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Short Title: Deletions of RUNX2 in Cleidocranial Dysplasia.

Communicated by <Please don't enter>

ABSTRACT: Cleidocranial Dysplasia (CCD) is an autosomal dominant skeletal disorder
characterized by hypoplastic or absent clavicles, increased head circumference, large fontanels,
dental anomalies, and short stature. Hand malformations are also common. Mutations in RUNX2
cause CCD, but are not identified in all CCD patients. In this study we screened 135 unrelated
patients with the clinical diagnosis of CCD for RUNX2 mutations by sequencing analysis and
demonstrated 82 mutations 48 of which were novel. By quantitative PCR we screened the
remaining 53 unrelated patients for copy number variations in the RUNX2 gene. Heterozygous
deletions of different size were identified in 13 patients, and a duplication of the exons 1 to 4 of the
RUNX2 gene in one patient. Thus, heterozygous deletions or duplications affecting the RUNX2
gene may be present in about 10% of all patients with a clinical diagnosis of CCD which
corresponds to 26% of individuals with normal results on sequencing analysis. We therefore
suggest that screening for intragenic deletions and duplications by qPCR or MLPA should be
considered for patients with CCD phenotype in whom DNA sequencing does not reveal a causative
RUNX?2 mutation. ©2010 Wiley-Liss, Inc.

KEY WORDS: cleidocranial dysplasia. deletion. duplication. mutation. RUNX?2.
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INTRODUCTION

Cleidocranial dysplasia (CCD, MIM #119600) is an autosomal dominant disorder characterized by hypoplastic
or aplastic clavicles, multiple dental abnormalities, and delayed closure of the cranial sutures. The latter results in
abnormally large, wide-open fontanels at birth that may remain open throughout life. The most prominent clinical
findings are abnormal clavicles with narrow, sloping shoulders that can be apposed at the midline. In addition,
mid-face hypoplasia, short stature as well as dental and skeletal anomalies are common (Mundlos, 1999).
Abnormal dentition includes delayed eruption of secondary dentition, failure to shed the primary teeth,
supernumerary teeth with dental crowding, and malocclusion (Golan et al., 2003). Further skeletal abnormalities
include brachydactyly, tapering fingers, and short, broad thumbs, as well as other skeletal/orthopaedic problems
such as pes planus, genua valga, and scoliosis. In many cases manifestations vary among individuals within the
same family (Otto et al., 2002).

The molecular cause of CCD is linked to mutations in the RUNX2 gene (Runt-related Transcription Factor 2,
MIM *600211), also known as CBFAI (Core Binding Factor A1), on chromosome 6p21 (Mundlos, 1999). The
osteoblast-specific transcription factor RUNX2 belongs to the runt-domain gene family and promotes the
differentiation of mesenchymal cells into osteoblasts in the cartilage anlagen (Ducy et al., 1997). The molecular
pathogenesis of CCD is related to loss of function or haploinsufficiency of RUNX2 (Mundlos, 1999). In this work,
we screened 135 unrelated individuals with CCD and identified 82 mutations by standard DNA sequencing
analysis. We then screened the remaining 53 persons for deletions or duplications by quantitative PCR analysis
and identified 13 deletions and one duplication affecting the RUNX2 gene. Thus, our results suggest that
deletions/duplications may be present in around 10% of individuals presenting with CCD phenotype for mutations
analysis in RUNX2.

MATERIALS AND METHODS

DNA samples:

We screened 135 unrelated individuals with CCD by standard DNA sequencing analysis of the RUNX2 gene.
These subjects were unselected and consecutively referred with the suspected diagnosis of CCD. All samples were
obtained following informed consent for DNA testing. Genomic DNA was extracted from peripheral blood using
standard methods. Mutations are given referring to GenBank entry NM_001024630.3 according to the Human
Gene Mutation Database (http://www.hgmd.org, entry: RUNX?2) and the approved nomenclature (Otto et al.,
2002) numbering the exons corresponding to GenBank: AH005498.1 which is equivalent to the Ensembl transcript
ENST00000371438. Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence. The initiation codon is codon 1.

Quantitative PCR:

To evaluate genomic DNA for RUNX2 copy number changes we used quantitative PCR (qPCR) with a set of
primer pairs located within the coding region and flanking untranslated regions (UTR). gPCR was performed in a
total volume of 12 pl containing 6 pl of SYBR Green PCR Master Mix (Applied Biosystems), 5 ul of genomic
DNA (2 ng/ul), and 1 pl of primers (0.2 umol each). Samples were run on the Applied Biosystems 7900HT Real-
Time PCR System in triplicate in separate reactions to permit the quantification of the target sequences normalized
to the gene for albumin (ALB). PCR conditions were as follows: 10 min initial denaturation step at 95°C followed
by 40 cycles at 95°C for 15sec and 60°C for Imin. By use of calibrator samples of normal control DNA, the gene
copy number was estimated on the basis of the comparative AACt method. As quality control, we performed a sex
determination for the individuals, calculating the copy number of the gene for Factor VIII (F8) relative to the
autosomal (i.e., two-copy) control ALB (Klopocki et al., 2008). Primer sequences are available upon request.

Array-CGH & interphase FISH:

For Array-CGH a whole human genome tiling path bacterial artificial chromosome (BAC) array was used as
described previously (Klopocki et al., 2006). Genomic positions in the text are according to human genome
version hgl19. We performed FISH on interphase nuclei using the BAC clone RP11-342L7 labelled in

John Wiley & Sons, Inc.
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SpectrumOrange as probe for the RUNX2 locus. CEP6 (Vysis) was used as control probe. In total 232 nuclei were
analyzed.

RESULTS

Heterozygous RUNX2 mutations can be detected by sequencing analysis in about two thirds of all cases with
the clinical diagnosis of CCD and include nonsense mutations and frame shifts which can be expected to result in
RNA degradation, and missense mutations in the DNA binding region which interfere with DNA binding
(Mundlos et al., 1997; Quack et al., 1999; Otto et al., 2002; Baumert et al., 2005). In the current study, we
identified mutations by DNA sequencing analysis in 82 of 135 index patients, i.e. 61%. The spectrum of these
mutations is summarized in Table 1. Heterozygous mutations identified in this study which have to our knowledge
not been described previously are given in Table 3. These mutations were classified as disease causing if an amino
acid exchange affected the Runt (p.101-229) or PST domain, if a known disease causing mutation affected the
same codon or if the identified mutation segregated with the CCD phenotype. Additionally, pathogenic potential of
the mutations was analysed using the MutationTaster prediction tool (http://www.mutationtaster.org/). In 13 out of
the 25 cases (52%) for which parental DNA samples were available, the mutation occurred as a de novo event.
Transmission occurred from an affected father in seven cases and from an affected mother in five cases.

Table 1. Spectrum of mutations identified in our lab by sequencing analysis

Mutation type Frequency

missense 43 (52%)
frameshift 22 (27%)
nonsense 13 (16%)
splice-site 3 (4%)
in-frame insertion 1 (1%)
Total 82

In about one third of cases the molecular cause remained unknown. Because of a recent case report on
intragenic deletions in patients with CCD (Lee et al., 2008), we screened the remaining 53 patients for intragenic
deletions by qPCR. A deletion was identified in 13 patients, and a duplication in one patient (Table 2).

Table 2. Heterozygous deletions or duplications within the RUNX2 gene identified by qPCR

Sample# | 1 [ 2|3 |4 |5]|6|7]|8([9*|10|11|12]13|14
5’-UTR
Intron 1-2
Exon 2
Exon 3
Exon 4
Exon 5
Exon 6
Exon 7
Exon 8
3’-UTR

Columns represent the DNA samples and lines the results for the amplicons
within the RUNX2 gene. Numbering of exons corresponds to GenBank:
AHO005498.1. * This case has been clinically described by Unger et al.
(Unger et al., 2002). Deletions in the RUNX2 gene detected by qPCR are
shown in light grey. The localization of the duplication is shown in dark

grey.

John Wiley & Sons, Inc.

Page 4 of 7


http://www.mutationtaster.org/

Page 5 of 7

©CoO~NOUTA,WNPE

Human Mutation

4 <OttC.E.etal>

Since patient 1 presented with congenital hypothyroidism in addition to the classical CCD phenotype, high
resolution array CGH was used to further characterize the deletion size shown initially by qPCR. This analysis
revealed a microdeletion of about 2.1 Mb [arr 6p21.1(43,552,921-45,654,196)x1] which encompasses RUNX2 and
about 20 additional genes. The aberration sizes in patients 2-5 and 9-14 were not investigated further since these
patients showed no clinical features except for CCD features.

More than one exon was deleted (or duplicated) in all samples except for two. For these samples (# 6 and 8),
additional primer pairs flanking the distinct exons were used to confirm the deletion of single exons. Due to their
size these two intragenic deletions would not have been detected by standard mutation detection methods such as
DNA sequencing, fluorescence in situ hybridization (FISH) analysis or array comparative genomic hybridization

(array CGH).

By qPCR we confirmed that the duplication was inherited from the affected mother. In three of the index
patients with heterozygous deletions the parents were available and also investigated by qPCR. De novo
occurrence could be confirmed in two of these families. However, in the mildly affected father of patient 7 qPCR

results led us to suspect a mosaicism for the deletion of exons 3 to 6. We therefore performed FISH analysis of the

corresponding BAC clone (RP11-342L7) in interphase nuclei and could identify diminished signal intensity in

comparison to the other allele in 36 of 232 nuclei, i.e. about 15%. The deletion seemed to be smaller than the BAC

clone, as there was no complete loss of the second signal detectable in any nucleus.

Table 3. Newly-identified heterozygous mutations in RUNX2

nucleotide change predicted protein or type of similar mutations described by others
RNA change mutation

c.193C>T p.GIn65X nonsense p-GIn64X, p.Gln66X (Otto et al., 2002)

¢.207_208ins13 p-Glu72GInfsX93 frameshift

¢.230_276del p-Ala77ValfsX68 frameshift

c.274delC p-Arg92GlyfsX52 frameshift

c.276_277ins17 p.Leu93X nonsense

c.278T>A p.Leu93X nonsense

¢.282delG p-Pro95ArgfsX49 frameshift

¢.329delC p.Prol10ArgfsX34 frameshift

c.353G>A p-Ser118Asn missense p-Ser118Arg (Quack et al., 1999)

c.383C>A p.Ser128X nonsense

c.391C>A p-Argl31Ser missense p-Argl31Gly (Kim et al., 2006)

c.391C>T p-Argl31Cys missense p-Argl31Gly (Kim et al., 2006)

c.396C>A p.Cys132X nonsense

c.407T>C p-Leul36Pro missense

c467T>A p.Vall56Asp missense p-Vall56Gly (Otto et al., 2002)

¢.469dupA p-Met157AsnfsX4 frameshift

c.484G>T p.Glul162X nonsense

c.523A>G p-Metl75Val missense p-Met175Arg (Lee et al., 1997)

c.524T>A p-Metl75Lys missense p-Met175Arg (Lee et al., 1997)

¢.560T>C p.Phel187Ser missense

c.578G>A p-Argl93GIn missense p-Argl93X (Zhou et al., 1999)

c.599C>T p-Thr200Ile missense p.Thr200Ala (Zhou et al., 1999)

c.624_625dup p-GIn209ProfsX3 frameshift

c.627A>T p-GIn209His missense p-GIn209Arg (Zhou et al., 1999),

p-GIn209X (Yamachika et al., 2001)

- continued on next page -
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nucleotide change predicted protein or type of similar mutations described by others
RNA change mutation
c.631G>C p.Ala211Pro missense
¢.631_633dup p-Ala211dup duplication
c.652A>C p.Lys218GIn missense p-Lys218Asn (Yoshida et al., 2002)
c.652A>G p.Lys218Glu missense p-Lys218Asn (Yoshida et al., 2002)
c.667G>A p.Gly223Arg missense
c.674G>T p-Arg225Leu missense p-Arg225GIn,
p-Arg225Trp (Quack et al., 1999)
c.682A>G p-Arg228Gly missense
c.694C>T p.GIn232X nonsense
c.718_721del p-Ser240CysfsX9 frameshift
c.831delT p.-Phe277LeufsX31 frameshift
c.859G>A p-Asp287Asn missense
¢.879_885del p-Ser294ArgfsX12 frameshift
¢.977delG p-Gly326AlafsX158 frameshift
c.1056G>A p.Trp352X nonsense
c.1153_1154del p-Ser385Profs X104 frameshift
c.1169delC p-Pro390HisfsX94 frameshift
¢.1205delC p-Pro402 ArgfsX82 frameshift
c.1250_1251del p.-His417LeufsX72 frameshift
c.1254C>A p.-Tyr418X nonsense
c.1259C>A p-Thr420Asn missense p.Thr420Ile (Wang et al., 2010)
c.1335_1336del p.-Tyr446LeufsX43 frameshift
¢.1385dupG p-Asp463ArgfsX27 frameshift
IVS3+1G>T Loss of splice donor site | splice site
(c.580+1G>T)
IVS7-1G>C Loss of splice acceptor splice site
(c.1088-1G>C) site

Mutations are given referring to GenBank entries NM_001024630.3 and NP_001019801.3. Numbering of

exons corresponds to GenBank: AH005498.1 which is equivalent to the Ensembl transcript ENST00000371438.

Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation
initiation codon in the reference sequence. The initiation codon is codon 1.

DISCUSSION

Screening of the RUNX2 gene in individuals presenting with CCD phenotype generally reveals a RUNX2

mutation in about two thirds of the patients (Mundlos et al., 1997; Baumert et al., 2005). There are a number of
reasons for this observation. Some other hereditary disorders resemble CCD to a greater or lesser degree, including

the parietal foramina with cleidocranial dysplasia due to mutations in MSX2 (Garcia-Minaur et al., 2003).
Additionally, abnormalities in Core-binding factor beta (CBFB), which interacts with RUNX2, cause skeletal
anomalies such as large fontanels and delayed ossification (Kundu et al., 2002; Goto et al., 2004; Khan et al.,

2006). Mutations and SNPs within the promoter of RUNX2 have been described. However, population studies and
functional analyses of these promoter variants did not support causality for the CCD phenotype (Napierala et al.,

2005). Larger deletions encompassing the RUNX2 gene (Izumi et al., 2006; El-Gharbawy et al., 2010) and

chromosomal rearrangements with a breakpoint upstream of the RUNX2 gene (Purandare et al., 2008) have also

occasionally been reported to cause CCD. In accordance with the report by El-Gharbawy and colleagues (EI-

Gharbawy et al., 2010) two patients with C-terminal deletions showed a more severe phenotype (11, 12) as well as
the patient (9) clinically described in more detail by Unger and colleagues (Unger et al., 2002). However, we could

not observe a distinct genotype-phenotype correlation in patients with copy number aberrations.

John Wiley & Sons, Inc.
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In the current study, we identified CCD mutations in 82 of 135 by DNA sequencing, which is comparable to the
results of previous studies. We additionally performed an exhaustive analysis for intragenic deletions or
duplications by qPCR and identified aberrations in 14 persons, or 10% of all patients investigated in our study.
Mendoza-Londono and Lee (Mendoza-Londono and Lee, 1997-2010) reported that microdeletions may be found
by FISH in up to 13% of individuals with normal results on sequencing analysis based on a study population of 40
individuals. Due to the higher resolution of the methods applied in this study the frequency of microdeletions/-
duplications is 26% and thus, two-times higher in individuals with normal results on sequencing analysis.

We therefore suggest that screening for intragenic deletions and duplications by qPCR or MLPA should be
considered for patients referred for suspected CCD in whom DNA sequencing does not reveal a causative RUNX2
mutation, especially since these methods are comparatively cheap and easy to perform. Alternatively, array CGH
or FISH analysis could be used, but depending on the platform array CGH would potentially miss some of the
smaller aberrations. FISH analysis would require an additional lithium-blood sample and would also potentially
miss smaller copy number changes.
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