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Abstract

RUNX2 (Runt-related transcription factor 2) is a master regulator of osteoblast differ-

entiation, cartilage and bone development. Pathogenic variants in RUNX2 have been

linked to the Cleidocranial dysplasia (CCD), which is characterized by hypoplasia or

aplasia of clavicles, delayed fontanelle closure, and dental anomalies. Here, we report

11 unrelated Polish patients with CCD caused by pathogenic alterations located in

the Runt domain of RUNX2. In total, we identified eight different intragenic variants,

including seven missense and one splicing mutation. Three of them are novel:

c.407T>A p.(Leu136Gln), c.480C>G p.(Asn160Lys), c.659C>G p.(Thr220Arg), addi-

tional three were not functionally tested: c.391C>T p.(Arg131Cys), c.580+1G>T p.

(Lys195_Arg229del), c.652A>G p.(Lys218Glu), and the remaining two: c.568C>T p.

(Arg190Trp), c.673C>T p.(Arg225Trp) were previously reported and characterized.

The performed transactivation and localization studies provide evidence of decreased

transcriptional activity of RUNX2 due to mutations targeting the Runt domain and

prove that impairment of nuclear localization signal (NLS) affects the subcellular local-

ization of the protein. Presented data show that pathogenic variants discovered in

our patients have a detrimental effect on RUNX2, triggering the CCD phenotype.
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1 | INTRODUCTION

Cleidocranial dysplasia (CCD; MIM#119600) is a rare, autosomal dom-

inant genetic disorder that in most cases have been linked to

haploinsufficiency of RUNX2, formerly known as CBFA1. RUNX2 gene

encodes Runt-related transcription factor 2 that is critical for cartilage

and bone development and differentiation.1-3 CCD belongs to a group

of skeletal dysplasia and its main clinical characteristics encompass

various skeletal abnormalities including moderate short stature, hypo-

plasia or aplasia of the clavicles, brachydactyly, delayed or incomplete

fusion of the fontanelles and sutures, frontal bossing, midface hypo-

plasia. Additionally, dental anomalies, such as the delayed eruption of

deciduous and permanent teeth, multiple supernumerary teeth,

enamel hypoplasia or retention cysts have been noted.3-5 The clinical

manifestation of CCD is highly variable, as even members within the

same family may phenotypically differ. Mildly affected individuals may

present only dental abnormalities, while severely affected patients

have more pronounced skeletal malformations, including narrow tho-

rax with respiratory distress in the early infancy. In most of the cases,

CCD is inherited from an affected parent, while in approximately 30%

the disease occurs as a result of a de novo mutational event.4,6

Numerous pathogenic variants in RUNX2 have been reported to

cause CCD and the number of known causative mutations is still

growing.7 Since many pathogenic RUNX2 variants are missense substi-

tutions, identification of such mutations along with the characteriza-

tion of their functional consequences is important for both basic

research and clinical practice, including genetic diagnostics and

counseling. The majority of identified pathogenic RUNX2 missense

variants occurred in the Runt domain also referred to as Runt homolo-

gous domain (RHD), which is highly conserved and essential for DNA-

binding and protein heterodimerization with core-binding factor sub-

unit β. Mutations in other parts of the protein, although less frequent,

have been also identified.4,7,8

In this study, we analyzed the coding sequence of the RUNX2

gene in 11 unrelated patients affected by CCD and found eight patho-

genic variants. Since five of them were either novel or functionally

untested, we explored the biological effect of those mutations on the

function of RUNX2. Our report expands the mutational spectrum

associated with CCD, as well as provides the clinical pictures and

functional consequences of newly identified or previously biologically

unassessed variants.

2 | MATERIALS AND METHODS

2.1 | Patients

We analyzed 11 unrelated patients of Polish ethnicity with the clinical

diagnosis of CCD. The diagnostic criteria for CCD involved:

(a) hypoplasia or aplasia of the clavicles detected either by clinical

assessment or radiological imaging and (b) clinically diagnosed promi-

nent forehead, enlargement of the fontanelles or delayed closure of

the anterior fontanelle and calvarial sutures. In addition, we studied

the affected and unaffected relatives of all probands. Finally, we

investigated our in-house database of the Polish control exomes to

check for the RUNX2 gene variations. The Institutional Review Board

from Poznan University of Medical Sciences (Poland) approved the

study and written informed consent was obtained from all subjects or

their legal guardians. Furthermore, parents of the index patients gave

written consent for publication.

2.2 | RUNX2 mutational screening

Genomic DNA was extracted from peripheral blood leukocytes of all

probands, their parents, and other available affected or unaffected

family members using MagCore HF16 Plus system (RBC Bioscience).

All exons of RUNX2 (GenBank NM_001024630.3) and their flanking

intronic regions were amplified in PCR. Although NCBI indicates nine

exons, the first of which is a 50UTR, we apply the 8-exon nomencla-

ture of only coding sequences (those translated to the protein) for the

exon numbering. Primers were designed using Primer3 software9

(Table S1). The PCR products were directly sequenced using dye-

terminator chemistry (V3.1 BigDye Terminator, Life Technologies) and

analyzed using the BioEdit program (Carlsbad, California).

2.3 | Pathogenicity assessment

We checked the occurrence of identified RUNX2 variants in publically

available databases, including gnomAD/ExAC,10 1000 Genomes

Project,11 dbSNP b152 v2,12 HGMD Professional version 2018.3,7

NHLBI EVS. Furthermore, we analyzed pathogenicity of all missense

variants with the use of Mutation Taster 2,13 Polyphen 2,14 and SIFT

software.15

2.4 | Site-directed mutagenesis

Missense mutants c.391C>T p.(Arg131Cys) (p.R131C), c.407T>A p.

(Leu136Gln) (p.L136Q), c.652A>G p.(Lys218Glu) (p.K218E), c.659C>G

p.(Thr220Arg) (p.T220R) were generated by site-directed mutagenesis

(QuickChange Lightning Site-Directed Mutagenesis Kit, STRATAGENE)

using WT (wild type) clone tagged with hemagglutinin (HA) (WT-HA-

RUNX2-pcDNA3.1[+]) as a template.16 The results of mutagenesis were

confirmed by Sanger sequencing.

2.5 | Construction of the Δe4-HA-RUNX2-
pcDNA3.1(+) clone

Deletion clone Δe4-RUNX2-pcDNA3.1+, mimicking consequences of

mutation c.580+1G>T (IVS3+1G>T) p.(Lys195_Arg229del) (Δe4), was

generated using Gibson Assembly (NEB) with primer pairs 1 and

2 listed in Table S2. For the amplification Phusion Hot Start II DNA

Polymerase (1 U/rxn) (Thermo Scientific) was used with dNTPs (Mix

40 mM Total; BLIRT S.A.) in final concentration of 100 μM each,

primers in final concentration of 0,1 μM, and 10 ng/μL of template

plasmid WT-HA-RUNX2-pcDNA3.1(+) in 50 μL final volume. Cycling

parameters were according to manufacturer's instructions, with
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annealing temperatures of 61�C and 64�C for one and two primer

pair, respectively. Amplified products were excised from the 1% aga-

rose gel and purified with Extractme DNA Clean-Up and Gel-Out

Micro Spin Kit (BLIRT S.A.), then the concentration of each PCR prod-

uct was measured with Tecan Infinite M200Pro reader prior to Gibson

Assembly reaction. The reaction was set according to the manufac-

turer's protocol with 1:1 M ratio of purified products. Next, ligated

plasmid was electroporated to DH10B Escherichia coli (E. coli) strain

and cultivated on LB agar plates with 150 μg/mL of ampicillin. Positive

clones were confirmed by PCR with primer pair 3 (Table S2). The

clones containing an insert of the desired size were isolated with

Zyppy Plasmid Miniprep (Zymo Research), and their identity was con-

firmed by Sanger sequencing.

2.6 | Transfections and luciferase assay/luciferase
assay for RUNX2 transacting activity

The TurboFect transfection reagent (Thermo Scientific) was used for

transfections of plasmids (WT-HA-RUNX2-pcDNA3.1(+), R131C,

L136Q, K218E, T220R, and Δe4) together with the pOSE2-6Luc

reporter plasmid17 and CMV-LacZ, to HEK293 cells as described in

Ref. 16. Transfections were performed in triplicates. After 48 hours

cells were harvested and proceed with Luciferase Assay according to

the manufacturer's instructions, using the Cell Culture Lysis Reagent

(Promega). The statistical evaluation of the results included the non-

parametric Kruskal-Wallis (one-way ANOVA) test.

2.7 | Western blot analysis

HEK293 cells were transfected with expression vectors and lysed

with 140 μL of Pierce RIPA Buffer (Thermo Scientific). Prior to SDS-

PAGE electrophoresis samples were incubated at 95�C for 10 minutes

with 2× SDS PAGE sample buffer. The negative control was the lysate

of untransfected HEK293 cells, and the loading control was carried

out with antibodies against β-actin (1:5000 dilution of anti-beta-Actin

AC-15 mouse mA, NOVUSBIO; NB600-501), the secondary anti-

bodies were Peroxidase AffiniPure Donkey Anti-Mouse IgG (H + L) in

1:10 000 dilution (Jackson ImmunoResearch; 715-035-151). All the

procedures were performed as in Ref. 16 using antibodies: 1:1000

dilution of HA-Tag (C29F4) Rabbit mAb (Cell Signaling; #3724) and

bovine anti-rabbit IgG-HRP (Santa Cruz Biotechnology; sc-2370)

diluted 1 in 5000.

2.8 | Immunofluorescence/cell localization studies

The 350 ng of WT-, R131C-, L136Q-, K218E-, T220R- or

Δe4-RUNX2-pcDNA3.1(+) expression clones were transfected into

HEK293 cells. Following 48 hours of incubation, cells were washed

with PBS and subjected to fixation, quenching, permeabilization and

blocking.16 Next, the cells were incubated with antibodies: primary

HA-Tag (C29F4) Rabbit mAb (Cell Signaling; #3724) in 1:1000 dilu-

tion, and with secondary AlexaFluor 555 Donkey Anti-Rabbit IgG (H

+L) (Thermo Scientific; Cat# A-31572, RRID: AB_2536182) in 1:200

dilution. Nuclei were stained with Hoechst 33342 (Thermo Scientific;

H1399), and finally, slides were mounted with the ProLong Gold Anti-

fade Mountant (Thermo Scientific). Samples were visualized using

Confocal Microscope Nikon Ti Eclipse.

2.9 | Predictions of the protein structure

All the reported variants of the RUNX2 protein (WT, R131C, L136Q,

K218E, T220R or Δe4) were tested with the SWISS-MODEL soft-

ware.18 As a template, the known structure of the Runt domain of

RUNX1 protein, which shows high similarity with the Runt of RUNX2,

was used.

3 | RESULTS

3.1 | Patients and RUNX2 sequencing results

All 11 index patients were diagnosed with CCD based on the clinical

symptoms, radiological abnormalities, or both (Figure 1). Eight patients

were sporadic, while three hereditary. We have sequenced RUNX2

gene in all patients and confirmed that in the sporadic cases the muta-

tions occurred de novo, as they were not detected in both of the

healthy parents, while in the familial cases they segregated with the

disease.

All probands presented with a classical CCD phenotype composed

of a triad of symptoms, involving prominent forehead, large anterior

fontanelle and/or delayed closure of the fontanelles and cranial sutures,

hypoplastic or aplastic clavicles, and dental anomalies (delayed tooth

eruption, supernumerary teeth as well as in some cases the abnormal

shape of the teeth and dental cysts). Additionally, all patients had short

stature, brachydactyly and relative macrocephaly with a prominent fore-

head/frontal bossing. Some of the patients showed additional features,

such as joint laxity, hypoplastic nails or hypoacusis. Clinical symptoms

noted in all our probands were listed in Table 1 next to the detected

RUNX2 variants. All probands carried the heterozygous pathogenic vari-

ants in RUNX2. In total, we identified eight different intragenic variants,

out of which one was a splicing alteration, whereas the remaining seven

constituted missense mutations. Three of the pathogenic variants were

found independently in two unrelated individuals or families with CCD

(Figure S1). Based on the clinical symptoms seen in our patients and the

results of RUNX2 mutational screening supported by the functional ana-

lyses of the mutant proteins we concluded that diagnosis of CCD was

certain in all cases.

Out of the eight RUNX2 genetic alterations identified by us, five

have been described previously, while the other three were newly

identified variants: c.407T>A p.(Leu136Gln) (p.L136Q), c.480C>G p.

(Asn160Lys) (p.N160K) and c.659C>G p.(Thr220Arg) (p.T220R)

(Table 2). Three of the previously reported mutations were not

assessed for pathogenicity using functional assays: c.391C>T p.

(Arg131Cys) (p.R131C), c.652A>G p.(Lys218Glu) (p.K218E),19,20 and

the splice-site mutation c.580+1G>T (IVS3+1G>T) p.(Lys195_

Arg229del) (Δe4) located in the donor site of exon 3-intron junction20

(Figure 2). Similar substitution at this position was proven to alter
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RUNX2 splicing, which was tested with RT-PCR.8 Moreover, seven of

all eight variants identified by us were found in neither

gnomAD/ExAC, EVS nor dbSNP databases in healthy individuals, nor

in our in-house database of 100 control Polish exomes. Finally, all var-

iants were predicted to be deleterious by Mutation Taster2, Poly-

phen2, and SIFT software.

An overview of all identified mutations, along with their intra-protein

localization, a reference to the literature previously describing the vari-

ants, and the results of functional assays are presented in Table 2.

3.2 | Missense mutations targeting Runt domain
result in a defective activity of the RUNX2 protein

Recent studies have shown that mutations in the Runt domain of

RUNX2 severely affect its DNA-binding ability.16,21-24 Therefore,

we tested the transactivation potential of five identified variants

carrying out Luciferase reporter assay with a reporter plasmid con-

taining six osteoblast specific elements from the osteocalcin pro-

moter (OSE2) placed upstream of a luciferase reporter gene.25 To

correct for the inter-transfection variations, the cells were co-

transfected with a plasmid encoding LacZ under control of CMV

promoter. The luminescence was measured in relative light units

(RLU) and normalized to β-galactosidase levels. All of the tested

variants p.R131C, p.L136Q, p.K218E, p.T220R, and Δe4 showed

significantly reduced transactivation potential as compared to the

WT (Figure 3A). In order to exclude that the lower transactivation

activity was caused by the decrease in protein stability induced by

mutations, we used part of the lysate in Western blot analysis.

Immunoblotting confirmed that all forms of RUNX2 were stably

expressed, thus excluding the effect of the mutations on protein

F IGURE 1 Clinical and radiological findings in CCD patients included in the study. Patient 1: 7-month-old girl (A,B,E,F), Patient 2: 3.5-year-old
boy (C,D,G,H), Patient 3: 2-year-old-boy (I,M), Patient 5: 8-month-old boy (J,N), Patient 6: 4-year-old boy (K,O), and Patient 9: 5.5-year-old boy
(L). Typical facial appearance in cleidocranial dysplasia (A,C,I-L). Chest radiographs showing hypoplastic (M,N) or absent (E,O) clavicles and narrow
thorax (E,M-O). Brachydactyly (B,G) and hypoplastic nails (F,H) [Colour figure can be viewed at wileyonlinelibrary.com]
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stability (Figure 3B). Additionally, the structural analysis of each

variant was performed with SWISS-MODEL software.18 The 3D

analysis of the mutated Runt domains showed minor changes to

the protein structure (Figure 4). The most significant changes con-

cern the deletion clone Δe4 lacking 35 C-terminus amino acids

(aa) (Figure 4B).

TABLE 1 Clinical symptoms noted in our probands affected by CCD

Case/
family no Inheritance pattern RUNX2 variant

Hypoplastic or
absent clavicles

Short stature/
brachydactyly

Large
fontanel/
delayed

closure of
the fontanel

Typical
facial view

Dental
anomalies

Additional
symptoms

1 De novo (sporadic) c.391C>T (p.R131C) A (Figure 1E) +/+ (Figure 1B) +/+ + (Figure 1A) ST, DTE Hypoplastic nails

(Figure 1F)

2 De novo (sporadic) c.407T>A (p.L136Q) A +/+ (Figure 1G) +/+ + (Figure 1C) ST, DTE

(Figure 1D)

Hypoplastic nails

(Figure 1H)

3 AD (familial) c.480C>G (p.N160K) H (Figure 1M) +/+ +/+ + (Figure 1I) ST, DC, DTE NO

4 AD (familial) c.568C>T (p.R190W) H +/+ +/+ + ST, DC NO

5 De novo (sporadic) c.568C>T (p.R190W) H (Figure 1N) +/+ +/+ + (Figure 1J) ST, DTE NO

6 De novo (sporadic) c.580+1G>T (Δe4) A (Figure 1O) +/+ +/+ + (Figure 1K) ST, DC, DTE NO

7 De novo (sporadic) c.652A>G (p.K218E) A +/+ +/+ + ST, DTE NO

8 AD (familial) c.652A>G (p.K218E) H +/+ (BDE) +/+ + ST, DC NO

9 De novo (sporadic) c.659C>G (p.T220R) H +/+ +/+ + (Figure 1L) ST, DTE Hypoacusis ADHD,

joint laxity

10 De novo (sporadic) c.673C>T (p.R225W) A +/+ +/+ + ST, DTE NO

11 De novo (sporadic) c.673C>T (p.R225W) H +/+ +/+ + ST, DC Hypoplastic nails,

joint laxity

Abbreviations: A, absent (clavicles); AD, autosomal dominant; ADHD, attention deficit hyperactivity disorder; BDE, brachydactyly type E; DC, dental

cyst(s); DTE, delayed tooth eruption; H, hypoplastic (clavicles); NO, not observed; ST, supernumerary teeth.

TABLE 2 List of all mutations in RUNX2 detected in 11 CCD patients

Nt change Aa change SNP #
Exon of
RUNX2

Domain of
RUNX2 Other reports Functional study Other similar mutations

c.391C>T p.R131C NA 2 Runt 20,35

36

Present study

(done for R131G19,21)

c.391C>G p.R131G19,21

c.391C>A p.R131S20

c.407T>A p.L136Q NA 2 Runt Present study Present study 37 c.407T>C p.L136P

c.480C>G p.N160K NA (rs758487556

c.480C>T p.N160=)

3 Runt Present study NA

c.568C>T p.R190W NA 3 Runt 27,38-40 27,40 c.569G>A p.R190Q24,41-43

c.569G>C p.R190P42

c.580+1G>T

(IVS3+1G>T)

Δexon4
(Δe4)

NA Splicing Donor

site of exon

3-intron 2

Runt/NLS 20 Present study;

proven to alter

splicing in c.580+1G>A8

c.580+1G>A8

c.652A>G p.K218E NA 4 Runt 20 Present study c.652A>C p.K218Q20

c.654A>T p.K218 N27

rs752933596

c.659C>G p.T220R NA 4 Runt Present study Present study c.659C>T p.T220I27

c.673C>T p.R225W rs104893992 4 Runt/NLS 23,27,31,38,39,44-46 Subcellular localization31 c.674G>A p.R225Q24,31

rs104893991

c.674G>A p.R225Q31,40,43

Abbreviation: NA, not applicable.
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3.3 | Subcellular distribution of RUNX2 mutants

Another reason why the mutations might result in decreased tran-

scriptional activity of RUNX2 could be impaired transport of the

protein to the cell's nucleus. It has been previously shown that

RUNX2 contains a Nuclear Localization Signal (NLS) downstream of

the Runt domain (PRRHRQKLD) that, when defective, causes the

accumulation of RUNX2 in the cytoplasm.16,23,26-28 Since one of

the identified mutations, Δe4 c.580+1G>T (IVS3+1G > T), resulted

in the absence of 35 aa spanning the Runt domain and a part of

NLS (Figure 2), we tested the effect of that mutation on the nuclear

translocation of RUNX2. Although the other four tested variants do

not affect the known NLS region, it is proposed that a cryptic NLS

might be present within the Runt domain, or the impaired confor-

mation of the mutant protein might affect the transport of the mol-

ecule to the nucleus.19,29 To test the localization of mutant

proteins, the HEK293 cells were transiently transfected with HA-

tagged WT, R131C, L136Q, K218E, T220R or Δe4 clones. Next, the

immunostaining for HA was performed. To visualize cell nuclei we

counterstained the cells with the Hoechst dye. The RUNX2 Δe4

mutant lacking whole exon 4, comprising N-terminal part of the

NLS, showed defective cytoplasmic localization when compared to

the WT protein (Figure 5) providing the evidence that lack of the

first three aa of NLS impairs nuclear localization of RUNX2. Inter-

estingly, other tested variants (R131C, L136Q, K218E, and T220R)

are also localized to the cytoplasm despite no direct damage to the

known NLS region.

4 | DISCUSSION

Mutations in the RUNX2 transcription factor have been linked to the

majority of CCD cases. The mutations are spread across the protein

with the highest frequency in the DNA-binding domain. Conse-

quently, characterization of novel mutations adds to our understand-

ing of the RUNX2 function in bone biology and the etiology of CCD.

We have identified a group of Polish patients with CCD and focused

on the identification of the mutations responsible for this condition.

All patients in this study presented with the clinical symptoms typ-

ical of CCD, including short stature, hypoplastic clavicles, delayed clo-

sure of the anterior fontanel, large anterior fontanel, facial

dysmorphism, and dental anomalies. Consistent with other reports,

the phenotype was heterogeneous with the severity of the symptoms

significantly varied even among affected members of the same fam-

ily.6 In all 11 probands with CCD, we confirmed the clinical diagnosis

at a molecular level, identifying eight different RUNX2mutations. Only

the variant R225W was found in dbSNP (rs104893992), nevertheless

it was also reported to be pathogenic in ClinVar,30 OMIM, as well as

in the paper of Quack et al.31 Importantly, all other variants detected

by us were neither annotated in gnomAD, EVS, dbSNP databases, nor

in our internal 100 healthy Polish controls, strongly suggesting that

these are not benign variants but bona fide mutations.

Three of the mutations were not previously reported (p.Leu136Gln,

p.Asn160Lys, and p.Thr220Arg) and three others were not functionally

tested (p.Arg131Cys, p.Lys218Glu and c.580+1G>T, resulting in the

deletion of exon 4 (HGMD Professional version 2018.3). Interestingly,

F IGURE 2 Consequences of eight mutations in RUNX2. A, Schematic representation of RUNX2 protein with marked novel missense

mutations: L136Q (c.407T>A), N160K (c.480C>G), K218E (c.652A>G); previously detected: R131C (c.391C>T), R190W (c.568C>T,) T220R
(c.659C>G), R225W (c.673C>T); and Δe4 (IVS3+1G>T; C.580+1G>T) exon skipping variant. B, Consequences of Δe4 (IVS3+1G>T; c.580+1G>T)
mutation showing the deletion of C-terminus of Runt domain and 3N-terminal aa of NLS. QA, polyglutamine and polyalanine domain; RHD, Runt
homologous domain; NLS, nuclear localization signal; NMTS, nuclear matrix targeting signal; PST, proline/serine/threonine-rich region; VWRPY,
carboxyterminal pentapeptide [Colour figure can be viewed at wileyonlinelibrary.com]
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four functionally analyzed missense substitutions were located in the

Runt domain, while the c.580+1G>T splicing alteration gave rise to a

partial C-terminal in-frame deletion of the Runt domain and the removal

of three aa in the N-terminal part of NLS (Figure 2B). The Runt domain

and NLS are important for the transcriptional activity, subcellular locali-

zation, and aggregation of the RUNX2 protein.26,32,33 Additionally, Runt

domain is known to play an important role in binding to the DNA and

heterodimerization with the CBFβ (core-binding factor subunit beta)

protein, that further increases DNA-binding affinity of the RUNX2.32,34

Therefore, we decided to carry out functional studies to determine the

biological consequences of the mutation on RUNX2 activity. The results

of the luciferase assay showed that RUNX2 transactivating activity was

significantly reduced in all mutant proteins as compared to the wild-

type RUNX2. The five mutant proteins, four of which carry one of the

identified missense substitutions, were completely unable to induce the

expression of OSE2-Luc gene in a luciferase reporter assay. In addition,

conservation analysis also suggested that the affected amino acid resi-

dues are highly conserved among different species, further indicating

that missense substitutions at positions 131, 136, 218, 220, and Δe4

impair DNA-binding activity of RUNX2 protein. Mutation in position

F IGURE 3 Decreased activity of RUNX2 due to mutations
targeting the Runt domain. A, Transactivation of the OSE2-Luc
reporter plasmid by RUNX2 mutants and WT. The results of luciferase
assay are presented as relative light units (RLUs) of tested variants
normalized to β-galactosidase activity. Data represent the average and
SD of triplicate samples. B, Western blot analysis of the expression
levels of RUNX2 mutants used in the reporter assays. The names of
the loaded proteins (20 μg/lane) are listed on the top of the gel: Wild
type (WT), R131C (c.391C>T), L136Q (c.407T>A), K218E (c.652A>G),
T220R (c.659C>G), Δe4 (IVS3+1G>T; C.580+1G>T) exon skipping
variant resulting in the lack of 33aa. The negative control (−)
consisted of a lysate of untransfected HEK cells. The anti-β-Actin
antibodies were used for loading control

F IGURE 4 Predictive structure of the RUNX2 Runt domain of
mutant proteins (SWISS-MODEL). A, Missense mutations predictions
with marked charges of amino acid residues: blue—positive charge,
and red—negative charge. B, Two putative structures of the Runt
domain of deletion mutant Δe4; green—β-sheet, blue—α-helix [Colour
figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Subcellular
localization of RUNX2-WT, R131C,
L136Q, K218E, T220R and deletion
mutant Δe4 (IVS3+1G>T; c.580
+1G>T). WT localizes only in the
nucleus; Δe4 is present in the
cytoplasm due to the lack of part
of the NLS; R131C and L136Q,
which carry changes in amino acid
sequence within the putative NLS,
also localize in the cytoplasm; K218E
and T220R, the variants with no
change to the NLS, similarly to other
variants are present in the cytoplasm
[Colour figure can be viewed at
wileyonlinelibrary.com]
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160 was not tested functionally, however it is very likely that this

change will cause a significant reduction in transactivation potential due

to the disruption of the Runt domain. To analyze the stability of the

novel mutated RUNX2 proteins, we performed Western blot. As pres-

ented in Figure 3, we demonstrated that all five mutant proteins were

produced at significant levels and were not subjected to intracellular

degradation.

Additionally, subcellular localization studies suggest that pathoge-

nicity of c.580+1G>T variant results from a partial deletion of NLS

that prevents the mutant RUNX2 to localize in the cell nucleus

(Figure 5). Moreover, the localization of variants carrying missense

mutations (R131C, L136Q, K218E, T220R) was impaired and resulted

in cytoplasmic accumulation. Interestingly, positions 129 to 137 in

RUNX2 protein were proposed to contain putative NLS

(HWRCNKTLP),19 thus subcellular localization of variants R131C,

L136Q could be explained by the abolishment of additional NLS

located within Runt domain. What is more, three different substitu-

tions at position 131 were reported, and in contrast to variant

c.391C>T (R131C), which we have proven to localize in the cytoplasm

(Figure 5), the p.Arg131Gly (c.391C>G) possesses unaltered localiza-

tion and resides in the nucleus.21 Additionally, the team of Yoshida

2002 tested multiple variants for changes in cellular localization (num-

bering based on the different isoform of RUNX2—the MRIPVD iso-

form, NM_001278478.1, NP_001265407.1), showing that although

the change is not located within the NLS the mutant protein might be

also present in the cytoplasm.27 Therefore, despite the fact that muta-

tions K218E, T220R are at positions outside the putative sequences

targeting the protein to the nucleus, they also suppress the nuclear

accumulation of RUNX2, which might be due to changes in the pro-

tein conformation (Figure 4). Summarizing, our study provides evi-

dence that all five RUNX2 sequence alterations reported by us,

represent the pathogenic RUNX2 gene lesions, causative for CCD in

our patients.

Our report brings functional evidence that the newly discovered

mutations do decrease the biological activity and availability of

RUNX2 inducing the CCD phenotype. These data not only increase

our knowledge about the function of RUNX2 domains but also add to

the clinical description and the phenotype/genotype correlation in the

patients with these mutations. We broaden here the mutational spec-

trum of CCD, identify biologically important amino acid residues of

RUNX2, and provide a foundation to the laboratory medical geneti-

cists for the interpretation of the results of diagnostic genetic testing.
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