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Abstract 
Heterozygous carriers of germline loss-of-function variants in the tumor suppressor 

gene checkpoint kinase 2 (CHEK2) are at an increased risk for developing breast and 

other cancers. While truncating variants in CHEK2 are known to be pathogenic, the 

interpretation of missense variants of uncertain significance (VUS) is challenging. 

Consequently, many VUS remain unclassified both functionally and clinically. Here we 

describe a mouse embryonic stem (mES) cell-based system to quantitatively 

determine the functional impact of 50 missense VUS in human CHEK2. By assessing 

the activity of human CHK2 to phosphorylate one of its main targets, Kap1, in Chek2 

knockout mES cells, 31 missense VUS in CHEK2 impaired protein function to a similar 

extent as truncating variants, and 9 CHEK2 missense VUS resulted in intermediate 

functional defects. Mechanistically, most VUS impaired CHK2 kinase function by 

causing protein instability or by impairing activation through (auto)phosphorylation. 

Quantitative results showed that the degree of CHK2 kinase dysfunction correlates 

with an increased risk for breast cancer. Both damaging CHEK2 variants as a group 

(OR 2,23; 95% CI 1,62-3,07; p<0,0001) and intermediate variants (OR 1,63; 95% CI 

1,21-2,20; p=0,0014) were associated with an increased breast cancer risk, while 

functional variants did not show this association (OR 1,13; 95% CI 0,87-1,46; p=0,378). 

Finally, a damaging VUS in CHEK2, c.486A>G/p.D162G, was also identified, which 

co-segregated with familial prostate cancer. Altogether, these functional assays 

efficiently and reliably identified VUS in CHEK2 that associate with cancer. 

 
Statement of significance 
Quantitative assessment of the functional consequences of CHEK2 variants of 

uncertain significance identifies damaging variants associated with increased cancer 

risk, which may aid in the clinical management of patients and carriers. 
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Introduction 
The importance of genome stability for preventing breast and other cancers is evident 

from the increased cancer risk that results from inherited loss-of-function (LOF) 

variants in DNA damage repair genes such as BRCA1/2 and PALB2, as well as in 

genes that control genome integrity checkpoints. The checkpoint kinase 2 (CHEK2) 

gene is a well-known example, which encodes the serine-threonine kinase CHK2 

protein that becomes activated in response to DNA damage, and regulates cell cycle 

progression and apoptosis (1,2). The CHK2 protein is therefore believed to act as a 

tumor suppressor by delaying cell cycle progression to allow time for DNA repair, or 

by eliminating genomically unstable cells through induction of cell death (3). In 2002, 

association analysis of the truncating CHEK2 c.1100delC/p.T367Mfs variant indeed 

revealed that it confers a moderate risk of breast cancer (4,5). Meanwhile, other 

studies have also shown that carriers of such LOF variants in the CHEK2 gene are at 

a significantly increased risk for developing breast cancer (OR ~2,5) (6,7), as well as 

several other cancers such as prostate cancer (8-10). These studies firmly established 

that CHEK2 is a low to moderate penetrance cancer susceptibility gene. 

The growing body of evidence that associates CHEK2 with breast cancer has 

led to increased genetic testing of CHEK2, and as a consequence to the  identification 

of more (rare) genetic variants in this gene for which clinical significance is unknown 

(11-15). In fact, 1332 variants of uncertain significance (VUS) in CHEK2 have currently 

been reported in ClinVar (16) (as of October 2021), most of which (i.e., 1139) are 

missense variants. For many of these missense variants the impact on protein function 

and the associated cancer risk remain to be elucidated. Assessment of pathogenicity 

of these VUS in a moderate risk gene such as CHEK2 is mostly dependent on family 

history of cancer. To overcome this limitation, quantitative methods are required that 

can determine the functional impact of VUS in CHEK2 and establish their relationship 

with cancer risk.  

The CHK2 protein, which is expressed throughout the cell cycle, consists of 

543 amino acids, and possesses three characteristic domains: an N-terminal SQ/TQ 

cluster domain (residues 19-69), a fork head-associated (FHA) domain (residues 92-

205), and a serine/threonine kinase domain (residues 212-501). A nuclear localization 

signal (NLS) is located at the C-terminus of CHK2 (residues 515-522) (17).  Activation 

of CHK2 kinase activity occurs specifically in response to DNA damage and is a 

multistep process initiated by ATM-mediated phosphorylation of several SQ/TQ sites, 

particularly p.T68, in its N-terminal regulatory domain (1,2). This promotes 

homodimerization and intermolecular autophosphorylation of CHK2 on p.T383 and 

p.T387 within the T-loop region (residues 366-406) (18), and on p.S516 within the NLS, 
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collectively leading to efficient kinase activation and the subsequent phosphorylation 

of target proteins (19,20). The spectrum of known CHK2 targets includes proteins 

involved in cell cycle control (i.e., CDC25A and CDC25C phosphatases), regulation of 

cell death (i.e., p53) (1,2,21), and DNA damage repair (i.e., BRCA1 and KAP1) (22-

24). Following DNA damage, CHK2 phosphorylates KAP1 specifically at p.S473. This 

modification attenuates KAP1 binding to heterochromatin protein 1 family proteins, 

leading to relaxation of the damaged heterochromatin and promoting DNA damage 

repair (24-28).  

In an effort to interpret CHEK2 VUS, several studies assessed their functional 

consequences (29-36). The largest set of CHEK2 variants to date was analyzed by 

Delimitsou and colleagues (34). They employed a yeast-based functional assay that 

assesses the ability of yeast strains expressing different CHEK2 variants to resume 

proliferation and cell growth following repair of DNA damage induced by methyl 

methanesulfonate (MMS) (31,32). Other recent studies also assessed the ability of 

CHK2 variants to phosphorylate downstream targets such as CDC25C, BRCA1 and 

KAP1 (29,30,35). Although these studies have assayed >130 patient-derived CHEK2 

variants and identified numerous damaging missense variants, results were often 

discordant and the relationship with risk of breast and other cancers remained unclear. 

Consequently, there is a need to further improve the functional analysis of missense 

variants in CHEK2, and develop assays that can link the functional impact of such 

variants to cancer risk.  

Here, we developed a mouse embryonic stem (mES) cell-based assay for the 

functional analysis of VUS in CHEK2. The assay allows a semi high-throughput 

analysis of variants in human CHEK2 cDNA in Chek2 knockout mES cells, using 

CHK2-mediated Kap1 p.S473 phosphorylation as a quantitative readout. Using this 

approach, we identified 31 CHEK2 missense VUS to impair protein function to a similar 

extent as CHEK2 truncating variants, while 9 missense VUS showed intermediate 

functional defects. Our results further indicate that at least two mechanisms are at play 

by which VUS in CHEK2 impair protein function: loss of protein stability and defective 

(auto)phosphorylation/activation. Importantly, the degree of CHK2 kinase dysfunction 

observed for CHEK2 missense variants highly correlates with increased breast cancer 

risk.  
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Materials and Methods 
 

Cell lines and cell culture conditions 
129/Ola E14 IB10 mES cells (37) were cultured on gelatine-coated dishes in 50% 2i 

ES medium of which 500 ml contains 1) 250 mL Knockout Dulbecco’s modified Eagle’s 

medium (Gibco, 21710-025) supplemented with 2,5 ml 100 mM sodium pyruvate 

(Gibco 11360-039), 2,5 ml 100x non-essential amino acids (Gibco 11140-035) and 25 

ml Fetal Calf Serum (FCS); 2) 125 ml DMEM/F2 HEPES supplemented with 1,25 ml 

100x N2 Supplement (Gibco 17502-048), 85 μl 7.5% BSA (Gibco # 15260-037) and 

500 μL 0,1M β-MeOH; and 3) 125 ml NEUROBASAL medium (Gibco, 21103-049) 

supplemented with 2,5 mL 50x B27 Supplement (Gibco # 17504-044), 1,25 ml 200 mM 

L-glutamine (Gibco 25030-024) and 500 μL 0,1M β-MeOH. The total 500 ml is 

supplemented with 5 ml 5000 units/ml penicillin/streptomycin (Gibco 15070063), 5 ml 

105 units/ml LIF (Millipore ESG1107), 250 μL 0,1M β-MeOH, 250 μL 3mM CHIR (Axon 

Medchem 1386) and 250 μL 1 mM PD (Axon Medchem 1408).  

 

Generation of Chek2KO mES cells with DR-GFP and RMCE 
mES cells carrying the DR-GFP reporter and RMCE system at the Pim1 and Rosa26 

locus, respectively, were generated previously (38). Using these mES cells, Chek2KO 

cells were generated by transfecting1 µg of pSpCas9(BB)-2A-GFP (pX458) (39), 

encoding Cas9, GFP and a gRNA that targets exon 3 of mouse Chek2 (5’-

ACTGTGTTAACGACAACTAC-3’). GFP-positive cells were FACS-sorted and seeded. 

Individual clones were examined by TIDE (https://tide.nki.nl) and western blot analysis 

for loss of Chk2 expression.  

 
Selection of human CHEK2 variants 
Seven previously reported CHEK2 truncating variants were included as negative 

controls (16,40). Six synonymous variants, which have not yet been observed in 

carriers were selected based on their position throughout the CHEK2 protein and were 

included as positive controls. Truncating and missense CHEK2 VUS were selected 

based on one or more of the following criteria: 1) identification in the case-control 

association study performed by the BRIDGES consortium in collaboration with the 

BCAC (7) or prostate cancer family members reported in this study, 2) clinical 

classification in ClinVar (16), 3) position in the CHK2 protein sequence, 4) 

computational predictions from Helix and 5) presence/absence in previous functional 

studies (34,35). 

 

Research. 
on January 25, 2022. © 2021 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on December 13, 2021; DOI: 10.1158/0008-5472.CAN-21-1845 

http://cancerres.aacrjournals.org/


	 7 

Cloning and generation of human CHEK2 variants  
Vector pBudCE4.1 (ThermoFisher, V53220) was modified by adding two PacI 

restriction sites as previously described (38). Human HA-tagged CHEK2 cDNA 

(NM_007194.4) was subcloned from pBabe-HA-CHK2 (41) using the BsrGI and XhoI 

restriction sites into pBudCE4.1-PacI using the BsrGI-compatible Acc65I restriction 

site and XhoI restriction site. pBabe-HA-CHK2 was a gift from Stephen Elledge 

(Addgene plasmid #41901). An Ef1α-CHEK2-containing fragment from pBudCE4.1-

PacI-CHEK2 was then cloned into the RMCE vector (pRNA 251-MCS RMCE) 

(TaconicArtemis GmbH) using the PacI restriction sites in both vectors. CHEK2 

variants were introduced by site-directed mutagenesis (SDM) using the Quick-Change 

Lightning protocol (Agilent Technologies). All SDM primers are shown in 

Supplementary Table S3. Constructs were verified by Sanger sequencing and used 

for mES cell-based assays.  

The RMCE vector carrying EGFP-CHEK2-T2A-mCherry was generated as 

follows. The RMCE vector carrying CHEK2 was digested with EcoRI. EGFP was PCR 

amplified from an EGFP-carrying construct (pcDNA-FRT-TO-puro-EGFP) with the 

following primers: forward primer 5’-

CCCAGTGTGGTGGTACGTAGATGGTGAGCAAGGGCGAGG-3’ and reverse primer 

5’-TATGGGTAAGCCATGAATTCCTTGTACAGCTCGTCCATGCCG-3’. Gibson 

assembly was then performed to generate the RMCE vector carrying EGFP-CHEK2. 

Next, three different fragments were PCR amplified: CHEK2 (forward primer 5’-

ACGAGCTGTACAAGGAATTCATGTCTCGGGAGTCGGATGT-3’ and reverse primer 

5’-AGCAGACTTCCTCTGCCCTCCAACACAGCAGCACACACAGC-3’) and the hGH 

sequence (forward primer 5’-

TGGACGAGCTGTACAAGTGAACTCCGTGGTTTGAACACTCTAG-3’ and reverse 

primer 5’-GCATAACTAGTGTCACGCGTCATATGGCCGGCCTATTTAAATAAGC-3’) 

from the RMCE vector carrying EGFP-CHEK2, and T2A-mCherry (forward primer 5’-

GAGGGCAGAGGAAGTCTGCTAAC-3’ and reverse primer 5’-

TCACTTGTACAGCTCGTCCATGC-3’) from a T2A-mCherry carrying construct 

(pX459-Cas9-T2A-mCherry). The RMCE vector carrying EGFP-CHEK2 was then 

digested with EcoRI and MluI after which the plasmid backbone (lacking CHEK2) was 

gel extracted. By employing Gibson assembly, the three PCR fragments were cloned 

into the backbone to generate the RMCE vector carrying EGFP-CHEK2-T2A-mCherry. 

The construct was verified by Sanger sequencing and used to generate CHEK2 

variants and perform mES cell-based assays. 
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Western blot analysis 
2x106 Chek2KO mES cells carrying the DR-GFP reporter and RMCE system were 

subjected to RMCE by co-transfecting 1 μg FlpO expression vector (pCAGGs-FlpO-

IRES-puro) (42) with 1 μg RMCE exchange vector. Neomycin-resistant cells from ~500 

resistant clones were pooled and expanded as previously described (38). For various 

conditions, protein levels for mouse Chk2, human CHK2, human phospho-CHK2 

p.T383, mouse Kap1, mouse phospho-Kap1 p.S473, mouse p53, mouse p21 and 

mouse tubulin were examined by protein extraction and western blot analysis. Briefly, 

samples were generated by taking up ~1,5x106 cells in 75 μl Laemmli buffer and boiling 

them at 95°C for 5 minutes. Samples were incubated with 0,2 μl benzonase (Merck 

Millipore 70746, 250 U/μl) for 20 minutes at room temperature and then loaded for gel 

electrophoresis followed by immunoblotting. Primary antibodies used were: mouse 

monoclonal antibody against mouse/human CHK2 (1:1000; BD Biosciences 611571), 

rabbit polyclonal antibody against mouse/human phospho-CHK2 p.T383 (1:1500; 

Abcam 59408), rabbit polyclonal antibody against mouse/human Kap1 (1:10000; 

Abcam 10484), mouse monoclonal antibody against mouse/human phospho-Kap1 

p.S473 (1:2000; Biolegend 654102), mouse monoclonal antibody against 

mouse/human p53 (1:1000; Cell Signaling 2524), rabbit polyclonal antibody against 

mouse/human p21 (Cdkn1a) (1:800; Santa Cruz sc-397) and mouse monoclonal 

antibody against a-tubulin (1:5000, Sigma, T6199). Peroxidase-AffiniPure goat 

polyclonal anti-rabbit (1:5000; Jackson laboratories 111-035-003) and affinity isolated 

goat polyclonal anti-mouse (1:5000; Dako P0447) were used as secondary antibodies. 

SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific 

34095) and ECL Prime Western Blotting Detection Reagents (Merck RPN2232) were 

used for development of blots on the Amersham Imager 600 (GE Healthcare Life 

Sciences). 

 
HR Reporter Assays 
1-2x106 Chek2KO mES cells carrying the DR-GFP reporter and RMCE system were 

subjected to HR assays by transfecting 1 μg of plasmid that co-expresses I-SceI and 

mCherry (pCMV-Red-Isce, kind gift from Jos Jonkers) using Lipofectamine 2000 

(ThermoFisher) (43). A co-transfection of 1 μg pCAGGs (44) with 0,05 μg of an 

mCherry expression vector was included as control. Two days after transfection, 

mCherry/GFP double-positive cells were scored using a Novocyte Flow Cytometer 

(ACEA Biosciences, Inc.). 
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Phleomycin sensitivity assays 
For proliferation-based phleomycin sensitivity assays, mES cells were seeded in 

triplicate at 10000 cells per well of a 96-well plate. The next day, cells were treated 

with phleomycin (InvivoGen ant-ph-2p) for two days, after which the medium was 

refreshed, and cells were cultured for one more day in drug-free medium. Viable cells 

were subsequently counted using the Novocyte Flow Cytometer (ACEA Biosciences, 

Inc.). 
 

RT-qPCR analysis 
RNA was isolated from mES cells grown on 6-well plates using Trizol (ThermoFisher 

Scientific 15596026) as per the manufacturer’s protocol. For each condition, 3 μg RNA 

was treated with RQ1 RNase-free DNase (Promega M6101) and cDNA was 

synthesized from 0,2 μg DNase-treated RNA using hexamer primers (ThermoFisher 

Scientific N8080127) and SuperScript™ IV Reverse Transcriptase (ThermoFisher 

Scientific 18090050) as per the manufacturer’s protocols. RT-qPCRs were carried out 

using GoTaq qPCR Master mix (Promega A6002), a CFX384 Real-Time System (Bio-

Rad) and the following qPCR primers directed at the mouse Mdm2, p21 (Cdkn1a), or 

the mouse control gene Pim1: Mdm2-exon11-Fw 5’-

GTCTATCAGACAGGAGAAAGCGATACAG-3’, Mdm2-exon12-Rv 5’-

GTCCAGCATCTTTTGCAGTGTGATGGAAG-3’. p21-exon2-Fw 5’-

GCTGTCTTGCACTCTGGTGTCTGAG-3’, p21-exon3-Rv 5’-

GACCAATCTGCGCTTGGAGTGATAG-3’. Pim1-exon4-Fw 5’-

GCGGCGAAATCAAACTCATCGAC-3’ and Pim1-exon5-Rv 5’- 

GTAGCGATGGTAGCGAATCCACTCTGG-3’. 

 

Flow cytometry (FACS) analysis  
As for western blot analysis, Chek2KO mES cells expressing human CHEK2 variants 

were generated and expanded. For phospho-Kap1 p.S473 FACS-based assays, 1x106 

mES cells were seeded on 60 mm dishes one day prior to exposure to 10 Gy of IR. 

Two, four or six hours after IR, cells were trypsinized and fixed in 5 ml 2% 

formaldehyde for 15 minutes. A volume of 2 ml 0,125 M glycine was added and cells 

were centrifuged for 5 minutes at 1500 rpm. Cells were then washed in PBS and fixed 

for a second time in 100% ice-cold methanol and incubated overnight at -20°C. After 

washing once in PBS, fixed cells were permeabilized for 15 minutes using 0,25% Triton 

X-100 in PBS, after which cells were stained in 200 μl PBS+ (5 g/l BSA, 1,5 g/l glycine) 

with 1 μl mouse anti-phospho-Kap1 p.S473 (0,5 μg/μl, Biolegend 654102) for 3 hours 

at room temperature, with gentle resuspension every 30 minutes. Alexa-488 goat anti-
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mouse (1:200 in 200 μl PBS; ThermoFisher Scientific A-21424) was used as a 

secondary antibody, followed by a propidium iodide staining (25 μg/ml PI, RNaseA 0,1 

mg/ml, 0.05% Triton X-100). Phospho-Kap1 p.S473 intensity was analysed using the 

Novocyte Flow Cytometer (ACEA Biosciences, Inc.). For FACS-based assays with 

mES cells expressing EGFP-CHEK2-T2A-mCherry, phospho-Kap1 p.S473 was 

stained with alexa-647 goat anti-mouse (1:200 in 200 μl PBS; ThermoFisher Scientific 

A-21235), propidium iodide staining was not performed and Phospho-Kap1 p.S473 

intensity was measured after gating for mCherry- or GFP-positive cells using a 

Fortessa1 (BD Biosciences).  

 

Exome sequencing in prostate cancer family members     
Three brothers were diagnosed with prostate cancer >10 years earlier than the 

average age of onset of sporadic prostate cancer, suggesting that they might be 

carriers of a germline mutation responsible for predisposition to this type of cancer. 

Copy-number variations (deletions or amplifications) in blood cell DNA from these four 

brothers and their sons were not detected using the SNP6 microarray (Affymetrix). The 

Agilent SureSelect Human All Exon V5+UTRs protocol was used to carry out targeted 

enrichment of all exonic sequences from the total DNA material for each sample. 

Paired-end Illumina sequencing with 100 cycles was performed to minimize the 

ambiguities of read alignment to the reference genome. Two sequencing lanes 

resulted in an average of 20 million fragments per sample. All sequence fragments 

were aligned to the reference human genome (version hg19) using BWA mem (v. 

0.7.10), after quality and TruSeq adapter trimming using Cutadapt (v.1.5). Sam files 

were manipulated using Samtools (v.1.1) and Picard tools (v.1.119) were used to run 

quality metrics (insert size, hybridization quality) and mark PCR duplicates. 

VerifyBamID (v. 1.1) was used to estimate contamination. Samples were genotyped 

and variants jointly called using GATK (v. 3.5). For this purpose, padded targeted 

intervals were created based on Agilent targets. Annotation was performed using 

wAnnovar, Oncotator (v.1.8) and WGSA (Amazon EC2 cloud, AWS community 

instance: WGSA055-ubuntu-800G). Transcript annotation was taken from the 

Oncotator pipeline using the transcript list giving priority to known clinical protein 

changes (list downloaded in Feb 2016). GENCODE (Version 19 - July 2013 freeze, 

GRCh37 - Ensembl 74) was used as a reference transcript set. Unfiltered variants 

were jointly called over all samples. Filtering was performed based on genotyping 

quality. All variants that did not have a minimum read depth of 8 and genotype quality 

of 20 in all affected family members were removed. Finally, all variants with MAF >1% 

(based on ExAc European non-Finnish cohort, annotation from WGSA) were excluded. 
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Variants classified as pathogenic by ClinVar were not discarded even if MAF was >1%. 

Analysis of the remaining variants showed that all three affected brothers, as well as 

one of their sons, carried the CHEK2 allele rs587781652 harbouring the 

c.485A>G/p.D162G VUS. 

 

LOH assessment  
Tumor DNA was isolated from formalin-fixed paraffin-embedded (FFPE) tissue blocks 

either by taking three 0.6 mm tumor cores or by microdissection of tumor areas with at 

least 70% tumor cells (10 mm slides). Fully automated DNA isolation was performed 

using the Tissue Preparation System (Siemens Healthcare Diagnostics) as described 

previously (45). The Qubit dsDNA HS Assay Kit was used for DNA quantification 

according to the manufacturer’s protocol (Qubit 2.0 Fluorometer, Invitrogen, Waltham, 

MA USA, cat. Q32851). Next-generation sequencing (NGS) was performed using 40 

ng of tumor DNA per sample isolated from FFPE tissue blocks. The custom Ampliseq 

HDR15v1-panel (Thermo Fisher) was used for variant detection in CHEK2. LOH of 

CHEK2 was determined by comparing the variant allele frequency (VAF) of 

heterozygous c.485A>G/p.D162G and c.1100delC/p.T367Mfs in tumor and normal 

tissue as described previously (45). LOH was considered present when the tumor cell 

percentage was >20% and the germline CHEK2 variant allele frequency was >0.6. 

LOH was considered inconclusive when the tumor cell percentage was <20% or 

considered absent when the germline CHEK2 variant VAF was <0.6.  

 
Ethics declaration 
Individuals of the prostate cancer family were identified and evaluated at the University 

Hospital Zurich. The study protocol was approved by the hospital’s research ethics 

committee, and donors provided written consent to tissue collection, testing, and data 

publication. LOH assessment  was performed at Leiden University Medical Center 

under protocols approved by hospital’s local ethics committee.  
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Results 
 

A cell-based functional assay for CHEK2 variants 
To assess the functional impact of CHEK2 variants, we developed a mES cell-based 

system that allows for the semi high-throughput testing of variants in human CHEK2. 

To this end, we employed our mES cells carrying the well-established DR-GFP 

reporter for homologous recombination (HR) at the Pim1 locus, and the recombination-

mediated cassette exchange (RMCE) system at the Rosa26 locus (38,43). 

CRISPR/Cas9-mediated genome-editing was used to knockout (KO) mouse Chek2 in 

these cells (Fig. 1a, Supplementary Fig. S1a-c) (38,43). Given that BRCA1, a crucial 

player in HR, becomes phosphorylated by CHK2, and given that this event promotes 

the dispersion of BRCA1 from DNA breaks (46), we assessed whether KO of Chek2 

affects the efficiency of HR in the DR-GFP reporter. Analysis of one heterozygous and 

two homozygous Chek2KO clones revealed that HR remained unaffected in these cells 

(Supplementary Fig. S1d), suggesting that loss of Chek2 does not affect HR.  

 CHK2 is known for its role in p53-mediated cell cycle control and apoptosis, as 

well as DNA damage repair in heterochromatin (1,2,21-24). Although we did not detect 

major changes in the cell cycle profile of Chek2KO cells when compared to wild type 

cells (Supplementary Fig. S1e), we did observe a slight, though not significant growth 

advantage for the Chek2KO cells over the course of 5 days (Supplementary Fig. S1f). 

In agreement with previous studies (47,48), this growth advantage became more 

pronounced after DNA break induction by the radiomimetic agent phleomycin 

(Supplementary Fig. S1g). Moreover, p53 protein levels were moderately reduced in 

these cells after exposure to ionizing radiation (IR, 10Gy) (Fig. 1b). Accordingly, the 

expression of p53 target genes was also reduced, as evidenced by reduced p21 and 

Mdm2 transcript and p21 protein levels (Fig. 1b, Supplementary Fig. S1h). Most 

evidently, however, we observed that Kap1 phosphorylation at p.S473, which is 

required for DNA repair in heterochromatin (24), was strongly impaired in Chek2KO 

cells after IR (Fig. 1b). 

We decided to exploit the strong impact of Chek2 loss on Kap1 p.S473 

phosphorylation as a read-out for the functional analysis of human CHEK2 variants. 

To this end, we stably integrated human wild type CHEK2 cDNA by RMCE in Chek2KO 

mES cells (Fig. 1a). Prior to examining CHK2 kinase activity, we pooled all the 

neomycin-resistant clones with stably integrated CHEK2 cDNA (Fig. 1a), to average 

out any clonal variability in CHEK2 expression. We found that the defect in IR-induced 

Kap1 p.S473 phosphorylation in Chek2KO cells was efficiently rescued following 

expression of human CHEK2 (Fig. 1c). Strikingly, human CHK2 appeared to 
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phosphorylate mouse Kap1 even more efficiently when compared to endogenous 

mouse Chk2, while their expression levels were comparable (Fig. 1c). Thus, we 

established a cDNA-based complementation system for the functional analysis of 

human CHEK2 genetic variants using Kap1 p.S473 phosphorylation as a read-out. 

 
Validation of a cell-based functional assay for CHEK2 variants  
To validate our system, we selected 7 truncating and 6 synonymous CHEK2 variants 

for functional analysis (Fig. 1d). Sequence-verified constructs were introduced by 

RMCE into the Chek2KO mES cells and their ability to phosphorylate Kap1 at p.S473 

after IR was assessed by western blot analysis. As expected, in Chek2KO cells 

complemented with an empty vector or a truncating CHEK2 variant, phosphorylation 

of Kap1 p.S473 was strongly impaired at both 2 and 6 hours after IR (Fig. 2). The 

exception to this was the nonsense variant p.R519X which moderately impacted Kap1 

p.S473 phosphorylation at 2 hours after IR (Fig. 2), even though it was classified as 

likely pathogenic in ClinVar. p.R519X leads to a truncated CHK2 protein that lacks part 

of its NLS domain (Fig. 1d; amino acids 515-522). Possibly, residual nuclear 

localization of this variant is sufficient to induce partial Kap1 p.S473 phosphorylation 

after IR, suggesting it acts as a hypomorphic variant. In contrast to truncating CHEK2 

variants, cells that expressed synonymous variants showed phospho-Kap1 p.S473 

levels comparable to cells expressing wild type CHEK2 (Fig. 2). Neither the expression 

of different CHEK2 variants, nor the exposure to IR affected overall Kap1 protein 

levels, suggesting that CHK2 activity does not affect Kap1 stability or expression (Fig. 

2).  

 

A quantitative cell-based functional assay for CHEK2 variants 

Complementary western blot analysis, which is at best semi-quantitative in our setup, 

we next aimed for a more quantitative approach. To this end, we used fluorescence-

activated cell sorting (FACS) to determine the levels of phospho-Kap1 p.S473. 

Consistent with results from western blot analysis (Fig. 1c), we observed a strong 

reduction in the phospho-Kap1 p.S473 signals in Chek2KO cells 2 hours after IR (Fig. 

3a). Surprisingly, we also observed substantial Kap1 p.S473 phosphorylation in 

unirradiated Chek2KO cells, albeit this was most likely restricted to M-phase cells and 

disappeared after IR exposure (Supplementary Fig. S2). Complementation of Chek2KO 

cells with wild type human CHEK2 cDNA rescued the defect in IR-induced Kap1 

p.S473 phosphorylation and even led to higher phospho-Kap1 p.S473 signals when 

compared to that in Chek2 wild type cells (Fig. 3a). This effect was also seen for the 6 

synonymous CHEK2 variants (Fig. 3b, Supplementary Fig. S3, 4a). In contrast, 
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complementation with the empty vector or the truncating variants (except the 

hypomorphic variant p.R519X), resulted in a complete absence of cells that were 

positive for phospho-Kap1 p.S473 (Fig. 3b, Supplementary Fig. S3, 4a). Thus, the 

quantitative results obtained using a FACS-based approach fully corroborated the 

results obtained by western blot analysis. 

Notably, our FACS-based analysis showed a large population of cells that is 

negative for phospho-Kap1 p.S473, even after expression of wild type CHEK2 or a 

synonymous variant (Fig. 3a, b, Supplementary Fig. S3, 4a). Stable introduction of a 

construct that carries a T2A sequence for co-expression of EGFP-CHEK2 and 

mCherry (EGFP-CHEK2-T2A-mCherry) showed that there is both a GFP/mCherry-

positive as well as GFP/mCherry-negative population of cells (Supplementary Fig. 

S5a). These data suggest that a large portion of cells lose CHEK2 expression after 

stable integration. Importantly the GFP/mCherry-negative population of cells was 

clearly phospho-Kap1 p.S473-negative, even following exposure to IR (Supplementary 

Fig. S5a). We therefore excluded this population from our analysis and quantified the 

mean intensity of phospho-Kap1 p.S473 (Fig. 3c) only for cells that were positively 

gated for phospho-Kap1 p.S473 (Fig. 3a, b). As expected, this showed that 

synonymous variants exhibited kinase activity comparable to that of wild type CHK2 

(i.e., a reduction of <24%), whereas the truncating CHEK2 variants (except the 

hypomorphic variant p.R519X) caused a major reduction in kinase activity of >69%. 

Thus, our cell-based system can classify functional/synonymous and 

damaging/truncating CHEK2 variants based on their effect on Kap1 p.S473 

phosphorylation. 

 

Functional analysis of CHEK2 missense VUS 
Having established a quantitative cell-based functional assay for CHEK2 variants, we 

next examined the effect of 50 missense VUS. The majority of these VUS were 

identified using a multigene panel analysis of a large case-control association study 

performed by the BRIDGES consortium and Breast Cancer Association Consortium 

(BCAC) (7). Importantly, for all 50 missense VUS, the contribution with respect to 

cancer risk is largely unclear and insights into their functionality may aid in their clinical 

classification. Following their expression in Chek2KO cells using the non-tagged 

CHEK2 cDNA, we found that 31 VUS strongly impaired CHK2 kinase activity toward 

Kap1 p.S473, comparable to that observed for CHEK2 truncating variants and the 

empty vector conditions (Fig. 3c, Supplementary Fig. S3, 4a). Importantly, p.R519X 

was not used to set the threshold for damaging variants as it distinguished itself from 

the other truncating variants by acting as a hypomorphic variant (Fig. 2, Fig. 3c, 
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Supplementary Fig. S4a). In addition to p.R519X, 9 CHEK2 missense VUS similarly 

exhibited intermediate functional defects (Fig. 3c, Supplementary Fig. S3, 4a). The 

remaining 10 CHEK2 missense VUS did not impact CHK2’s functionality (Fig. 3c, 

Supplementary Fig. S3, 4a). These results were in agreement with those from the 

western blot analysis (Fig. 2). However, correlation analysis showed that especially 

among the functional and intermediate CHEK2 variants, western blot analysis is 

inefficient in discriminating functional differences (R2 = 0,71; p<0,0001) 

(Supplementary Fig. S4b). Thus, the FACS-based phospho-Kap1 p.S473 analysis 

allows for a quantitative and therefore more accurate functional classification of 

CHEK2 variants.  

We noticed that with FACS analysis, differentiating the positive phospho-Kap1 

p.S473 population from the negative population was difficult for cells that expressed 

CHEK2 VUS with intermediate function (p.E64K, p.K141T, p.D203G, p.E239K, 

p.D438Y, p.I448S, p.A480T and p.R521W). We therefore repeated the FACS-based 

quantification of phospho-Kap1 p.S473 for several missense variants (4 functional, 7 

intermediate, and 2 damaging variants) following co-expression of EGFP-CHEK2 and 

mCherry (EGFP-CHEK2-T2A-mCherry). Following selection of GFP/mCherry-positive 

cells, the effects of these variants on Kap1 p.S473 phosphorylation fully corroborated 

those obtained with cells expressing non-tagged CHEK2 (i.e., R2 = 0.95), as all 

intermediate variants displayed intermediate effects on kinase activity (Fig. 3d, 

Supplementary Fig. S5b).  

As Kap1 represents only one of the many targets of CHK2, an important 

question was whether the functional defects with regards to Kap1 p.S473 

phosphorylation also translate to other functions of CHK2. To address this, we used a 

more general readout, i.e., cell growth after DNA damage induction, which is likely 

regulated by CHK2’s activity on multiple downstream targets. For this, we assessed 

the impact of two benign (p.R137= and p.S435=), two pathogenic (p.W93fs and 

p.T367Mfs) and four intermediate CHEK2 variants (p.E64K, p.D203G, p.D438Y and 

p.R521W) on cell survival after phleomycin treatment (Fig. 3e). Their impact on cell 

survival correlated well with phospho-Kap1 p.S473 levels as measured by FACS (R2 

= 0,80; p=0,0052) (Fig. 3f). However, the growth effects for intermediate variants were 

variable among replicate experiments, whereas the effects observed for the benign 

and pathogenic variants were reproducible. These data suggest that our FACS-based 

assay is a robust and reliable approach for the functional classification of CHEK2 

variants and that phosphorylation of Kap1 p.S473 is a suitable readout to assess the 

general impact of variants on CHK2 function. 
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Several variants alter the kinetics of CHK2 
The analysis of phospho-Kap1 p.S473 levels in unirradiated cells, and 2 or 6 hours 

after IR, showed that two CHEK2 missense VUS (p.E64K and p.R521W) were unable 

to maintain phosphorylation of Kap1 at p.S473 at the later timepoint (Fig. 2). To confirm 

this, we expressed these VUS in Chek2KO cells using the non-tagged CHEK2 cDNA 

and assessed phospho-Kap1 p.S473 levels by FACS at 2, 4 and 6 hours after IR 

(Supplementary Fig. S6). Quantification of the average intensity of phospho-Kap1 

p.S473 showed that for wild type CHEK2, the signal intensity only slightly decreases 

in time compared to that at 2 hours after IR (Fig. 3g, Supplementary Fig. S6). Similarly, 

for p.D203G, which we identified as a variant with intermediate functional impact (Fig. 

3c), we observed that phospho-Kap1 p.S473 levels are maintained in time (Fig. 3g, 

Supplementary Fig. S6), even though overall phospho-Kap1 p.S473 levels at 2h after 

IR were lower than in cells expressing wild type CHEK2. For both p.E64K and 

p.R521W, however, the phospho-Kap1 p.S473 levels were strongly reduced at 6 hours 

after IR (Fig. 3g, Supplementary Fig. S6). Additionally, we observed that the truncating 

CHEK2 variant p.R519X resulted in the same kinetic defect as p.R521W (Fig. 2). 

Functional classification of such variants is therefore strongly dependent on the 

timepoint after IR at which CHK2  activity is measured. This may also explain why 

previous reports using different approaches classified p.E64K and p.R521W as either 

neutral or damaging, rather than intermediate (Supplementary Fig. S7a, b) (34,35). In 

addition, we found that one variant (i.e., p.V200A) displayed unregulated CHK2 activity 

in the absence of DNA damage induction (Fig. 2). Analysis of phospho-Kap1 p.S473 

levels by FACS analysis confirmed this functional effect (Fig. 3h, Supplementary Fig. 

S4c). In conclusion, p.E64K, p.V200A, p.R519X and p.R521W alter the kinetics of 

CHK2 activity, implicating a mechanism for aberrant protein function that has not been 

previously reported for CHEK2 genetic variants.  

 

Correlation between computational predictions and functionality of variants 
With the rapid accumulation of identified VUS in cancer associated genes (49,50), 

computational tools can aid in the clinical interpretation of such variants (51). We 

therefore compared the quantitative outcome of our functional assays for CHEK2 

missense variants (Fig. 3c) with the predictions from twelve algorithms: Helix, 

PolyPhen (hvar), PolyPhen (hdiv), VEST4, REVEL, PrimateAI, CADD, Provean, 

Deogen2, MVP, SIFT and FATHMM (Fig. 4a, b, Supplementary Fig. S8). Interestingly, 

Helix (52) outperformed all other tools (Fig. 4a). This tool is a missense variant effect 

predictor built on an extensive resource of protein data, in which protein structures, 

together with high-quality structure-based multiple sequence alignments (MSAs) for 
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the complete structural space, are combined with full length sequence-based MSAs 

for the human proteome. Furthermore, Helix was trained on a large set of well-

annotated variants using a strict training regime where circularity is actively avoided 

(53). When comparing the predictions from Helix to our functional data, we observed 

a significant correlation (R2 = 0,66; p<0,00001) (Fig. 4b). Such a correlation was also 

observed for the functional data from Delimitsou et al. (34) (R2 = 0,48; p<0,0001), but 

not for those from Kleiblova et al. (35) (R2 = 0,31; p=0,13) (Fig. 4b). For the CHEK2 

VUS in our study, both versions of PolyPhen (hvar and hdiv) also appeared to predict 

functional effects relatively well (R2 = 0,52 and 0,44, respectively), but the effects of 

intermediate CHEK2 VUS, as well as of several functional VUS, were overestimated 

(Supplementary Fig. S8). Importantly, other tools, particularly REVEL, Provean, 

Deogen and FATHMM, underestimated the effect of several damaging variants in 

CHEK2 (Supplementary Fig. S8). Together, these findings highlight the potential of 

Helix with regards to interpretation of missense variants in CHEK2. 

To better understand the functional effects of missense variants throughout the 

entire CHK2 protein, we next visualised the predictions from Helix for all possible 

missense alterations in CHEK2 (Fig. 4c, Supplementary Table S1). Interestingly, many 

missense changes were predicted to exhibit damaging effects. This may be due to the 

relatively small size of the CHK2 protein (62 kDa, 543 amino acids), in which 

unfavourable missense substitutions (based on amino acid characteristics) may be 

more prone to affect function than in larger proteins. Furthermore, we used the 

predictions from Helix to examine the functional effects of alternative amino acid 

changes for each CHEK2 missense VUS in this study (Fig. 4d). This suggested that 

several conserved CHK2 amino acid residues (e.g., p.S140, p.G229, p.A247, p.K249, 

p.E273, p.R346, p.D347, p.E351, p.G386, p.D409, p.G414, p.P426 and p.R474) are 

critical for kinase function. Not surprisingly, this included the p.S140 

autophosphorylation site that regulates CHK2 dimerization (54), p.E273 which is 

important for ATP hydrolysis (55,56), and the catalytic residue p.D347A (55). Thus, 

Helix is a powerful tool to predict the impact of missense alterations in CHEK2 and can 

highlight regions and specific residues that are crucial for protein function. 

 

CHEK2 VUS affect protein function through distinct mechanisms 
Our western blot analysis showed that many CHEK2 missense variants result in 

reduced protein levels (Fig. 2). To further assess their effect on protein stability, we 

selected 30 VUS and introduced these in our EGFP-CHEK2-T2A-mCherry construct. 

Following RMCE in Chek2KO mES cells, steady-state abundance of CHK2 protein 

variants was measured based on GFP fluorescence in mCherry-positive cells, ruling 
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out transcriptional effects on EGFP-CHEK2 expression. The GFP signal for the two 

synonymous CHEK2 variants (p.H54= and p.R137=), as well as that for several other 

functional, intermediate and damaging VUS (e.g., p.E64K, p.K141T, p.I157T, 

p.N186H, p.E273K, p.G306E, p.G386R, p.I448S, p.R521W), was comparable to wild 

type CHEK2 (Fig. 5a). However, all variants that displayed clearly reduced CHK2 

protein levels on western blot (Fig. 2), also exhibited strongly reduced GFP signals 

(i.e., <65%) (Fig. 5a). Overall, we identified 18 CHEK2 VUS that exhibit major effects 

on CHK2 protein stability, thereby hampering CHK2 kinase function.  

Several damaging variants (e.g., p.E273K and p.G386R) did not affect CHK2 

protein stability, yet impaired IR-induced Kap1 p.S473 phosphorylation (Fig. 2, Fig. 

5a). We therefore questioned whether these variants affect CHK2 kinase activation. 

Autophosphorylation of CHK2 is essential for its activation and occurs, amongst 

others, on residues p.T383 and p.T387 in the T-loop region located within the kinase 

domain (Fig. 1d) (19,20). Consistent with a role for ATM in CHK2 activation (20,57), 

exposure of cells to ATM inhibitor completely abolished IR-induced 

autophosphorylation of CHK2 on p.T383 (Fig. 5b). Subsequently, we examined the 

effect of 7 intermediate and 13 damaging CHEK2 variants, which did not affect CHK2 

protein stability (with exception of p.D203G and p.D438Y), on CHK2 p.T383 

phosphorylation (Fig. 5c, Table 1). Most of these CHEK2 variants reduced (n=8) or 

completely abolished autophosphorylation (n=8). Surprisingly, 5 CHEK2 variants (i.e., 

p.I251F, p.E273K, p.Y390C, p.Y390S, and particularly p.E351D) that did not grossly 

impact CHK2 p.T383 autophosphorylation, still impaired kinase activity toward Kap1 

p.S474 (Fig. 5c), possibly by impacting ATP binding/hydrolysis. Thus, our results 

suggest that the damaging effect of CHEK2 variants is a consequence of protein 

instability, impaired kinase activation, or perhaps reduced ATP binding/hydrolysis.   

 

Association of CHK2 functional defects with breast cancer risk 
Having determined the functional impact of VUS in CHEK2, we next investigated 

whether the observed impact correlates with increased breast cancer risk. For this, we 

considered all 30 population-based BCAC studies, which were combined in a case-

control association study performed by the BRIDGES consortium (48826 breast 

cancer cases and 50703 controls) (7). Due to the low allele frequency of most CHEK2 

variants, we were only able to identify two variants, c.190G>A/p.E64K (OR 1,78; 95% 

CI 1,14-2,77; p=0.0112) and c.349A>G/p.R117G (OR 2,22; 95% CI 1,34-3,68; 

p=0,0020) (Table 1), that associate with significantly increased breast cancer risk and 

for which the population-based ORs had a relatively narrow CI. p.E64K had an 
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intermediate functional impact, whereas p.R117G was damaging (Fig. 3c), suggesting 

that the degree of functional impact correlates with the breast cancer risk level.  

Under the assumption that variants with a similar impact on CHK2 functionality 

confer the same level of cancer risk, we performed a burden-type association analysis 

(Table 2).  Accordingly, we defined three groups of CHEK2 VUS based on their impact 

on CHK2 function (i.e., functional, intermediate or damaging) and established the joint 

frequencies of the individual variants within the same group in both cases and controls. 

The two variants mentioned above (p.E64K and p.R117G) were excluded from these 

groups as they were already associated with a significant breast cancer risk (Table 1). 

This analysis revealed that functional CHEK2 VUS as a group (n=6, excl. p.I157T and 

p.R180C for which carrier frequencies were not available) (Fig. 3c), are not associated 

with an increased risk for breast cancer (OR 1,13; 95% CI 0,87-1.46; p=0,3773) (Table 

2). However, CHEK2 VUS that exhibited an intermediate functional effect (n=7, excl. 

p.E64K) (Fig. 3c) were associated with a significantly increased risk for breast cancer 

(OR 1,52; 95% CI 1.01-2,28; p=0.0448) (Table 2). Importantly, damaging CHEK2 VUS 

(n=27, excl. p.R117G) (Fig. 3c), were associated with an even higher risk than 

intermediate variants (OR 2,23; 95% CI 1,48-3,38; p<0.0001) (Table 2). In addition to 

population-based ORs, cancer risks described in Table 1 and 2 were also calculated 

based on all 44 BCAC studies (combination of 30 population-based and 14 family-

based studies) (7). Although this generally resulted in slightly higher risk estimations 

for most CHEK2 variants or variant groups, a similar correlation between functional 

impact of variants and cancer risk was observed (Table 1, Table 2). These results 

suggest that our quantitative functional assay can identify pathogenic CHEK2 variants. 

 

Association of the CHEK2 c.485A>G/p.D162G variant with prostate cancer 
Functional defects caused by CHEK2 VUS are not only associated with an increased 

risk of developing breast cancer, but have also been linked to other cancers, including 

prostate cancer (9,10). We therefore examined three male siblings from a family that 

all presented with prostate cancer >10 years earlier than the average age of onset for 

sporadic prostate cancer. This revealed that they were all heterozygous for the 

germline CHEK2 c.485A>G/p.D162G allele (Fig. 5d), which was characterized as a 

damaging variant in this study (Fig. 3c). Similarly, the closely located CHEK2 VUS 

p.G167R had also been linked to prostate cancer (10). Our results showed that both 

variants lead to protein instability (Fig. 5a, Supplementary Fig. S5b), rendering CHK2 

non-functional (Fig. 2, Fig. 3c). Consistently, using the crystal structure of CHK2 (PDB 

- 3I6U) (55), in silico modeling of CHK2 p.D162G and p.G167R showed that these 

substitutions are extremely unfavorable for correct folding of the region they locate to, 
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as they lead to loss of two hydrogen bonds (Fig. 5e-f). Interestingly, analysis of prostate 

tumor DNA of two of the three siblings carrying the CHEK2 c.485A>G/p.D162G variant 

showed no evidence for loss of heterozygosity (LOH) (Table 3), resembling 

observations made for the well-known CHEK2 c.1100delC/p.T367Mfs allele in breast 

cancer (Table 3) (58). These results suggest that LOH for individuals carrying a 

monoallelic damaging CHEK2 variant may not be a prerequisite for cancer 

development, although we cannot rule out that promotor methylation silenced 

expression of the intact allele, thereby mimicking LOH (59). The findings on CHEK2 

c.485A>G/p.D162G suggest that our functional analysis can also identify pathogenic 

VUS in CHEK2 that associate with prostate cancer. 
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Discussion 

We developed a mES cell-based system that allows for the quantitative functional 

classification of genetic variants in the CHEK2 gene that associate with breast and 

prostate cancer. Of the 50 CHEK2 missense VUS tested in this study, 9 variants (18%) 

had an intermediate impact on CHK2 function, while 31 (62%) were damaging (Table 

1, Fig. 3c). Importantly, 23 CHEK2 missense VUS constitute variants that have, to our 

knowledge, not been functionally characterized in previous studies (29-35,60). At least 

18 of the intermediate and damaging VUS in our study (>50%) exhibited defects in 

protein stability (Fig. 5a), which is a common pathogenic mechanism originating from 

missense variants (38,61). Moreover, at least 11 VUS (22%) showed reduced or 

complete lack of autophosphorylation on p.T383 (Fig. 5c), explaining the impaired 

kinase activity for most of these VUS (19,62). For 5 damaging VUS (i.e., p.I251F, 

p.E273K, p.E351D, p.Y390C and p.Y390S) considerable levels of 

autophosphorylation were observed, while kinase activity towards Kap1 was lacking. 

As these VUS mostly localize to the ATP-binding pocket of CHK2, they likely impair 

the ability of CHK2 to bind or hydrolyze ATP, the latter of which has already been 

reported for p.E273K (55,56). Thus, we examined numerous CHEK2 missense VUS 

for which we quantified functional effects (i.e., kinase activity) and assessed 

pathogenic mechanisms of action. Correlation between our quantitative results and 

breast cancer risk further demonstrated that our functional assay can identify 

pathogenic missense variants in CHEK2.  

Our results are generally in line with two recent studies describing functional 

analysis of CHEK2 missense variants (34,35). Kleiblova et al. employed both an in 

vitro kinase assay and a RPE1 CHEK2KO cell-based system for functional classification 

of CHEK2 variants (35). For most overlapping variants, our results are consistent with 

their functional assessment (Supplemental Fig. S7a). Although further research is 

required to explain the differences observed for three variants (i.e., p.I157T, p.R346H 

and p.D438Y), differences in the functional classification of p.E64K may be explained 

by its kinetic effect on Kap1 phosphorylation (Fig. 3g, Supplemental Fig. S7a). That is, 

we based our ‘intermediate’ functional classification on phospho-Kap1 p.S473 levels 

observed at 2 hours after IR, whereas Kleiblova et al. based their ‘damaging’ 

classification on the KAP1 phosphorylation levels observed at 4 hours after IR in the 

RPE1 cell-based assay. On the other hand, Delimitsou et al. employed a yeast rad53 

mutant cell-based system for functional characterization of human CHEK2 variants 

(34), whose results were also highly consistent with those from our study 

(Supplemental Fig. S7b). However, all CHEK2 variants (with the exception of p.E64K) 

that we classified as intermediate and Delimitsou et al. as neutral (Supplemental Fig. 
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S7b), are variants that impaired protein stability in our assays (i.e., p.D203G, p.E239K, 

p.D438Y and p.R521W) (Fig. 5a). Possibly, several intermediate effects are not picked 

up efficiently in the yeast assays as yeast cells grow at 30°C rather than at 37°C, which 

may reduce the thermodynamic instability of proteins. Thus, while the outcome of the 

different functional analysis of CHEK2 variants are generally consistent, discrepancies 

for some variants remain, complicating their classification and calling for further 

analysis.  

The Helix algorithm predicted functionality of CHEK2 missense variants more 

accurately than several other algorithms did (Fig. 4b). Therefore, the en masse Helix 

predictions (Fig. 4c, Supplementary Table S1) may aid in the classification of missense 

variants in CHEK2 for which functional outcomes were inconsistent (e.g., p.L174V) 

(35), or for which functional analysis have yet to be performed. In support of the 

remarkable performance of Helix, in both our study and that of Delimitsou et al. (34), 

no variants predicted to be benign by Helix were found to be damaging (Fig. 4b). 

Although computational predictions should be handled with care, discrepancies with 

Helix may also highlight variants that require further validation of their functional 

impact, thereby aiding in the classification of CHEK2 variants. 

The BRIDGES consortium in collaboration with the BCAC, showed that rare 

CHEK2 missense VUS in aggregate associate with a low, yet significant risk for breast 

cancer (OR 1.42; 95% CI, 1.28 to 1.58; p<0,0001) (7). However, a major challenge is 

to discriminate which VUS associate with cancer risk and which do not. Our study 

addressed this challenge and showed that the degree of CHK2 dysfunction, for 

numerous CHEK2 missense VUS, correlates with increased breast cancer risk (Table 

1, Table 2, Fig. 3c). Furthermore, the OR for the damaging CHEK2 VUS in aggregate 

(OR 2,23; 95% CI 1,48-3,38; p<0.0001), as well as that for the damaging VUS 

c.349A>G/p.R117G alone (OR 2,22; 95% CI 1,34-3,68; p=0,0020), compared well to 

the population-based ORs for c.1100delC/p.T367Mfs (OR 2,66; 95% CI 2,27-3,11; 

p<0,0001) and that of all other CHEK2 truncating variants in aggregate (OR 2,13; 95% 

CI 1,60-2,84; p<0,0001) (6,7). The OR for the intermediate CHEK2 variant 

c.190G>A/p.E64K (OR 1,78; 95% CI 1,14-2,77; p=0.0112) associated with 

significantly increased breast cancer risk comparable to that calculated for its 

functional classification group (OR 1,52; 95% CI 1.01-2,28; p=0.0448). These results 

strongly suggest that intermediate CHEK2 VUS associate with significantly increased 

breast cancer risk and that damaging CHEK2 VUS likely associate with a similar risk 

for breast cancer as truncating CHEK2 variants.  

Effects of CHEK2 variants on splicing could not be examined since we 

employed human CHEK2 cDNA-based complementation assays. However, in silico 
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splice site prediction analysis was performed using four different algorithms (Splice 

Site Finder-like, MaxEntScan, GeneSplicer, NNSplice) in Alamut 

(http://www.interactivebiosoftware.com/). For most VUS, an effect on RNA splicing 

was unlikely, except for five variants (p.A17S, p.I157S, p.I160T, p.D162G, p.F169L, 

p.G229S and p.A230P) for which these algorithms predicted the introduction of weak 

acceptor or donor recognition sites in the corresponding exons (Supplementary Table 

S2). Consistently, the recently developed deep learning-based SpliceAI tool (63) 

predicted no major splice effects for the CHEK2 missense VUS examined in this study, 

except for (i.e., p.V200A and p.G229S) for which the loss or introduction of a splice 

acceptor site was predicted with low to moderate confidence (Supplementary Table 

S2). The path to clinical implementation of functional analysis, in line with ACMG 

guidelines (64), involves having a well-calibrated assay. Even though we note that the 

slight difference in homology between mouse and human CHEK2 (82% identical and 

88% similar in protein sequence) could affect the functional analysis presented in this 

study, we believe that our quantitative data and the correlation with breast cancer risk 

supports the robustness and validity of our functional assay for CHEK2, and thus its 

value as clinical diagnostic tool.  
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Odds Ratio (95% CI), p-value 

(population-based studies)

Table 1

Nt. change Aa change Mutation type Classification HelixStability (%) Odds Ratio (95% CI), p-value 

(all studies)

Cases Controlsp-CHK2 p.T383 p-Kap1 

n/ac.162C>T p.H54= Synonymous Functional n/a98 n/an/a n/an/a94

1,78 (1,14-2,77), p = 0,0112 c.190G>A p.E64K Missense Intermediate 0,04111 1,77 (1,16-2,69), p = 0,0075 53 31Absent41

n/ac.277delT p.W93Gfs Truncating Damaging n/an/a n/an/a n/an/a14

2,22 (1,34-3,68), p = 0,002 c.349A>G p.R117G Missense Damaging 0,8665 2,93 (1,82-4,73), p < 0,0001 47 22n/a17

n/ac.374T>C p.F125S Missense Damaging 0,7741 n/a0 1n/a16

n/ac.405delA p.K135Nfs Truncating Damaging n/an/a n/an/a n/an/a31

n/ac.411A>T p.R137= Synonymous Functional n/a96 n/an/a n/an/a94

n/ac.419G>A p.S140N Missense Damaging 0,91n/a n/a1 0Absent16

n/ac.422A>C p.K141T Missense Intermediate 0,4593 n/a1 0Intermediate56

1,15 (0,47-2,84), p = 0,7555 c.433C>T p.R145W Missense Damaging 0,7239 1,96 (0,89-4,32), p = 0,0925 10 9n/a16

n/ac.470T>C p.I157T Missense Functional 0,36111 n/an/a n/an/a96

n/ac.479T>C p.I160T Missense Damaging 0,7748 n/a0 1n/a16

n/ac.485A>G p.D162G Missense Damaging 0,9352 n/an/a n/an/a18

2,77 (0,73-10,44), p = 0,1325c.499G>A p.G167R Missense Damaging 0,9446 5,01 (1,47-17,10), p = 0,0101 8 3n/a21

n/ac.507delT p.F169Lfs Truncating Damaging n/an/a n/an/a n/an/a17

0,52 (0,05-5,73), p = 0,5925c.507T>G p.F169L Missense Damaging 0,4944 3,09 (0,64-14,9), p = 0,15891 2n/a25

n/ac.538C>T p.R180C Missense Functional 0,27n/a n/an/a n/an/a84

1,56 (0,91-2,67), p = 0,1075c.542G>A p.R181H Missense Functional 0,04n/a 1,16 (0,69-1,93), p = 0,577633 22n/a83

1,26 (0,62-2,56), p = 0,5206 c.556A>C p.N186H Missense Functional 0,30108 1,59 (0,85-2,99), p = 0,149117 14n/a97

n/ac.608A>G p.D203G Missense Intermediate 0,6744 n/a4 0Intermediate41

n/ac.685G>A p.G229S Missense Damaging 0,96n/a n/a0 1Absent13

n/ac.688G>C p.A230P Missense Damaging 0,85n/a n/an/a n/aAbsent13

1,78 (0,70-4,52), p = 0,2253c.715G>A p.E239K Missense Intermediate 0,7762 2,27 (0,95-5,44), p = 0,0652 12 7n/a58

0,52 (0,16-1,72),  = 0,2845 c.727T>C p.C243R Missense Functional 0,75n/a 0,44 (0,13-1,47), p = 0,1826 4 8n/a85

n/ac.740C>A p.A247D Missense Damaging 0,9737 n/a1 0n/a28

n/ac.746A>G p.K249R Missense Damaging 0,91n/a n/an/a n/aAbsent25

n/ac.751A>T p.I251F Missense Damaging 0,69n/a n/a3 0Intermediate15

n/ac.817G>A p.E273K Missense Damaging 0,94104 n/an/a n/aIntermediate23

n/ac.858C>A p.I286= Synonymous Functional n/an/a n/an/a n/an/a76

n/ac.917G>A p.G306E Missense Damaging 0,8988 n/a1 0Intermediate19

n/ac.977T>C p.L326P Missense Damaging 0,9336 n/a1 0n/a25

2,08 (0,38-11,34), p = 0,3987c.1037G>A p.R346H Missense Damaging 0,90n/a 2,65 (0,54-13,14), p = 0,23224 2Absent15

1,38 (0,31-6,19), p = 0,6701c.1039G>A p.D347N Missense Damaging 0,93n/a 0,88 (0,22-3,54), p = 0,8618 4 3Absent13

3,63 (0,76-17,50), p = 0,1075c.1053G>T p.E351D Missense Damaging 0,71n/a 4,42 (0,97-20,18), p = 0,05507 2Normal12

n/ac.1100delC p.T367Mfs Truncating Damaging n/an/a n/an/a n/an/a21

1,01 (0,64-1,59), p = 0,9618c.1111C>T p.H371Y Missense Functional 0,25n/a 0,78 (0,52-1,17), p = 0,224937 38n/a110

n/ac.1156G>C p.G386R Missense Damaging 0,97107 n/a1 0Absent12

n/ac.1169A>G p.Y390C Missense Damaging 0,96n/a n/an/a n/aIntermediate11

0,69 (0,12-4,14), p = 0,6871 c.1169A>C p.Y390S Missense Damaging 0,96n/a 0,88 (0,18-4,38), p = 0,8801 2 3Intermediate13

3,12 (1,00-9,66), p = 0,0491c.1175C>T p.A392V Missense Damaging 0,9338 3,32 (1,10-9,99), p = 0,033212 4n/a13

1,04 (0,06-16,60), p = 0,9787c.1225G>A p.D409N Missense Damaging 0,9746 0,88 (0,06-14,14), p = 0,93061 1n/a13

n/ac.1236T>A p.S412R Missense Damaging 0,9741 n/a1 0n/a26

n/ac.1241G>A p.G414E Missense Damaging 0,9733 n/a1 0n/a23

n/ac.1263delT p.S422Vfs Truncating Damaging n/an/a n/an/a n/an/a12

n/ac.1277C>G p.P426R Missense Damaging 0,9638 n/a1 0n/a22

n/ac.1305A>T p.S435= Synonymous Functional n/an/a n/an/a n/an/a93

1,00 (0,58-1,71), p = 0,9999c.1312G>T p.D438Y Missense Intermediate 0,6778 1,24 (0,76-2,04), p = 0,385226 27Intermediate46

1,38 (0,31-6,19), p = 0,6701 c.1336A>G p.N446D Missense Functional 0,08n/a 1,47 (0,35-6,17), p = 0,5955 4 3n/a80

0,35 (0,04-3,33), p = 0,3582c.1343T>G p.I448S Missense Intermediate 0,3590 0,88 (0,18-4,38), p = 0,8801 1 3Normal44

n/ac.1421G>A p.R474H Missense Damaging 0,9635 n/a11 0n/a16

n/ac.1438G>A p.A480T Missense Intermediate 0,66n/a n/a4 0Intermediate54

n/ac.1453T>G p.W485G Missense Damaging 0,9734 n/a0 1n/a20

0,99 (0,55-1,81), p = 0,977c.1525C>T p.P509S Missense Functional 0,01n/a 0,88 (0,50-1,58), p = 0,676321 22n/a95

4,67 (1,01-21,63), p = 0,0486c.1561C>T p.R521W Missense Intermediate 0,5384 2,48 (0,89-6,87), p = 0,08199 2Intermediate43

p.S473 (%)  

Complete list of human CHEK2 variants analyzed in this study. Nucleotide numbering reflects Human Genome Variation Society (HGVS) nomenclature where cDNA numbering +1 corresponds 
to the A of the ATG translation initiation codon in the reference sequence (CHEK2 NM_007194.4). The initiation codon is codon 1. For each variant, results for three functional readouts
(i.e., Kap1 p.S473 phosphorylation, EGFP-CHK2 stability and CHK2 p.T383 phosphorylation), Helix-based predictions, population-based case-control frequencies and odds ratios are shown. 
Functional classification is based on the phospho-Kap1 FACS assay (Fig. 2c) and population-based case-control frequencies and odds ratios are based on a study from the BRIDGES 
consortium in collaboration with the BCAC 7.

n/ac.49G>T p.A17S Synonymous Functional 0,00n/a n/an/a n/an/a97

n/ac.470T>G p.I157S Missense Functional 0,53n/a n/a1 0n/a86

n/ac.599T>C p.V200A Missense Intermediate 0,36n/a n/a0 1n/a68

n/ac.757A>T p.K253X Truncating Damaging n/an/a n/an/a n/an/a34

n/ac.1040A>C p.D347A Missense Damaging 0,94n/a n/an/a n/an/a29

n/ac.1101T>A p.T367= Synonymous Functional n/an/a n/an/a n/an/a107

n/ac.1421G>T p.R474L Missense Damaging 0,97n/a n/an/a n/an/a28

n/ac.1422T>A p.R474= Synonymous Functional n/an/a n/an/a n/an/a96

n/ac.1555C>T p.R519X Truncating Intermediate n/an/a n/an/a n/an/a59
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Table 2

Burden-type cancer risk association analysis for human CHEK2 variants. Variants with similar impact of CHK2 functionality
were grouped (Fig. 2c). Only missense variants for which case-control frequencies from population- or family-based studies
have been reported were included 7. The case-control frequencies reflect those of the population-based studies alone. The
analysis was also performed for groups of CHEK2 variants without p.E64K or p.R117G, for which the carrier frequencies 
are high.

Variant group based on function Aa change Odds Ratio (95% CI), p-value 

(all studies)

Odds Ratio (95% CI), p-value 

(population-based studies)

p.R181H

p.N186H

p.C243R

p.H371Y

p.N446D

p.P509S

p.E64K

p.K141T

p.D203G

p.E239K

p.D438Y

p.I448S

p.A480T

p.R521W

p.R117G

p.F125S

p.S140N

p.R145W

p.I160T

p.G167R

p.F169L

p.G229S

p.A230P

p.A247D

p.K249R

p.I251F

p.E273K

p.G306E

p.L326P

p.R346H

p.D347N

p.E351D

p.G386R

p.Y390C

p.Y390S

p.A392V

p.D409N

p.S412R

p.G414E

p.P426R

p.R474H

p.W485G

3,09 (2,11-4,53), p < 0,00012,23 (1,48-3,38), p < 0,0001

Damaging VUS 3,03 (2,25-4,08), p < 0,0001

Damaging VUS (excl. p.R117G)

Intermediate VUS 1,79 (1,36-2,36), p < 0,0001

0,97 (0,76-1,23), p = 0,7943Functional VUS 1,13 (0,87-1,46), p = 0,378

1,63 (1,21-2,20), p = 0,0014

2,23 (1,62-3,07), p < 0,0001

1,81 (1,25-2,62), p = 0,00161,52 (1,01-2,28), p = 0,0448Intermediate VUS (excl. p.E64K )

Cases

33

17

4

37

4

21

53

1

4

12

26

1

4

9

47

0

1

10

0

8

1

0

n/a

1

n/a

3

n/a

1

1

4

4

7

1

n/a

2

12

1

1

1

1

11

0

Controls

22

14

8

38

3

22

31

0

0

7

27

3

0

2

22

1

0

9

1

3

2

1

n/a

0

n/a

0

n/a

0

0

2

3

2

0

n/a

3

4

1

0

0

0

0

1

p.I157S 1 0

p.V200A 0 1
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Table 3

CHEK2 variant carriers Tissue type VAF c.485A>G VAF c.1100delC

0.521

Control tissue 0.482

Tumor tissue 0.526

Control tissue 0.476

Tumor tissue 0.538

Control tissue 0.485

Tumor tissue 0.466

Control tissue n/a

No evidence for LOH in CHEK2 c.485A>G/p.D162G (prostate cancer affected) or c.1100delC/
p.T367Mfs (breast cancer affected) carriers. VAF refers to variant allele frequency.

c.485A>G/p.D162G

carrier 1 (brother 1)

c.485A>G/p.D162G

carrier 2 (brother 2)

c.1100delC/p.T367Mfs

carrier 1

c.1100delC/p.T367Mfs

carrier 2

Tumor tissue
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Fig. 1 Generation of a cDNA-based complementation system for the functional 

analysis of human CHEK2 variants. a Schematic representation of the mES cell- and 

cDNA-based complementation system for functional analysis. The DR-GFP reporter 

and Recombination-Mediated Cassette Exchange system (RMCE) have been stably 

integrated at the Pim1 and Rosa26 loci, respectively. Endogenous mouse Chek2 was 

targeted with CRISPR/Cas9 using a gRNA against exon 3. b Western blot analysis of 

the indicated proteins from unirradiated and IR-exposed (10Gy) Chek2WT and Chek2KO 

mES cells. Tubulin was used as a loading control. c Western blot analysis of the 

indicated proteins from IR-exposed (10Gy) Chek2WT, Chek2KO, and Chek2KO mES cells 

complemented with human CHEK2 cDNA. Tubulin was used as a loading control. d 

Schematic representation of the CHK2 protein with variant positions indicated and 

categorized as either synonymous (green), truncating (red) and missense VUS (blue). 

The amino acid numbers are shown to demarcate CHK2’s evolutionarily conserved 

functional domains. (T) refers to the T-loop or activation segment.  
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Fig. 2 Human CHEK2 variants and their effect on CHK2 expression and kinase activity 

toward Kap1 p.S473. Western blot analysis of the indicated proteins from Chek2KO 

mES cells expressing wild type (WT, black) human untagged CHK2, empty vector (Ev, 

grey), or the indicated untagged CHK2 variants in untreated conditions (no IR) or at 2 

or 6 hours after IR exposure (10Gy). WT and Ev served as controls on each blot and 

variants are categorized by color as either synonymous (green), truncating (red) and 

missense VUS (blue). Tubulin was used as a loading control. Dashed lines represent 

a marking of different set of samples on the same blot, whereas continuous lines are 

used to mark different sets of samples from distinct and separately exposed blots.  
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Fig. 3 Human CHEK2 variants and their effect on CHK2’s kinase activity toward Kap1 

p.S473. a Quantitative FACS-based analysis of Kap1 p.S473 phosphorylation in 

Chek2WT, Chek2KO, and Chek2KO mES cells complemented with human untagged 

CHEK2 cDNA at 2 hours after IR exposure (10Gy). b Quantitative FACS-based 

analysis of Kap1 p.S473 phosphorylation in Chek2KO mES cells complemented with 

the indicated untagged constructs at 2 hours after IR exposure (10Gy). c Quantification 

of FACS measurements of Kap1 p.S473 phosphorylation in Chek2KO mES cells 

expressing wild type (WT, black) human untagged CHK2, empty vector (Ev, grey), or 

the indicated untagged CHK2 variants (blue and red) at 2 hours after IR exposure 

(10Gy). Data represent mean percentages ± SEM of the average phospho-Kap1 

p.S473 intensity observed in the ‘p-Kap1 +’ gate as shown in b from 2 independent 

experiments. Data are relative to WT, which was set to 100%. Ev1-4 refer to four 

independent Ev controls that were included. Dashed lines indicate functional 

thresholds based on the synonymous or truncating variant with the lowest or highest 

Kap1 p.S473 phosphorylation level, respectively. The asterisk marks p.R519X, which 

acted as a hypomorphic variant and was therefore not used for thresholding. d 

Quantification of FACS measurements (left) of Kap1 p.S473 phosphorylation in 

Chek2KO mES cells complemented with EGFP-CHEK2-T2A-mCherry, with or without 

a CHEK2 variant, at 2 hours after IR exposure (10Gy). Data represent mean 

percentages ± SEM of the average phospho-Kap1 p.S473 intensity observed after 

gating for mCherry-positive cells from 2 independent experiments. Data are relative to 

WT, which was set to 100%. Scatter plot (right) shows the correlation between 

phospho-Kap1 p.S473 intensities measured in Chek2KO mES cells expressing 

untagged CHEK2 or EGFP-tagged CHEK2 (from stably integrated EGFP-CHEK2-

T2A-mCherry). Conditions are colored as indicated based on functional classification 

using untagged CHEK2 cDNA as shown in c. e Phleomycin sensitivity assay using 

Chek2KO mES cells complemented with the indicated untagged CHK2 constructs or 

empty vector (Ev). Cells were exposed to 2,5 μM of phleomycin for two days. Cell 

viability was measured after one additional day of incubation in drug-free medium 

using FACS (using only forward and sideways scatter). Data represent the mean 

percentage ± SEM of viability relative to untreated cells from 3 independent 

experiments. f Scatter plot showing the correlation between phospho-Kap1 p.S473 

intensities and the relative resistance to 2,5 μM phleomycin as measured in e in 

Chek2KO mES cells expressing untagged CHK2 variants. g Quantification of FACS 

measurements of Kap1 p.S473 phosphorylation in Chek2KO mES cells expressing wild 

type (WT) untagged CHEK2 or three selected variants at the indicated times after 10Gy 

of IR. For each condition, data are plotted relative to the 2 hours timepoint, which was 
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set to 100%. h Quantification of FACS measurements of Kap1 p.S473 phosphorylation 

in Chek2KO mES cells expressing wild type (WT, black) untagged CHK2, or untagged 

CHK2 carrying the p.V200A variant (blue) at 2 hours after IR exposure (10Gy). Data 

from 2 independent experiments are represented as in c.  
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Fig. 4 Correlation between computational predictions and functionality of CHEK2 

variants. a Bar plot showing the R2-correlation values between the FACS-based 

analysis of Kap1 p.S473 phosphorylation as shown in Fig. 3c and computational 

predictions from twelve different prediction algorithms. b Scatter plot showing the 

correlation between Helix-based in silico predictions and results from functional assays 

presented in our study (Fig. 3c), or those from Delimitsou et al. 2019 (34) and Kleiblova 

et al. 2019 (35). Datapoints are colored based on functional classification (green, 

functional; orange, intermediate; red, damaging). Helix provides predictions for 

pathogenicity ranging from 0-1, with values close to 1 representing pathogenic 

predictions. c En masse prediction plot from Helix for all possible missense changes 

in human CHEK2.  Schematic representation of the CHK2 protein and its functional 

domains demarcated by the amino acid numbers at the X-axis of the plot. d Heatmap 

showing predictions from Helix combined with functional data for CHK2 amino acid 

changes that were analyzed in Fig. 3c (outlined in bold). For functional variants 

indicated in green (with bold outline), amino acid changes with a similar (+0.05) or 

lower prediction from Helix are also indicated in green. For intermediate variants 

indicated in orange (with bold outline), amino acid changes with a similar (-0.05) or 

higher prediction from Helix are also indicated in orange. For damaging variants 

indicated in red (with bold outline), amino acid changes with a similar (-0.05) or higher 

prediction from Helix are also indicated in red. For each amino acid position, amino 

acid changes with a similar color code are expected to result in similar functional 

effects. Squares in grey and white represent changes into the original amino acid or 

variant changes for which predictions are unclear, respectively. 
 

  

Research. 
on January 25, 2022. © 2021 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on December 13, 2021; DOI: 10.1158/0008-5472.CAN-21-1845 

http://cancerres.aacrjournals.org/


Research. 
on January 25, 2022. © 2021 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on December 13, 2021; DOI: 10.1158/0008-5472.CAN-21-1845 

http://cancerres.aacrjournals.org/


	 36 

Fig. 5 Analysis of pathogenic mechanisms of CHEK2 VUS and the association of two 

VUS with prostate cancer. a Quantification of FACS measurements of the average 

EGFP intensity in Chek2KO mES cells complemented with EGFP-CHEK2-T2A-

mCherry, with or without the indicated CHEK2 variants. EGFP intensities were 

measured in mCherry-positive gated cells. Data represent mean percentages ± SEM 

for 3 independent measurements and are relative to WT which is set at 100%. b 

Western blot analysis of the indicated proteins from IR-exposed (10Gy) Chek2WT, 

Chek2KO, and Chek2KO mES cells complemented with human CHEK2 cDNA that were 

left untreated or treated with ATM inhibitor (ATMi). Tubulin was used as a loading 

control. c Western blot analysis of the indicated proteins from IR-exposed (10Gy) 

Chek2KO mES cells complemented with human CHEK2 cDNA without or with a CHEK2 

variant that displayed intermediate or damaging effects in Fig. 3c. An unspecific band 

produced by the anti-CHK2 antibody was used as a loading control. d Pedigree of the 

family with the CHEK2 c.485A>G/p.D162G variant. Three male siblings carrying 

CHEK2 c.485A>G/p.D162G developed prostate cancer in their fifties (grey squares). 

Circles indicate females and squares indicate males. The asterisks indicate family 

members whose blood cell DNA was subjected to exome sequencing. The red 

asterisks indicate members carrying the CHEK2 c.485A>G/p.D162G variant. e-f 
Partial structures (top) of the CHK2 FHA domain showing the effect of two CHK2 

variants exhibiting protein instability as shown in a. Formulas and changes for the 

indicated amino acids are shown (bottom).  
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