prominent antitragus symmetric protruding asymmetric: left cupped, right
overfolded

protruding –

Hands and feet

Fingers brachydactyly
cutaneous syndactyly of fingers
3/4/5 (required surgery) including
osseous syndactyly of distal
phalanges 3/4

tapering of fingers, most
prominent on fifth fingers

brachydactyly
contractures of the left hand first,
fourth, and fifth fingers (required
surgery on first and fourth); initial
reports of mild right-sided first
and second digit involvement

– –

Toes and feet brachydactyly 2–5 syndactyly 2–3 clinodactyly of toes 3/4/5
pronation of feet

small feet
mild inversion and pronotion of
feet

– flat feet

Ectodermal anomalies

Hair thin thin sparse temporal, anterior thin,
posterior coarse

hypopigmentation, partial –

Teeth hypodontia small teeth delayed eruption –

Cardiac defect Ebstein’s anomaly and atrial septal
defect

WPW fenestrated atrial septal defect mild cardiac defect –

Others IgA nephropathy; nocturnal
enuresis

emotional regulation disorder,
low attention span

hypotonia, low tone, memory
impairment, anxiety, depression,
obsessive compulsive disorder,
proprioception issues

þ, present; �, not present/no abnormality; N/A, not available; OFC, occipital-frontal circumference; SD, standard deviation; WPW, Wolff-Parkinson-White.
aVariants at protein levels resulted from minigene splicing assay.
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Figure 2. CSNK2B variants identified in IDCS patients
(A) Upper panel: genomic structure of human CSNK2B. The seven exons of CSNK2B are displayed by boxes, which are drawn to scale (1
kb ¼ 1 cm). The filled boxes depict the open reading frame, and the open boxes show the UTRs. The introns are drawn as connecting
lines of arbitrary length. Vertical lines on filled boxes indicate the positions of the variants. Lower panel: 215-amino-acid-long CK2b pro-
tein composed of five domains along with identified variants are shown. The protein structure is constructed according to the indicated
scale bar. Figure is recreated from Bibby and Litchfield (2005).12

(B) Cross-species alignment showing conservation of Asp32 of CK2b. Note that Asp32 is conserved in all species. Asterisk (*) is used for
the conserved residues, colon (:) for conservative changes, and dot (.) for semiconservative changes.
(C) Structural overview of the CK2a2b2 holoenzyme along with a modeled substrate peptide and the ATP analogue AMPPNP. Dotted
circle shows the wild-type amino acid Asp32 and substrate peptide in its close proximity.
(D) Zoomed picture focuses on the critical neighborhood around Asp32 of CK2b illustrating the IDCS-associated variants Asp32Asn and
Asp32His. Two sulfate ions visible in the humanCK2a structure PDB: 2PVR26 were drawn in ball-and-sticks representation; as outlined in
the Material and methods section, these sulfate ions served as an orientation to model the pþ1 and pþ3 side chains of the substrate
peptide DDSDDD (blue carbon atoms) into the active site.
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Figure 3. Quantification of CSNK2B transcript and encoded pro-
tein product along with cellular localization in LCLs
(A) Quantitative real-time PCR data showing 3-fold increased
expression of CSNK2B mRNA in patient (GenBank: NM_00
1320.7:c.94G>C (p.Asp32His)) as compared with wild type.
CSNK2B mRNA amounts were quantified relative to control sam-
ple. ***p ¼ 0.0001 calculated by Student’s t test. n ¼ 3; error bars
represent standard deviation (SD).
(B) Graph shows 2-fold increased expression of CSNK2B mRNA of
subject (GenBank: NM_001320.7:c.94G>A (p.Asp32Asn)) result-
ing from amplifying a second set of primers as compared with
wild type. ***p ¼ 0.0001 calculated by Student’s t test. n ¼ 3; error
bars represent SD.
(C) Confocal microscopy images showing increased amount of
CK2b (green) in nuclei and in cytoplasm of subject-derived
(NP_001311.3; p.Asp32His and NP_001311.3; p.Asp32Asn) LCLs
as compared with wild type. GM130 (red) serves as marker of Golgi
apparatus, and DAPI (blue) indicates staining of nucleus. Scale bar:
10 mm.
(D) Immunoblotting shows an increased amount of CK2b in
whole-cell lysates obtained from mutant (NP_001311.3; p.As-
p32His and NP_001311.3; p.Asp32Asn) LCLs versus wild type.
a-Tubulin is used as loading controls.
(E) Immunoblots show an increased amount of CK2b in cytosolic
and nuclear fraction in NP_001311.3; p.Asp32His mutant versus
wild type. Loading controls are a-tubulin and lamin A/C, for
cytosol and nucleus, respectively.
exome sequencing revealed variants in CSNK2B, which

were confirmed de novo in all except subjects 3 and 5,

because parental samples were not provided for testing,

the same missense variant (GenBank: NM_001320.

7:c.94G>A (p.Asp32Asn)) in subjects 2 and 3, a non-

sense variant (GenBank: NM_001320.7:c.374C>G (p.Se

r125*)) in subject 4, and a splice variant (GenBank:

NM_001320.7:c.367þ5delG) in subject 5 (Figure 2A;

Table 1).

BothCSNK2Bmissense variants are predicted to be patho-

genic by in silico tools (Table S1). All four newly identified

CSNK2B variants are absent in gnomAD, EVS, Iranome, the

Greater Middle Eastern (GME) Variome, and our Cologne

Center for Genomics (CCG) in-house dataset comprising
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>3,360 exomes. Two of these variants, c.94G>A and

c.367þ5delG, are reported in dbSNP (rs1554169984 and

rs1583610622, respectively) because of entries in ClinVar

(Table S1). To bementionedhere, c.94G>Ahasbeen recently

reported to cause developmental delay and generalized epi-

lepsy;8however, the studywasnotonlydeficientof adetailed

clinical presentation of individuals carrying this variant but

also lacked any functional analysis and interpretation of

the identified variant. Hence we took the opportunity and

explored the functional consequences of the variants identi-

fied in the patients manifesting the novel syndrome.

Multiple sequence alignments of CK2b orthologs

showed that the residue Asp32, which is mutated in sub-

jects 1–3, is highly conserved among the vertebrates

(Figure 2B). Furthermore, from analyses performed on

X-ray structure, we concluded that within the CK2a2b2 ho-

loenzyme structure, Asp32 of CK2b is not directly involved

in the CK2a/CK2b interface (Figure 2C); however, it resides

in the vicinity of the active site region of CK2a (Figure 2D).

CSNK2B: NM_001320.7;c.367þ5delG impairs splicing

To observe the consequences of CSNK2B: NM_0013

20.7;c.367þ5delG on transcript splicing, we constructed

minigene splicing assay. The RT-PCR performed on the

cDNA produced a transcript of 320 bp in both wild type

and mutant. However, two aberrant transcripts of approxi-

mately465and244bpwere seenonly in themutant. Sanger

sequencing of the transcript of 320 bp showed normal

splicing (Figure S3A). Analysis of the abnormally sized tran-

script of 465 bp revealed that the CSNK2B: NM_00

1320.7;c.367þ5delG variant eliminated the actual splice

donor and acceptor sites, resulting in the retentionof intron

5 (Figure S3B, left panel) and thus causing a shift in the

reading frame and introducing an early termination codon

(NP_001311.3; p.(Leu124Aspfs*26)). Analysis of a 244-bp

transcript revealed skipping of 76 bp (CSNK2B: NM_00

1320.7;c.292_367del;p.[Leu98Alafs*11]), which correspo-

nds to complete exon 5 (Figure S3B, right panel). This also

resulted in the frameshift leading to introduction of the pre-

mature stop codon (NP_001311.3; p.Leu98Alafs*11).

Variants impair the localization and amount of CK2b

As a first step to investigate the consequences of the identi-

fied variants, we performed a quantification of the CSNK2B

transcripts in total RNAof subjects 1 and 2, which showed a

significant upregulation of CSNK2B as compared with the

control RNA obtained from LCLs (Figures 3A and 3B). We

further analyzed cellular expression and sub-cellular locali-

zation of CK2b in control cells and patient-derived (subject

1: NP_001311.3; p.Asp32His and subject 2: NP_001311.3;

p.Asp32Asn) LCLs. In wild-type LCLs, CK2b protein was

observed to localize inside the nucleus, as well as at the

Golgi apparatus, whereas bothmutant LCLs showed excess

ofCK2bdispersed in thenucleus, aswell as in the cytoplasm

(Figure3C). Furthermore, investigationof the abundanceof

CK2b by IB also showed an increased amount of CK2b pro-

teins in the whole-cell lysate of LCLs derived from both
2
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Figure 4. Interaction of CK2 subunits and
kinase activity of mutated beta subunits
(A) Graph shows interaction of CK2 sub-
units analyzed by microscale thermophore-
sis (MST). Graph in the left panel shows KD

value (12.9 5 3.9 nM) in wild-type CK2b
bound to CK2a239Cy5. n ¼ 3. Graph in
the right panel shows KD values (15.8 5
5.3 nM) in mutant CK2b (NP_001311.3;
p.Asp32His) bound to CK2a239Cy5. n ¼ 5.
(B) Graph shows the amount of phosphory-
lated substrate peptide in the given time
from capillary electrophoresis assay. Note
that CK2 containing CK2b: NP_001311.3;
p.Asp32His shows decreased amount of
phosphorylated peptide as compared with
wild type, whereas CK2 containing
NP_001311.3; p.Asp32Asn shows no signif-
icant differences. The color and shape key
denoting all the samples given in the figure.
n ¼ 3; error bars represent SD.
(C) Kinase activity of CK2wild type andmu-
tants based on capillary electrophoresis
assay. Bar graph shows kinase activity of
CK2 containing wild-type and mutant beta
subunits (NP_001311.3; p.Asp32His and
NP_001311.3; p.Asp32Asn). Note that the
activity of CK2 containing NP_001311.3;
p.Asp32His is reduced as compared with
wild type, but CK2 containing NP_
001311.3; p.Asp32Asn variant does not
show any significant difference. *p % 0.05,
**p % 0.01, nsp ˃ 0.05 (Student’s t test).
n ¼ 3; error bars represent SD. ns, non-
significant.
subjects as compared with control (Figure 3D). To further

quantify the CK2b in mutant NP_001311.3; p.Asp32His

cellular fractions, we performed a fractionation assay

coupled with IB. Our results showed an increased amount

ofCK2b in both cytosolic andnuclear fraction, as compared

with the wild type (Figure 3E).

Transiently expressed mutant CK2b mimics the results

obtained with LCLs

To gain insights into the behavior of overexpressed wild-

type and mutant CK2b proteins, GFP-tagged CK2b wild

type and three mutants (NP_001311.3; p.Asp32His,

NP_001311.3; p.Asp32Asn, and NP_001311.3; p.Ser125*)

were transiently expressed inHeLa cells. Similarly to endog-

enousCK2b observed in control LCLs, transiently expressed

wild-type CK2b was found in the nucleus, as well as at the

Golgi apparatus (Figure S4A). In contrast, two of themutant

proteins, NP_001311.3; p.Asp32His and NP_001311.3;

p.Asp32Asn, were found in the cytosol and nuclei in the

form of aggregates as tracked by GFP fluorescence

(Figure S4A). Comparedwith thewild type, themutant pro-

teinNP_001311.3; p.Ser125*was absent in cytosol, presum-

ably because of the nonsense-mediated decay of themutant

mRNA. However, a drastically reduced nuclear expression

was observed as compared with the wild type (Figure S4B).

Notably, cells with ectopic expression of CK2b: NP_0

01311.3; p.Ser125* showed a distorted Golgi apparatus

compared with the wild type and the remaining two mu-
Hum
tants. Thesedatawere furthercorroboratedby immunoblots

where increased amounts of only two mutant proteins,

NP_001311.3; p.Asp32His and NP_001311.3; p.Asp32Asn

and a reduced amount of CK2b: NP_001311.3; p.Ser125*

were noted compared with wild type (Figure S4C). Analysis

of the band intensities indicates a 1.4- and 1.7-fold increase

in case of NP_001311.3; p.Asp32His and NP_001311.3;

p.Asp32Asn mutants, respectively, and a 0.2-fold decrease

in case of the CK2b: NP_001311.3; p.Ser125* (Figure S4D).

Interaction with CK2a is not impaired by missense

variant

To investigate the effect of the CK2b variant NP_001311.3;

p.Asp32His on the binding efficiency to CK2a, we per-

formed MST. The results showed hardly any difference in

the binding affinity of CK2a with mutant (NP_001311.3;

p.Asp32His) CK2b. Binding affinity of wild-type CK2b

with CK2awas KD ¼ 12.95 3.9 nM, and that with mutant

(NP_001311.3; p.Asp32His) CK2bwas KD ¼ 15.85 5.3 nM

(Figure 4A). Hence we conclude that the variant (NP_0

01311.3; p.Asp32His) of CK2b does not have any influence

on the interaction potential with CK2a.

CK2 holoenzyme with NP_001311.3; p.Asp32His beta

subunit showed lower kinase activity

Because the interaction between mutant CK2b and CK2a

seemed not to be impaired, we hypothesized that the var-

iants may affect the kinase activity of the holoenzyme.
an Genetics and Genomics Advances 3, 100111, July 14, 2022 11



Figure 5. Impacts of variants on the dy-
namics of b-catenin and DVL3
(A) Pull-down assay from HeLa total protein
extracts indicates reduced interaction of
endogenous b-catenin with mutant
(NP_001311.3; p.Asp32His) GST-tagged
CK2b as compared with wild type. GST
serves as negative control. Bands of approx-
imately 85 kDa of b-catenin were observed
on western blot after probing with rabbit
monoclonal b-catenin antibody. GST-fused
proteins were visualized by probing the
membrane with in-house-generated mouse
monoclonal GST antibody.
(B) Pull-down assay shows reduced interac-
tion of DVL3 with GST-fused CK2b mutant
(NP_001311.3; p.Asp32His) as compared
with wild-type. GST was used as negative
control. Bands of approximately 78 kDa of
DVL3 were observed by rabbit monoclonal
DVL3 antibody.
(C) Immunofluorescence shows decreased
amount of active b-catenin (red) in nuclei
of CK2b: NP_001311.3; p.Asp32His (left
panel) and CK2b: NP_001311.3; p.As-
p32Asn (right panel) LCLs as compared
with the wild type. Localization pattern of
non-active b-catenin (green) remains the
same in wild-type and both mutant LCLs.
DAPI (blue) indicates staining of nucleus.
Scale bar, 5 mm (left panel); 10 mm (right
panel).

(D) Graph showing reduced kinase activity of CK2 carryingmutants (NP_001311.3; p.Asp32His and NP_001311.3; p.Asp32Asn) of CK2b
as compared with wild type measured by ADP-Glo assay. Note that b-catenin was used as substrate. Error bars represent SD; n ¼ 3. **p%
0.01 (Student’s t test).
Furthermore, close proximity of Asp32 to the active site re-

gion of CK2a (Figure 2D) also prompted us to perform ki-

nase assay. For this purpose, we performed a CE-based

assay using the CK2 target peptide RRRDDDSDDD as a sub-

strate.34 We monitored the amount of phosphorylated

substrate at several time points, and data showed sig-

nificant reduction of the kinase activity only for the CK2

holoenzyme containing the NP_001311.3; p.Asp32His

CK2b subunit when compared with the wild-type CK2 ho-

loenzyme (Figure 4B). The slopes of the corresponding

curves were also used to calculate the kinase activities, in

terms of Kat, of the different variants (Figure 4C). As ex-

pected, we observed a significant decrease in the kinase ac-

tivity of the tetrameric CK2 holoenzyme constituted with

mutant (NP_001311.3; p.Asp32His) CK2b as compared

with the holoenzyme containing wild-type subunits

only. Intriguingly, kinase activity of this particular mutant

CK2 holoenzyme was comparable with the activity

observed for CK2a alone, thus showing a drastic influence

on the phosphorylation activity (Figure 4C). Surprisingly,

we did not observe a significant difference in the kinase ac-

tivity of the CK2 holoenzyme containing the othermutant

(NP_001311.3; p.Asp32Asn) CK2b (Figure 4C).

Significant effects of variant NP_001311.3; p.Asp32His

on protein-protein interactome

After analyzing the kinase activity of the mutated CK2, we

extended our analyses to explore the consequences of
12 Human Genetics and Genomics Advances 3, 100111, July 14, 202
CK2b: NP_001311.3; p.Asp32His on the global interaction

pattern. To accomplish this aim, we performed pull-down

assays; MS analysis of the precipitate obtained after a pull-

down of wild-type GST-CK2b in whole HeLa lysate identi-

fied 194 proteins (Figures S5A–S5C). Among them, 124 are

novel protein partners, whereas 69 were already reported

as CK2 substrates (Table S3).54,55 The mutant NP_00

1311.3; p.Asp32His showed an impaired interaction for

38 proteins (Figure S5C; Table S3). Among these 38 pro-

teins, 25 are already reported partners of CK2 (Table S3).

Pathway enrichment of the 38 proteins showing impaired

interaction with mutant CK2b revealed their involvement

in the degradation of b-catenin, Wnt signaling, apoptosis,

ataxia-telangiectasia mutated (ATM), mammalian target of

rapamycin (mTOR), and IL-3 signaling (Figure S5D).

Notably, degradation of b-catenin (DVL1 and DVL3) was

noted as one of the most significantly enriched pathways

(p > 0.05) (Figure S5D); therefore, we followed it for

comprehensive investigations. Interestingly, DVL1 and

DVL3 have also been reported to be functionally linked

with CK215; therefore, we focused on DVL3 and b-catenin

for further analyses.

Missense variant NP_001311.3; p.Asp32His

compromises the interaction with b-catenin and DVL3

To assay the effects of the variants on the interaction of

CK2b with DVL3 and b-catenin, GST-tagged CK2b wild-

type and NP_001311.3; p.Asp32His mutant (Figure S1A)
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Figure 6. Whole-transcriptome profiling
of patient LCLs (NP_001311.3; p.As-
p32His)
(A) Venn diagram showing total number of
transcripts and those differentially regu-
lated. Note that the fold change (FC) > 1,
p < 1 for 58,038 transcripts and FC > 2,
p < 0.05 for upregulated and downregu-
lated transcripts.
(B) Graph showing pathway enrichment
of differentially expressed genes obtained
from RNA sequencing (RNA-seq) data per-
formed in NP_001311.3; p.Asp32His
mutant LCLs and age- and sex-matched
control. Note that two of the highest peaks
are related to the genes involved in the im-
mune response pathway and Wnt
signaling. x axis shows the number of
genes, and y axis shows cellular pathways.
FC > 5 and p < 0.05.
(C) Heatmaps of differentially expressed
Wnt target genes observed in NP_
001311.3; p.Asp32His mutant LCLs
compared with control. Color key shows
the level of upregulation or downregula-
tion: green shows higher expression as
compared with bright red.
(D) Heatmaps of differentially expressed
transcription regulators observed in
NP_001311.3; p.Asp32His mutant LCLs
compared with control.
were pulled down with HeLa cell lysates. IB showed that

the interaction of b-catenin with mutated GST-tagged

CK2b was reduced as compared with wild type (Figure

5A). We also obtained similar results using another

strategy where GST-tagged CK2b wild type and mutant

were pulled down with HeLa cell lysates expressing GFP-

tagged b-catenin (Figure S5E). Similarly, on analyzing the

interaction of DVL3 with CK2b by pulling down wild-

type and mutant (NP_001311.3; p.Asp32His) GST-tagged

CK2b with protein lysate of HeLa cells, we noted con-

siderably reduced interaction of DVL3 with mutant

(NP_001311.3; p.Asp32His) CK2b compared with wild

type (Figure 5B).

b-Catenin is mislocalized in LCLs derived from subjects

with missense variants

Impaired interaction of mutant CK2b with b-catenin

and DVL3 prompted us to analyze the cellular expression

of these proteins in subject-derived LCLs. IF anal-

ysis combined with confocal microscopy revealed the

presence of an active/nuclear form of b-catenin inside

the nuclei of wild-type LCLs, whereas it was absent in

the nuclei of LCLs derived from both variant carriers

(NP_001311.3; p.Asp32His and NP_001311.3; p.As-

p32Asn); rather, it was found in the cytoplasm or

near the periphery of the nucleus (Figure 5C). How-

ever, none of the mutant cells showed an alteration of

the localization pattern of the cytoplasmic b-catenin

(Figure 5C).
Hum
Both missense variants reduce the phosphorylation

capacity of b-catenin

Our data demonstrated the compromised interaction of

mutant CK2b with b-catenin; therefore, we hypothesized

that the impaired interaction may influence the kinase

activity of the mutated holoenzyme and thus reduce the

phosphorylation capacity of b-catenin. To this end, we

performed the ADP-Glo assay by keeping b-catenin as a

substrate. Data showed that the tetrameric holoenzyme

containing mutant versions of CK2b had a reduced phos-

phorylation capacity of b-catenin by more than a half as

compared with the wild-type tetrameric holoenzyme. Pre-

cisely, the data showed72%and65% reduction in thephos-

phorylation rate of b-catenin by NP_001311.3; p.Asp32His

and NP_001311.3; p.Asp32Asn, respectively (Figure 5D).

Whole-transcriptome profiling of mutant LCLs revealed

drastic effects on differential expression of Wnt target

genes

To investigate the effects of impaired Wnt signaling on

downstream target genes, we performed bulk transcriptome

profiling on mutant (NP_001311.3; p.Asp32His) and age-

matched control LCLs. We obtained >100 M aligned reads

for each wild-type and mutant RNA. Data analysis showed

58,038 DEGs (fold change [FC] > 1, p < 1) in wild-type and

subject LCLs (Table S4, sheet 1).Nonetheless, using stringent

filtering criteria (FC > 1, p < 0.05), we noted 6,500 protein-

coding differentially expressed genes (Table S4, sheet 2).

Furthermore, we observed 1,707 DEGs were downregulated
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Figure 7. Whole-phosphoproteome
profiling of patient LCLs (NP_001311.3;
p.Asp32His)
(A) Venn diagram showing whole phos-
phoproteome of mutant (NP_001311.3;
p.Asp32His) and wild-type LCLs. Note
that among 1,347 (green) proteins, 425
(pink) are non-phosphorylated. These
425 contain 313 putative CK2 substrates
motifs (shown in gray). The FC is >2; q
value is 0.05.
(B) Venn diagram showing whole phos-
phoproteome of NP_001311.3; p.As-
p32His mutant and wild-type LCLs. Note
that among 1,347 proteins shown in
gray, 379 are hyper-phosphorylated
(shown in green). These 379 contain 231
substrates of CK2 (shown in pink). The
FC is >2; q value is 0.05.
(C) Donut graph generated by Funrich
shows the percent of genes involved in a
biological pathway. Note that each
pathway is color coded and the key is
given.
(D) The diagram presents substrate motifs
of different kinases that are hyper-phos-
phorylated (shown in green) and hypo-
phosphorylated (shown in pink). The
respective p values of enriched motifs are
written corresponding to each kinase.
(FC > 2, p < 0.05) and 1,881 were upregulated (FC > 2,

p < 0.05) in patient LCLs (Figure 6A; Table S4, sheets 3 and

4). Pathway enrichment revealed that a maximum number

of DEGs was involved in Wnt signaling and immune

response pathways (Figure 6B). Further inspection of Wnt

signaling genes (FC > 2, p < 0.05) revealed cadherins,

NFAT, and Wnt target genes. Among Wnt target genes, we

found significant downregulation of 24 genes—CDH3

(MIM: 114021), WNT2 (MIM: 147870), EPHX2 (MIM:

132811), SMO (MIM: 601500), WNT2B (MIM: 601968),

KLF4 (MIM: 602253), NR4A2 (MIM: 601828), APC2 (MIM:

612034), AXIN2 (MIM: 604025), RARG (MIM: 180190),

WNT11 (MIM: 603699), WNT2B (MIM: 601968), SDC2

(MIM: 142460), FZD9 (MIM: 601766), TCF7L1 (MIM:

604652), TCF7L2 (MIM: 602228), TCF7 (MIM: 189908),

EPHB4 (MIM: 600011), BMP4 (MIM: 112262), SOX9 (MIM:

608160), SOX13 (MIM: 604748), SALL4 (MIM: 607343),

and TBX6 (MIM: 602427)—including DVL3 (MIM:

601368) (Figure 6C). The majority of these genes, especially

CDH3, TCF7, and TCF7L2, are considered indispensable for

normal brain functions.56,57 Pathogenic variants of BMP4

have been reported to cause brain malformation, digital

anomalies (poly/syndactyly), and retinal dystrophy.58 Simi-

larly, variants of SOX9 also cause campomelic dysplasia char-

acterized by severe short stature.59

Interestingly, we also found significant differences in the

expression pattern of genes (FC> 2, p< 0.05) that code for

transcriptional regulators (Figure 6D). These data also

point toward impaired Wnt signaling because b-catenin

is a transcriptional co-factor, and its dysregulation could

affect transcriptional regulators. The data showed high

downregulation of 14 transcriptional regulators—GATA4
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(MIM: 600576), DMRT1 (MIM: 602424), FOS (MIM:

164810), TENM2 (MIM: 610119), FOSB (MIM: 164772),

TRIM29 (MIM: 610658), EGFR (MIM: 131550), PADI2

(MIM: 607935), HHEX (MIM: 604420), PRKCH (MIM:

605437), ASCL1 (MIM: 100790), EOMES (MIM: 604615),

DTX1 (MIM: 602582), and RIPK4 (MIM: 605706), where

GATA4 was 50 times downregulated and showed the least

expression among listed transcription regulators. In

contrast, increased expression levels of BHLHA15 (MIM:

608606), TBX15 (MIM: 604127), KLF2 (MIM: 602016),

MNX1 (MIM: 142994), CAVIN1 (MIM: 603198), EDNRB

(MIM: 131244), PAX8 (MIM: 167415), IFNG (MIM:

147570), TNFSF11 (MIM: 602642), MYF6 (MIM: 159991),

and HGF (MIM: 142409) were also observed (Figure 6D).

Phosphoproteome analysis of mutant LCLs also hints at

dysregulation of the Wnt signaling pathway

Our data showed that CK2 tetrameric holoenzyme consti-

tuted withmutant (NP_001311.3; p.Asp32His) CK2b is un-

able to phosphorylate a specific target peptide as well as

b-catenin (Figures 4B, 4C, and 5D). To validate these data

and to observe the effects of this variant on the phosphor-

ylation potential of other reported and novel CK2

substrates, we subjected patient-derived (NP_001311.3;

p.Asp32His) LCLs along with age-matched control for

whole-phosphoproteome analysis.

Datasets of wild-type and patient-derived (NP_001311.3;

p.Asp32His) LCLs were validated by principal-component

analysis (PCA) (Figure S6A). We obtained a total of 1,744

motifs of 1,347 proteins (Figure 7A; Table S5). Globally, de-

regulated phosphorylation events were observed; 425 pep-

tides (754 motifs) were non-phosphorylated (Table S6) and
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379 proteins (511 motifs) were hyper-phosphorylated

(Figures 7A, 7B, and S6B; Table S7). Intriguingly, out of

these 425 non-phosphorylated peptides, 313 (411 motifs)

were putative CK2 substrates (Figure 7A; Table S8). Our

finding of 313 proteins/substrates lacking phosphoryla-

tion events in patient cells corroborated the data of an

impaired kinase activity of the CK2 holoenzyme because

of the variant NP_001311.3; p.Asp32His of CK2b.

More importantly, pathway enrichment of these 313

non-phosphorylated proteins found in the mutant cells re-

vealed that 7.2% of these proteins (BRCA1, HNRNPA1,

CCND2, RANBP9, SKP1, adenomatous polyposis coli

[APC], INCENP, and PELP1) play critical roles in the regula-

tion of nuclear b-catenin and transcription of the target

genes (Figure 7C). The remaining proteins play vital roles

in gene expression, as well as mTOR, ATM, and bone

morphogenetic protein (BMP) receptor pathways. When

using PANTHER to highlight the most affected cellular

processes, these 313 non-phosphorylated proteins were

enriched in cellular development and differentiation

(Figure S6C).

Notably, among the 313 non-phosphorylated proteins,

72 are known substrates of CK2 (Table S9) either published

previously54,55,60,61 or found in PhosphoSitePlus v.6.5.9

and Phospho.ELM version 9.0.

Our data also revealed hyper-phosphorylation of 511

motifs of 379 proteins (substrates of b-adrenergic receptor

kinase substrates and CK1); out of these, 231 proteins

were those that are substrates of calmodulin-dependent

and AMP-activated CK2 motifs (Figure 7D).
Discussion

We present clinical and genetic characterization of five sub-

jects presentingdifferent craniodigital syndromes causedby

variants of CSNK2B. Deep phenotyping by GestaltMatcher

categorized two subjects manifesting POBINDS, while the

remaining three subjects were identified presenting a

distinct, novel IDCS phenotype. The subphenotypes of cra-

niodigital syndromes in general have been actively debated

forwhether these representone single conditionor ahetero-

geneous spectrum.62 The clinical characterization of pa-

tients with pathogenic variants in CSNK2B who display

overlapwith clinical Filippi syndromeprovides evidence to-

ward genetic heterogeneity. Relevantly, phenotypic investi-

gationofapreviously reportedpatient,8 carryingour studied

variant (GenBank: NM_001320.7:c.94G>A (p.Asp32Asn)),

performed through GestaltMatcher, showed striking simi-

larity of facial gestalt compared with subjects 1–3, thus fall-

ing into the categoryof IDCS (Figure S2).Clinical analyses of

another reported patient carrying CSNK2B variant, Gen-

Bank: NM_001320.7:c.94G>T (p.Asp32Tyr), also revealed

phenotypic features comparable with subjects 1–3.24 These

data clue toward possible genotype-phenotype correlation.

We also extended our analyses to compare the clinicalman-

ifestations of our studied affected members (subjects 1–3)
Hum
with those reported previously and harboring CK2b:

NP_001311.3; p.Phe34Ser and CK2b: NP_001311.3;

p.Asn35Lys.8 Unfortunately, the published clinical infor-

mation of both patients was too scarce (lacking information

of facial or digital anomalies) to make a differential diag-

nosis. Therefore, we cannot establish any genotype-pheno-

type correlation among patients carrying variants in the

vicinity of Asp32 of CK2b. Nonetheless, the phenotypic

variability observed in the investigated cases could be attrib-

uted to the pleiotropic effects of the underlying variants. All

three cases of IDCS carried missense variants affecting the

same codon of CSNK2B. In silico tools support the patho-

genic nature of themissense variants (Table S1). These infer-

ences are also supported by the fact that CSNK2B is highly

intolerant to missense (Z score¼ 3.13) and loss-of-function

variants (probability of loss of function intolerance [pLI]

score ¼ 0.92). Interestingly, both missense variants are

located in the KEN box-like motif of CK2b (32-DKFN

LTGLN-40), which is known to participate in cell-cycle-

dependentproteindegradation inotherkinases.63Theexact

role of theKENbox forCK2bhasnot been characterized yet,

but considering its close proximity to the destruction box

(attributed for proteasome degradation), it is likely to play

a similar role in CK2 as in other kinases. In addition, the

CK2b residues from position 20 to 33 are already known to

be crucial for its function as an ectokinase.64 Interestingly,

both variants located in this region might also have an

impact on the export of CK2 toward the external cell

membrane.

Concerning the nonsense variant NP_001311.3;

p.Ser125*, mutant mRNA is likely to be degraded due to

nonsense-mediated decay, which could compromise

the catalytic activity of CK2. Moreover, the variant

c.367þ5delG, identified in subject 5, is predicted to impair

the canonical splice donor site (Table S1) and thus likely to

cause aberrant splicing. We also explored the effect of this

variant on splicing by the minigene splicing assay and

observed two different events: the retention and skipping

of intron 5 and exon 5, respectively. These findings were

exactly similar to consequences of the splice variant

c.367þ2T>C previously reported to cause POBINDS.51

Most of the reported variants of CSNK2B in POBINDS pa-

tients are protein truncating,6,8,51,52 with speculated hap-

loinsufficiency as the underlying pathomechanism.6 In

line with these observations, we may propose similar con-

sequences of aberrant splicing for variant c.367þ5delG

and pathogenic haploinsufficiency. In contrast with

POBINDS, a dominant-negative effect of the variants iden-

tified in our novel IDCS patients could be the underlying

mechanism, because the overexpression of CK2b observed

in patient cells at both the transcript and protein

levels could derive from the mutant version and com-

promise the activity of the protein encoded by the wild-

type allele as well. A previous study has shown that

increased expression of CK2 in the fission yeast causes se-

vere growth defects and a multiseptated phenotype.65

However, we emphasize the functional characterization
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Figure 8. CK2 is the crucial member of the canonical Wnt
signaling pathway
Mutant CK2 has reduced the phosphorylation rate of b-catenin,
which thus fails to translocate to the nucleus and consequently af-
fects the regulation of Wnt target genes. This disruption of Wnt
signaling leads to the phenotype seen in the studied patient.
of loss-of-function variants identified in affected members

manifesting POBINDS can provide further insights into

our hypothesis.

CSNK2B encodes a polypeptide known as CK2b, which

organizes as a stable dimer to regulate the other two cata-

lytic chains (CK2a or CK2a0) of the CK2 holoenzyme,

which does not directly bindwith one another.10 The func-

tion of the CK2b dimer within the tetrameric holoenzyme

complex has been studied previously. Notably, the C-ter-

minal segment of CK2b (referred to as ‘‘CK2a-interacting

region’’ in Figure 2A) is necessary for the interaction with

the catalytic CK2 subunits.10 It has been reported that pro-

tein residues from Asn181 to His193 are fundamental for

the regulatory properties of CK2b,66 whereas cysteines

109, 114, 137, and 140 of the zinc-finger regions are neces-

sary for assembling the b dimer.12 We assume that the

missense variants observed in our IDCS patients do not

play any role in the dissociation of b dimers because the

mutated residue is located distant to the region partici-

pating in the formation of the b dimers. Moreover, the

identified missense variants are not located in regions pre-

viously known to mediate interaction with CK2a. There-

fore, we did not observe any effect on the interaction

with CK2a even though we used MST that has superior
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sensitivity than classical techniques such as pull-down

and co-immunoprecipitation assays.

A previous study using MS combined with affinity chro-

matography of mouse brain revealed 144 CK2-indepen-

dent binding partners of CK2b, out of which 32 are

involved in protein formation and degradation.67 Our

study identified 194 independent binding partners of

CK2b, only 47 of which have been previously reported.

Our findings thus add to the number of CK2b partners

and indicated its expanded role into novel pathways.

CK2 is known to be involved in the regulation of diverse

cellular pathways; the list of its substrates is growing, which

makes it challenging to choose any specific pathway to

dissect the pathomechanism of a specific disease associated

with variants inCSNK2B. Interestingly, our protein-protein

interactome data of the variant NP_001311.3; p.Asp32His

hinted its effect inWnt signaling, in particular the degrada-

tionofb-catenin. TheWnt signalingpathway iswell known

to orchestrate a variety of cellular processes, especially dur-

ing development. Any perturbation in Wnt signaling can

lead to phenotypes including microcephaly, limb mal-

formations, dermal hypoplasia, and Williams-Beuren syn-

drome (MIM: 194050).68,69 b-Catenin, a key player of Wnt

signaling, formsmultiple complexes that control cell prolif-

eration. In case of negative regulation (whenWnt signaling

is off), the cytoplasmic b-catenin is associated with the

destruction complex (Axin, APC, kinases GSK-3a/b and

CK1) and undergoes proteasomal degradation.70 However,

when Wnt signaling is on, the destruction complex is dis-

missed, and free b-catenin, after being phosphorylated by

CK2, forms a complex with DVL3; this CK2/Dvl/b-catenin

complex allows b-catenin to be transported into the

nucleus, where it binds to high-mobility group box tran-

scription factors of the TCF/LEF family and initiates tran-

scription of target genes chiefly involved in growth and

development (Figure 8).15 Phosphorylation of b-catenin

by CK2 maintains its stabilization and translocation into

the nucleus to serve as a cofactor for transcription.71 Previ-

ous studies also suggest that if CK2 phosphorylation is in-

hibited, the cytoplasmic/nuclear ratio ofb-catenin is altered

and b-catenin can no longer perform its transcriptional ac-

tivities.15 These observations prompted us to investigate

Wnt signaling in our patients.

To assay possible dysregulation of Wnt signaling, we

investigated the expression of b-catenin in both patient

LCLs harboring NP_001311.3; p.Asp32His and NP_

001311.3; p.Asp32Asn variants. We found that the

active/nuclear b-catenin was drastically reduced in the pa-

tient LCLs. These findings suggest that the CK2-mediated

phosphorylation may be impaired because of a reduced ki-

nase activity of CK2 containing a mutated b subunit. Our

analysis for the kinase activity of CK2 with both variant

beta subunit NP_001311.3; p.Asp32His and NP_

001311.3; p.Asp32Asn for b-catenin as their substrates

indicated a significant reduction of kinase activity. These

data suggest that b-catenin may be a class III substrate or

at least a class I substrate of CK2.
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Interestingly, the X-ray crystallography of CK2 holoen-

zyme also indicated its impaired kinase activity when con-

taining the variant CK2b subunits because the mutated

residue (Asp32) is in the vicinity of the ATP binding loop

of the neighboring CK2a subunit. There, suitable substrate

peptides and proteins are primarily recognized by the

sequence environment around the Ser/Thr side chain for

phosphorylation (position p0 in Figure 2D). To this end,

CK2a exposes a number of positively charged residues: in

particular, Lys198 and Arg80, which coordinate with nega-

tively charged side chains at the pþ1 and the pþ3 posi-

tions, respectively, of CK2 substrates (Figure 2D). Further-

more, Arg80 is also a part of an extended ‘‘basic cluster’’

at the beginning of helix aC of CK2a (Figure 2D): the

four lysine side chains of this positively charged patch

contribute to substrate recognition because acidic residues

beyond the pþ3 position of CK2 substrates support phos-

phorylation as well.72

CK2b stimulates the catalytic activity of CK2a as long as

small peptides and so-called class I proteins (e.g., casein)

serve as substrates. A specific function of Asp32 in this

context was, to our knowledge, never described. However,

the close proximity of Asp32 to the substrate recognition

region of CK2a within the CK2a2b2 holoenzyme suggests

a significant role of Asp32 in recognizing the CK2 sub-

strates (Figure 2D). It is possible that the negative charge

of Asp32 of CK2b supports the release of a likewise nega-

tively charged phosphopeptide. If this is true, which re-

mains to be experimentally shown, an impact of a loss of

the negative charge (variant Asp32Asn) or even its conver-

sion into a positive one (variant Asp32His) appears to be

plausible.

The kinase activity analyzed using a target peptide of

CK2 showed that only the variant NP_001311.3; p.As-

p32His compromised the kinase activity of CK2, but not

the variant NP_001311.3; p.Asp32Asn. We speculate that

the latter may have milder effects on the efficiency of

CK2 and still be able to phosphorylate subsets of sub-

strates. This would also explain the milder phenotype of

the NP_001311.3; p.Asp32Asn patient as compared with

the patient with the variant NP_001311.3; p.Asp32His. It

is also likely that the reduced kinase activity could be

because of the variable impact of both variants on the

structural integrity and thus the interaction of both

mutant beta subunits with its binding partners or substrate

recognition. Furthermore, it was evident from our findings

that DVL3 also showed reduced interaction with mutant

CK2b, thereby suggesting an impairment in the formation

of CK2b/DVL3/b-catenin complex and thus impairing the

whole positive regulation of Wnt signaling.

Because our data revealed a more severe effect of

NP_001311.3; p.Asp32His on the kinase activity of CK2

as compared with NP_001311.3; p.Asp32Asn, we per-

formed whole-phosphoproteome profiling only in LCLs

derived from the patient harboring variant NP_001311.3;

p.Asp32His. Intriguingly, it showed a loss of phosphoryla-

tion for 313 putative substrates of CK2. In silico functional
Hum
enrichment of these proteins clearly showed their role in

the regulation of nuclear b-catenin and expression of target

genes. These results further strengthen and validate our

findings of reduced kinase activity of CK2 containing

variant beta subunits. The effect on nuclear or active b-cat-

enin is critical because it functions as a transcriptional co-

activator and participates in diverse cellular pathways by

positive and negative regulatory mechanisms of Wnt

signaling.70 This regulation is critical for maintaining the

balance of b-catenin, thus eventually controlling the

orchestration of transcriptional activities. Additionally,

we have also seen a loss of phosphorylation for APC and

DVL3 in patient cells, which further corroborates our

finding of an impaired Wnt signaling. With special refer-

ence to calmodulin-dependent CK2 (CaMKII), a drastic

hyperphosphorylation activity was observed that is an ex-

pected consequence because CK2b, in this case, works as

an inhibitor of CK2a to control the normal activity of

calmodulin.73 In addition, it has already been reported

that genetically altered mice overexpressing calmodulin

develop severe cardiac conditions caused by increased

autonomous activity of CaMKII in vivo.74 This observation

is in line with manifestation of heart anomaly observed in

patient 1. The deregulated phosphorylation of protein ki-

nase A, protein kinase C, and b-adrenergic receptor kinases

also suggest abnormalities in the signal transduction in pa-

tient cells causing neurological conditions.75 Conclusively,

phosphoproteome data strongly support the impaired

phosphorylation capacity of CK2 caused by a variant in

CK2b. It also extends the knowledge about deregulation

of other kinases in the patient LCLs.

In the light of these findings, we suggest that CK2b

might specifically mediate the nuclear translocation of

b-catenin. Deregulation in kinase activity of free variant

CK2b or CK2 containing a variant beta subunit may cause

an impairment of b-catenin-dependent Wnt signaling,

which affects the transcription of downstream target

genes. The hypothesis was supported by gene expression

at both transcriptome and proteome profiling of patient

LCLs. In particular, the expression of well-established pro-

teins of the Wnt signaling pathway was similar and in

line with the results at transcriptional level. Surprisingly,

an elevated differential expression of genes involved in

the immune system was also observed in the patient’s

transcriptome, which prompted us to review the phe-

notypic profile of the patient for finding a link between

differential expression of immune response genes and pa-

tient disease conditions. For this purpose, a blood profile

of the patient was obtained, which revealed compara-

tively high levels of IgM (immunoglobulin M): 253 mg/

dL as compared with a normal range of 40–230 mg/dL.

The only infection noticed during clinical investigation

was recurrent otitis, which was supposed to be due to a

stenosis of the duct.

Based on all these findings, we conclude that the identi-

fied pathogenic missense variants in CSNK2B cause patho-

genic accumulation of CK2b that dysregulates the Wnt
an Genetics and Genomics Advances 3, 100111, July 14, 2022 17



signaling pathway. Due to an impaired phosphorylation

activity of variant CK2 and a loss of interaction with

crucial regulators of Wnt signaling, regulation of active

b-catenin is most likely impaired, leading to altered tran-

scription resulting in the observed clinical phenotype.
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onine 393 of Î2-catenin regulates interaction with Axin. J. Cell.

Biochem. 108, 52–63. https://doi.org/10.1002/jcb.22260.

17. Wang, S., and Jones, K.A. (2006). CK2 controls the recruit-

ment of Wnt regulators to target genes in vivo. Curr. Biol.

16, 2239–2244. https://doi.org/10.1016/j.cub.2006.09.034.

18. Huillard, E., Ziercher, L., Blond, O.,Wong,M., Deloulme, J.-C.,

Souchelnytskyi, S., Baudier, J., Cochet, C., and Buchou, T.

(2010). Disruption of CK2 b in embryonic neural stem cells

compromises proliferation and oligodendrogenesis in the

mouse telencephalon. Mol. Cell. Biol. 30, 2737–2749.

https://doi.org/10.1128/mcb.01566-09.

19. Buchou, T., Vernet, M., Blond, O., Jensen, H.H., Pointu, H., Ol-

sen, B.B., Cochet, C., Issinger, O.-G., and Boldyreff, B. (2003).

Disruption of the regulatory b subunit of protein kinase CK2

inmice leads to a cell-autonomous defect and early embryonic

lethality. Mol. Cell. Biol. 23, 908–915. https://doi.org/10.

1128/mcb.23.3.908-915.2003.

20. Sobreira, N., Schiettecatte, F., Valle, D., and Hamosh, A.

(2015). GeneMatcher: a matching tool for connecting investi-

gators with an interest in the same gene. Hum. Mutat. 36,

928–930. https://doi.org/10.1002/humu.22844.

21. Savatt, J.M., Azzariti, D.R., Faucett, W.A., Harrison, S., Hart, J.,

Kattman, B., Landrum, M.J., Ledbetter, D.H., Miller, V.R., Pa-

len, E., et al. (2018). ClinGen’s GenomeConnect registry en-

ables patient-centered data sharing. Hum. Mutat. 39, 1668–

1676. https://doi.org/10.1002/humu.23633.

22. Hsieh, T.-C., Bar-Haim, A., Moosa, S., Ehmke, N., Gripp, K.W.,

Pantel, J.T., Danyel, M., Mensah, M.A., Horn, D., Rosnev, S.,

et al. (2022). GestaltMatcher facilitates rare disease matching
Hum
using facial phenotype descriptors. Nat. Genet. 54, 349–357.

https://doi.org/10.1038/s41588-021-01010-x.

23. Selvam, P., Jain, A., Cheema, A., Atwal, H., Forghani, I., and

Atwal, P.S. (2021). Poirier-Bienvenu neurodevelopmental syn-

drome: A report of a patient with a pathogenic variant in

CSNK2B with abnormal linear growth. Am. J. Med. Genet. A

185, 539–543. https://doi.org/10.1002/ajmg.a.61960.

24. Wilke, M.V.M.B., Oliveira, B.M., Pereira, A., Doriqui, M.J.R.,

Kok, F., and Souza, C.F.M. (2022). Two different presentations

of de novo variants of CSNK2B: two case reports. J. Med. Case

Rep. 16, 4. https://doi.org/10.1186/s13256-021-03184-8.

25. Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K.

(2010). Features and development of Coot. Acta Crystallogr.

D Biol. Crystallogr. 66, 486–501. https://doi.org/10.1107/

s0907444910007493.

26. Niefind, K., Yde, C.W., Ermakova, I., and Issinger, O.-G.

(2007). Evolved to be active: sulfate ions define substrate

recognition sites of CK2a and emphasise its exceptional role

within the CMGC family of eukaryotic protein kinases.

J. Mol. Biol. 370, 427–438. https://doi.org/10.1016/j.jmb.

2007.04.068.

27. Niefind, K., Pütter, M., Guerra, B., Issinger, O.-G., and Schom-

burg, D. (1999). GTP plus water mimic ATP in the active site of

protein kinase CK2. Nat. Struct. Biol. 6, 1100–1103. https://

doi.org/10.1038/70033.

28. Liu, C., Li, Y., Semenov, M., Han, C., Baeg, G.-H., Tan, Y.,

Zhang, Z., Lin, X., and He, X. (2002). Control of b-catenin

phosphorylation/degradation by a dual-kinase mechanism.

Cell 108, 837–847. https://doi.org/10.1016/s0092-8674(02)

00685-2.

29. Gao, C., Xiao, G., and Hu, J. (2014). Regulation of Wnt/b-cat-

enin signaling by posttranslational modifications. Cell Biosci.

4, 13–20. https://doi.org/10.1186/2045-3701-4-13.

30. Noegel, A.A., Blau-Wasser, R., Sultana, H., Muller, R., Israel, L.,

Schleicher, M., Patel, H., and Weijer, C.J. (2004). The cyclase-

associated protein CAP as regulator of cell polarity and cAMP

signaling in Dictyostelium. Mol. Biol. Cell 15, 934–945.

https://doi.org/10.1091/mbc.e03-05-0269.

31. Xiong, H., Rivero, F., Euteneuer, U., Mondal, S., Mana-Capelli,

S., Larochelle, D., Vogel, A., Gassen, B., and Noegel, A.A.

(2008). Dictyostelium Sun-1 connects the centrosome to chro-

matin and ensures genome stability. Traffic 9, 708–724.

https://doi.org/10.1111/j.1600-0854.2008.00721.x.

32. Nienberg, C., Retterath, A., Becher, K.S., Saenger, T., Mootz,

H.D., and Jose, J. (2016). Site-specific labeling of protein ki-

nase CK2: Combining surface display and click Chemistry

for drug discovery applications. Pharmaceuticals (Basel) 9,

36. https://doi.org/10.3390/ph9030036.

33. Gratz, A., Gotz, C., and Jose, J. (2010). A CE-based assay for hu-

man protein kinase CK2 activity measurement and inhibitor

screening. Electrophoresis 31, 634–640. https://doi.org/10.

1002/elps.200900514.

34. Kroger, L., Daniliuc, C.G., Ensan, D., Borgert, S., Nienberg, C.,

Lauwers, M., Steinkruger, M., Jose, J., Pietsch, M., and

Wunsch, B. (2020). Synthesis and SAR of tetracyclic inhibitors

of protein kinase CK2 derived from furocarbazole W16.

ChemMedChem 15, 871–881. https://doi.org/10.1002/

cmdc.202000040.

35. Hussain, M.S., Baig, S.M., Neumann, S., Nurnberg, G., Farooq,

M., Ahmad, I., Alef, T., Hennies, H.C., Technau, M., Altmuller,

J., et al. (2012). A truncating mutation of CEP135 causes pri-

mary microcephaly and disturbed centrosomal function.
an Genetics and Genomics Advances 3, 100111, July 14, 2022 19

https://doi.org/10.1111/epi.16931
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref9
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref9
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref9
https://doi.org/10.1093/emboj/20.19.5320
https://doi.org/10.1093/emboj/20.19.5320
https://doi.org/10.1042/bj20021469
https://doi.org/10.7150/ijbs.1.67
https://doi.org/10.7150/ijbs.1.67
https://doi.org/10.1242/jcs.00074
https://doi.org/10.1242/jcs.00074
https://doi.org/10.1016/j.jmb.2010.11.010
https://doi.org/10.1074/jbc.m909107199
https://doi.org/10.1002/jcb.22260
https://doi.org/10.1016/j.cub.2006.09.034
https://doi.org/10.1128/mcb.01566-09
https://doi.org/10.1128/mcb.23.3.908-915.2003
https://doi.org/10.1128/mcb.23.3.908-915.2003
https://doi.org/10.1002/humu.22844
https://doi.org/10.1002/humu.23633
https://doi.org/10.1038/s41588-021-01010-x
https://doi.org/10.1002/ajmg.a.61960
https://doi.org/10.1186/s13256-021-03184-8
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1016/j.jmb.2007.04.068
https://doi.org/10.1016/j.jmb.2007.04.068
https://doi.org/10.1038/70033
https://doi.org/10.1038/70033
https://doi.org/10.1016/s0092-8674(02)00685-2
https://doi.org/10.1016/s0092-8674(02)00685-2
https://doi.org/10.1186/2045-3701-4-13
https://doi.org/10.1091/mbc.e03-05-0269
https://doi.org/10.1111/j.1600-0854.2008.00721.x
https://doi.org/10.3390/ph9030036
https://doi.org/10.1002/elps.200900514
https://doi.org/10.1002/elps.200900514
https://doi.org/10.1002/cmdc.202000040
https://doi.org/10.1002/cmdc.202000040


Am. J. Hum. Genet. 90, 871–878. https://doi.org/10.1016/j.

ajhg.2012.03.016.

36. Wagle, P., Nikolic, M., and Frommolt, P. (2015). QuickNGS el-

evates Next-Generation Sequencing data analysis to a new

level of automation. BMC Genomics 16, 487. https://doi.

org/10.1186/s12864-015-1695-x.

37. Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and

Salzberg, S.L. (2013). TopHat2: accurate alignment of tran-

scriptomes in the presence of insertions, deletions and gene

fusions. Genome Biol. 14, R36. https://doi.org/10.1186/gb-

2013-14-4-r36.

38. Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan,

G., van Baren, M.J., Salzberg, S.L., Wold, B.J., and Pachter, L.

(2010). Transcript assembly and quantification by RNA-Seq re-

veals unannotated transcripts and isoform switching during

cell differentiation. Nat. Biotechnol. 28, 511–515. https://

doi.org/10.1038/nbt.1621.

39. Anders, S., and Huber, W. (2010). Differential expression anal-

ysis for sequence count data. Genome Biol. 11, R106. https://

doi.org/10.1186/gb-2010-11-10-r106.

40. Babicki, S., Arndt, D., Marcu, A., Liang, Y., Grant, J.R., Macie-

jewski, A., and Wishart, D.S. (2016). Heatmapper: web-

enabled heat mapping for all. Nucleic Acids Res. 44, W147–

W153. https://doi.org/10.1093/nar/gkw419.

41. Rinschen, M.M., Yu, M.-J., Wang, G., Boja, E.S., Hoffert, J.D.,

Pisitkun, T., and Knepper, M.A. (2010). Quantitative phospho-

proteomic analysis reveals vasopressin V2-receptor–depen-

dent signaling pathways in renal collecting duct cells. Proc.

Natl. Acad. Sci. U S A 107, 3882–3887. https://doi.org/10.

1073/pnas.0910646107.

42. Rinschen, M.M., Wu, X., König, T., Pisitkun, T., Hagmann, H.,

Pahmeyer, C., Lamkemeyer, T., Kohli, P., Schnell, N.,

Schermer, B., et al. (2014). Phosphoproteomic analysis reveals

regulatory mechanisms at the kidney filtration barrier. J. Am.

Soc. Nephrol. 25, 1509–1522. https://doi.org/10.1681/asn.

2013070760.

43. Colaert, N., Helsens, K., Martens, L., Vandekerckhove, J., and

Gevaert, K. (2009). Improved visualization of protein

consensus sequences by iceLogo. Nat. Methods 6, 786–787.

https://doi.org/10.1038/nmeth1109-786.

44. Miller, M.L., Jensen, L.J., Diella, F., Jørgensen, C., Tinti, M., Li,

L., Hsiung, M., Parker, S.A., Bordeaux, J., Sicheritz-Ponten, T.,

et al. (2008). Linear motif atlas for phosphorylation-depen-

dent signaling. Sci. Signal. 1, ra2. https://doi.org/10.1126/sci-

signal.1159433.

45. Zhao, B., Pisitkun, T., Hoffert, J.D., Knepper, M.A., and Saeed,

F. (2012). CP hos: a program to calculate and visualize

evolutionarily conserved functional phosphorylation sites.

Proteomics 12, 3299–3303. https://doi.org/10.1002/pmic.

201200189.

46. Coordinators, N.R. (2014). Database resources of the national

center for biotechnology information. Nucleic Acids Res. 42,

D7–D17.

47. Eden, E., Navon, R., Steinfeld, I., Lipson, D., and Yakhini,

Z. (2009). GOrilla: a tool for discovery and visualization

of enriched GO terms in ranked gene lists. BMC Bioinfor-

matics 10, 48–57. https://doi.org/10.1186/1471-2105-10-

48.

48. He, B., Wang, K., Liu, Y., Xue, B., Uversky, V.N., and Dunker,

A.K. (2009). Predicting intrinsic disorder in proteins: an

overview. Cell Res. 19, 929–949. https://doi.org/10.1038/cr.

2009.87.
20 Human Genetics and Genomics Advances 3, 100111, July 14, 202
49. Cox, J., and Mann, M. (2012). 1D and 2D annotation enrich-

ment: a statistical method integrating quantitative proteo-

mics with complementary high-throughput data. BMC

Bioinformatics 13, S12. https://doi.org/10.1186/1471-2105-

13-s16-s12.

50. Li, J., Gao, K., Cai, S., Liu, Y., Wang, Y., Huang, S., Zha, J., Hu,

W., Yu, S., Yang, Z., et al. (2019). Germline de novo variants in

CSNK2B in Chinese patients with epilepsy. Sci. Rep. 9, 17909.

https://doi.org/10.1038/s41598-019-53484-9.

51. Poirier, K., Hubert, L., Viot, G., Rio, M., Billuart, P., Besmond,

C., and Bienvenu, T. (2017). CSNK2B splice site mutations in

patients cause intellectual disability with or without

myoclonic epilepsy. Hum. Mutat. 38, 932–941. https://doi.

org/10.1002/humu.23270.

52. Sakaguchi, Y., Uehara, T., Suzuki, H., Kosaki, K., and Takenou-

chi, T. (2017). Truncating mutation in CSNK2B and

myoclonic epilepsy. Hum. Mutat. 38, 1611–1612. https://

doi.org/10.1002/humu.23307.

53. Laporte, J., Hu, L.J., Kretz, C., Mandel, J.L., Kioschis, P., Coy,

J.F., Klauck, S.M., Poustka, A., and Dahl, N. (1996). A

gene mutated in X-linked myotubular myopathy defines a

new putative tyrosine phosphatase family conserved in

yeast. Nat. Genet. 13, 175–182. https://doi.org/10.1038/

ng0696-175.

54. de Villavicencio-Dı́az, T.N., Mazola, Y., Perera Negrı́n, Y., Cruz

Garcı́a, Y., Guirola Cruz, O., and Perea Rodrı́guez, S.E. (2015).

Predicting CK2 beta-dependent substrates using linear pat-

terns. Biochem. Biophys. Rep. 4, 20–27. https://doi.org/10.

1016/j.bbrep.2015.08.011.

55. Rusin, S.F., Adamo, M.E., and Kettenbach, A.N. (2017). Identi-

fication of candidate casein kinase 2 substrates in mitosis by

quantitative phosphoproteomics. Front. Cell Dev. Biol. 5,

97. https://doi.org/10.3389/fcell.2017.00097.

56. Hirano, S., and Takeichi, M. (2012). Cadherins in brain

morphogenesis and wiring. Physiol. Rev. 92, 597–634.

https://doi.org/10.1152/physrev.00014.2011.

57. Wisniewska, M.B. (2013). Physiological role of b-catenin/

TCF signaling in neurons of the adult brain. Neurochem.

Res. 38, 1144–1155. https://doi.org/10.1007/s11064-013-

0980-9.

58. Bakrania, P., Efthymiou, M., Klein, J.C., Salt, A., Bunyan, D.J.,

Wyatt, A., Ponting, C.P., Martin, A., Williams, S., Lindley, V.,

et al. (2008). Mutations in BMP4 cause eye, brain, and digit

developmental anomalies: overlap between the BMP4 and

hedgehog signaling pathways. Am. J. Hum. Genet. 82, 304–

319. https://doi.org/10.1016/j.ajhg.2007.09.023.

59. Matsumoto, A., Imagawa, E., Miyake, N., Ikeda, T., Kobayashi,

M., Goto, M., Matsumoto, N., Yamagata, T., and Osaka, H.

(2018). The presence of diminished white matter and corpus

callosal thinning in a case with a SOX9 mutation. Brain

Dev. 40, 325–329. https://doi.org/10.1016/j.braindev.2017.

09.002.

60. Bian, Y., Ye, M., Wang, C., Cheng, K., Song, C., Dong, M., Pan,

Y., Qin, H., and Zou, H. (2013). Global screening of CK2 kinase

substrates by an integrated phosphoproteomics workflow. Sci.

Rep. 3, 3460–3467. https://doi.org/10.1038/srep03460.

61. Franchin, C., Salvi, M., Arrigoni, G., and Pinna, L.A. (2015).

Proteomics perturbations promoted by the protein kinase

CK2 inhibitor quinalizarin. Biochim. Biophys. Acta 1854,

1676–1686. https://doi.org/10.1016/j.bbapap.2015.04.002.

62. Soekarman, D., Volcke, P., and Fryns, J.-P. (1997). On the

nosology of the craniodigital syndromes: report of a family
2

https://doi.org/10.1016/j.ajhg.2012.03.016
https://doi.org/10.1016/j.ajhg.2012.03.016
https://doi.org/10.1186/s12864-015-1695-x
https://doi.org/10.1186/s12864-015-1695-x
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1093/nar/gkw419
https://doi.org/10.1073/pnas.0910646107
https://doi.org/10.1073/pnas.0910646107
https://doi.org/10.1681/asn.2013070760
https://doi.org/10.1681/asn.2013070760
https://doi.org/10.1038/nmeth1109-786
https://doi.org/10.1126/scisignal.1159433
https://doi.org/10.1126/scisignal.1159433
https://doi.org/10.1002/pmic.201200189
https://doi.org/10.1002/pmic.201200189
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref46
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref46
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref46
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1038/cr.2009.87
https://doi.org/10.1038/cr.2009.87
https://doi.org/10.1186/1471-2105-13-s16-s12
https://doi.org/10.1186/1471-2105-13-s16-s12
https://doi.org/10.1038/s41598-019-53484-9
https://doi.org/10.1002/humu.23270
https://doi.org/10.1002/humu.23270
https://doi.org/10.1002/humu.23307
https://doi.org/10.1002/humu.23307
https://doi.org/10.1038/ng0696-175
https://doi.org/10.1038/ng0696-175
https://doi.org/10.1016/j.bbrep.2015.08.011
https://doi.org/10.1016/j.bbrep.2015.08.011
https://doi.org/10.3389/fcell.2017.00097
https://doi.org/10.1152/physrev.00014.2011
https://doi.org/10.1007/s11064-013-0980-9
https://doi.org/10.1007/s11064-013-0980-9
https://doi.org/10.1016/j.ajhg.2007.09.023
https://doi.org/10.1016/j.braindev.2017.09.002
https://doi.org/10.1016/j.braindev.2017.09.002
https://doi.org/10.1038/srep03460
https://doi.org/10.1016/j.bbapap.2015.04.002
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref62
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref62


and review of the literature. Genet. Couns. (Geneva,

Switzerland) 8, 217–222.

63. Sajnaga, E., Szyszka, R., and Kubi�nski, K. (2013). Site-directed

mutagenesis in the research of protein kinases-the case of pro-

tein kinase CK2. In Genetic Manipulation of DNA and Pro-

tein-Examples from Current Research (IntechOpen).

64. Rodriguez, F.A., Contreras, C., Bolanos-Garcia, V., and Allende,

J.E. (2008). Protein kinase CK2 as an ectokinase: the role of the

regulatory CK2b subunit. Proc. Natl. Acad. Sci.U S A 105,

5693–5698. https://doi.org/10.1073/pnas.0802065105.

65. Roussou, I., and Draetta, G. (1994). The Schizosaccharomy-

ces pombe casein kinase II alpha and beta subunits: evolu-

tionary conservation and positive role of the beta subunit.

Mol. Cell. Biol. 14, 576–586. https://doi.org/10.1128/mcb.

14.1.576.

66. Raaf, J., Brunstein, E., Issinger, O.G., and Niefind, K. (2008).

The interaction of CK2a and CK2b, the subunits of protein ki-

nase CK2, requires CK2b in a preformed conformation and is

enthalpically driven. Protein Sci. 17, 2180–2186. https://doi.

org/10.1110/ps.037770.108.

67. Arrigoni, G., Pagano, M.A., Sarno, S., Cesaro, L., James, P., and

Pinna, L.A. (2008). Mass spectrometry analysis of a protein ki-

nase CK2b subunit interactome isolated from mouse brain by

affinity chromatography. J. Proteome Res. 7, 990–1000.

https://doi.org/10.1021/pr070500s.

68. Clevers, H., and Nusse, R. (2012). Wnt/b-catenin signaling

and disease. Cell 149, 1192–1205. https://doi.org/10.1016/j.

cell.2012.05.012.

69. Kadir, R., Harel, T., Markus, B., Perez, Y., Bakhrat, A., Cohen,

I., Volodarsky, M., Feintsein-Linial, M., Chervinski, E., Zlo-
Hum
togora, J., et al. (2016). ALFY-controlled DVL3 autophagy

regulates Wnt signaling, determining human brain size.

PLoS Genetics 12, e1005919. https://doi.org/10.1371/jour-

nal.pgen.1005919.

70. Huelsken, J., and Behrens, J. (2002). The Wnt signalling

pathway. J. Cell Sci. 115, 3977–3978. https://doi.org/10.

1242/jcs.00089.

71. Ahmed, K., Gerber, D.A., and Cochet, C. (2002). Joining the

cell survival squad: an emerging role for protein kinase CK2.

Trends Cell Biol. 12, 226–230. https://doi.org/10.1016/

s0962-8924(02)02279-1.

72. Meggio, F., and Pinna, L.A. (2003). One-thousand-and-one

substrates of protein kinase CK2? FASEB J. 17, 349–368.

https://doi.org/10.1096/fj.02-0473rev.

73. Marin, O., Meggio, F., Sarno, S., and Pinna, L.A. (1997). Phys-

ical dissection of the structural elements responsible for regu-

latory properties and intersubunit interactions of protein ki-

nase CK2 b-subunit. Biochemistry 36, 7192–7198. https://

doi.org/10.1021/bi962885q.

74. Alvarado, F.J., Bos, J.M., Yuchi, Z., Valdivia, C.R., Hernán-

dez, J.J., Zhao, Y.-T., Henderlong, D.S., Chen, Y., Booher,

T.R., Marcou, C.A., et al. (2019). Cardiac hypertrophy

and arrhythmia in mice induced by a mutation in ryano-

dine receptor 2. JCI Insight 4, e126544. https://doi.org/

10.1172/jci.insight.126544.

75. Harms, F.L., Kloth, K., Bley, A., Denecke, J., Santer, R., Lessel,

D., Hempel, M., and Kutsche, K. (2018). Activating mutations

in PAK1, encoding p21-activated kinase 1, cause a neurodeve-

lopmental disorder. Am. J. Hum.Genet. 103, 579–591. https://

doi.org/10.1016/j.ajhg.2018.09.005.
an Genetics and Genomics Advances 3, 100111, July 14, 2022 21

http://refhub.elsevier.com/S2666-2477(22)00027-6/sref62
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref62
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref63
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref63
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref63
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref63
http://refhub.elsevier.com/S2666-2477(22)00027-6/sref63
https://doi.org/10.1073/pnas.0802065105
https://doi.org/10.1128/mcb.14.1.576
https://doi.org/10.1128/mcb.14.1.576
https://doi.org/10.1110/ps.037770.108
https://doi.org/10.1110/ps.037770.108
https://doi.org/10.1021/pr070500s
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1371/journal.pgen.1005919
https://doi.org/10.1371/journal.pgen.1005919
https://doi.org/10.1242/jcs.00089
https://doi.org/10.1242/jcs.00089
https://doi.org/10.1016/s0962-8924(02)02279-1
https://doi.org/10.1016/s0962-8924(02)02279-1
https://doi.org/10.1096/fj.02-0473rev
https://doi.org/10.1021/bi962885q
https://doi.org/10.1021/bi962885q
https://doi.org/10.1172/jci.insight.126544
https://doi.org/10.1172/jci.insight.126544
https://doi.org/10.1016/j.ajhg.2018.09.005
https://doi.org/10.1016/j.ajhg.2018.09.005

	De novo variants of CSNK2B cause a new intellectual disability-craniodigital syndrome by disrupting the canonical Wnt signa ...
	Introduction
	Material and methods
	Subjects
	GestaltMatcher analysis
	Whole-exome sequencing
	Copy number analysis
	In silico methods
	Minigene construction, transfection, and RT-PCR
	Cell culture
	Immunofluorescence and immunoblotting
	Fractionation assay
	Plasmids construction for protein purification and transient expression
	Protein expression in eukaryotic cells
	GST fusion protein expression and purification
	Pull-down assay and mass spectrometry analysis
	Microscale thermophoresis
	Kinase assays
	ADP-Glo assay
	Capillary electrophoresis

	RNA extraction, quantitative real-time PCR, and transcriptome profiling
	Whole-phosphoproteome profiling
	Bioinformatics analyses for phosphoproteome profiling

	Results
	Description of subjects
	Identification of CSNK2B variants
	CSNK2B: NM_001320.7;c.367+5delG impairs splicing
	Variants impair the localization and amount of CK2β
	Transiently expressed mutant CK2β mimics the results obtained with LCLs
	Interaction with CK2α is not impaired by missense variant
	CK2 holoenzyme with NP_001311.3; p.Asp32His beta subunit showed lower kinase activity
	Significant effects of variant NP_001311.3; p.Asp32His on protein-protein interactome
	Missense variant NP_001311.3; p.Asp32His compromises the interaction with β-catenin and DVL3
	β-Catenin is mislocalized in LCLs derived from subjects with missense variants
	Both missense variants reduce the phosphorylation capacity of β-catenin
	Whole-transcriptome profiling of mutant LCLs revealed drastic effects on differential expression of Wnt target genes
	Phosphoproteome analysis of mutant LCLs also hints at dysregulation of the Wnt signaling pathway

	Discussion
	Consortia
	Web resources
	Data and code availability

	Supplemental information
	Acknowledgments
	Declaration of interests
	References


