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Abstract 

Cleidocranial Dysplasia (CCD) is a rare genetic disorder characterized by skeletal abnormalities and dental anomalies, 
primarily caused by variants in the RUNX2 gene. Understanding the spectrum of RUNX2 variants and their effects 
on CCD phenotypes is crucial for accurate diagnosis and management strategies. This systematic review aimed 
to comprehensively analyze the genotypic and phenotypic spectra of RUNX2 variants in CCD patients, assess their 
distribution across functional regions, and investigate genotype–phenotype correlations. This review included 569 
reported variants and 453 CCD patients from 103 articles. Of 569 variants, in-frame variants constituted 48.68%, 
while null variants accounted for 51.32%. Regarding locations, RUNX2 variants were predominantly located in the RHD 
(55.54%), followed by PST (16.34%), NMTS (6.33%), QA (4.75%), VWRPY (1.23%), and NLS (1.41%) regions while 10.19% 
were in non-coding regions. In-frame variants occurred primarily in the RHD (90.97%), while null variants were found 
across various regions of RUNX2. Data analysis revealed a correlation between variant location and specific skeletal 
features in CCD patients. Missense variants, predominantly found within the functionally critical RHD, were signifi-
cantly associated with supernumerary teeth, macrocephaly, metopic groove, short ribs, and hypoplastic iliac wings 
compared to nonsense variants. They were also significantly associated with delayed fontanelle closure, metopic 
synostosis, hypertelorism, limited shoulder abduction, pubic symphysis abnormalities, and hypoplastic iliac wings 
compared to in-frame variants found in other regions. These findings underscore the critical role of the RHD, with mis-
sense RHD variants having a more severe impact than nonsense and other in-frame variants. Additionally, in-frame 
insertions and deletions in RUNX2 were associated with fewer CCD features, compared to missense, frameshift, 
and nonsense variants. Null variants in the NLS region exhibited weaker associations with delayed fontanelle closure, 
supernumerary teeth, Wormian bones, and femoral head hypoplasia than variants in other regions. Moreover, the NLS 
variants did not consistently alter nuclear localization, questioning the role of NLS region in nuclear import. In sum-
mary, this comprehensive review significantly advances our understanding of CCD, facilitating improved phenotype-
genotype correlations, enhanced clinical management, and a deeper insight into RUNX2 functional domains. This 
knowledge has the potential to guide the development of novel therapeutic targets for skeletal disorders.
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Introduction
Cleidocranial dysplasia (CCD, OMIM #119600), esti-
mated to affect approximately one in a million individu-
als, is a rare genetic disorder characterized by unique 
skeletal anomalies affecting the clavicles and the skull, 
as well as dental irregularities such as retained decidu-
ous teeth and supernumerary and unerupted permanent 
teeth, often accompanied by cyst formation [1, 2]. Unique 
facial features of CCD were a prominent forehead, mid-
facial hypoplasia, and hypertelorism. Additionally, indi-
viduals with CCD may exhibit wide pelvic joints, delayed 
growth of the pubic bone, scoliosis, and brachydactyly 
[3, 4]. Treatment for CCD is tailored to address individ-
ual symptoms, which may involve orthodontic and oral 
surgical interventions to remove extra teeth and facili-
tate the eruption of impacted teeth. Additionally, facial 
reconstructive surgeries may be performed to improve 
function and esthetics.

CCD is caused by variants in the runt-related tran-
scription factor 2 gene (RUNX2) gene (OMIM *600211) 
[1, 5–7]. RUNX2 is a transcription factor that plays a 
central role in osteoblast differentiation, as well as bone 
formation and maintenance [8, 9]. Its activity is tightly 
regulated by a complex interplay of signaling pathways, 
co-factors, and epigenetic modifications, ensuring pre-
cise control of bone-related gene expression [10. RUNX2 
consists of nine exons encoding the 521-amino acids of 
the RUNX2 protein, which includes a poly-glutamine 
and poly-alanine (QA) repeat (amino acids 49–89), a 
runt homologous domain (RHD, amino acids 101–226), 
a nuclear localization signal (NLS, amino acids 227–235), 
a proline–serine–threonine-rich (PST, amino acids 236–
516), a nuclear matrix targeting signal (NMTS, amino 
acids 390–427), and a VWRPY pentapeptide sequence 
(amino acids 517–521) region [11–13]. The QA and PST 
regions serve as transactivation regions. The NLS regu-
lates the nuclear translocation of RUNX2 protein. The 
highly conserved RHD facilitates DNA binding and the 
VWRPY pentapeptide sequence functions as a transcrip-
tional repression region (Fig. 1A) [11]. While pathogenic 
variants within the coding region of RUNX2 are well-
established as causative for CCD, non-coding variants 
also demonstrate a significant contribution to the phe-
notypic spectrum. These non-coding variants can dis-
rupt splicing, generating aberrant RUNX2 isoforms with 
altered function, potentially contributing to CCD devel-
opment [14].

Despite the growing number of CCD cases reported 
with pathogenic RUNX2 variants—currently exceeding 
600 cases and 200 variants—there is a notable absence 
of systematic reviews on CCD-RUNX2 associations. 
The review by Jaruga et al. highlights the complex geno-
type–phenotype correlations in CCD, driven by diverse 

variants in RUNX2. Most commonly, variants within the 
RHD are linked to classic CCD symptoms, such as hypo-
plastic clavicles, delayed fontanelle closure, and dental 
abnormalities. However, phenotype severity varies sig-
nificantly, even among individuals with similar genetic 
changes. Certain variants outside the RHD exhibit a 
milder phenotype primarily marked by dental anomalies. 
While this review underscores the challenges in defin-
ing precise genotype–phenotype correlations for CCD, 
it reveals trends regarding the impact of variant location 
and domain-specific disruptions on the condition’s phe-
notypic spectrum [15].

This gap in research hinders clinicians’ ability to deliver 
accurate diagnoses, prognoses, and prospective genetic 
engineering therapeutics for patients. Additionally, 
detailing the phenotypic spectrum of CCD and its cor-
relation with specific RUNX2 variants stands as a pivotal 
pursuit in comprehending the intricate interplay between 
genetics and clinical manifestations. Therefore, this sys-
tematic review aims to delineate the diverse clinical pres-
entations of CCD and the spectrum of RUNX2 variants, 
as well as explore genotype–phenotype associations.

Materials and methods
Bibliographic search
This study was performed according to the PRISMA 2020 
guideline for reporting systematic reviews [16]. The sys-
tematic search covered from January 1990 to December 
2023 and included articles that reported CCD associated 
with RUNX2 variants. The Pubmed and Scopus searches 
were conducted using the terms “RUNX2 variants”, 
“RUNX2 mutations”, “Cleidocranial dysplasia variants” 
or “Cleidocranial dysplasia mutations”. After removing 
the duplicate articles, the relevant articles were included 
if they met the following criteria: (1) the RUNX2 vari-
ant was identified as the CCD-causative gene and (2) the 
articles had an adequate description of the clinical phe-
notypes. The articles reporting RUNX2 polymorphisms, 
non-English language association studies, and literature 
reviews were excluded. The protocol was submitted 
to PROSPERO (CRD42023424847) (https://​www.​crd.​
york.​ac.​uk/​PROSP​ERO/​displ​ay_​record.​php?​Recor​dID=​
424847).

Data extraction and analysis
The data extraction procedure was conducted by three 
independent reviewers (ST, KT, and SW).

The reviewers recorded the types and locations of the 
RUNX2 variants, along with the clinical phenotypic char-
acteristics observed in each patient. To ensure accuracy, 
clinical images and radiographs were checked whenever 
available to corroborate the phenotypic descriptions pro-
vided in the text.

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=424847
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=424847
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=424847
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Variants in RUNX2 (CCDS43467.2, NM_001024630.4, 
NP_001019801.3) were categorized into two main groups 
according to a previous publication [17]. The first group 
consisted of in-frame variants, which included missense 
variants (mutations involving a single nucleotide result-
ing in a different amino acid) and in-frame insertions 
or deletions (changes where the reading frame remains 
unaltered). The second group comprised null variants, 
which encompassed frameshift variants (truncated), 

nonsense variants (mutations leading to premature stop 
codons), out-of-frame insertions or deletions (changes 
that disrupt the reading frame), and splicing variants 
(initiation codon). Null variants were characterized as 
alterations within the gene that either impede or dimin-
ish its transcription into RNA and/or its translation into 
a functional protein. The variant nomenclature adhered 
to the guidelines outlined by the Human Genome Varia-
tion Society (HGVS) [18].

Fig. 1  Overview of RUNX2 gene and protein structure with literature search process. A Schematic diagrams of RUNX2 gene and protein. B 
Flowchart outlining the literature search and article selection process. QA poly-glutamine and poly-alanine repeat domain, RHD runt homologous 
domain, NLS nuclear localization signal, PST proline-serine-threonine-rich domain, NMST nuclear matrix targeting sequence, VWRPY pentapeptide 
sequence
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The variants were further classified according to their 
location on the gene or protein comprising the QA, 
RHD, NLS, PST, NMTS, VWRPY, uncharacterized and 
non-coding regions. The analysis identified the following 
as the key clinical features of CCD according to variant 
type: clavicle defect, fontanelle defect, and supernumer-
ary teeth [6]. The percentages of each clinical feature 
were calculated based on the total number of patients 
affected by each feature.

Clinical features of CCD were extracted from patient 
records and categorized as either present, absent, or not 
applicable (NA) if no information was available. The inci-
dence of each clinical feature was then calculated based 
on the proportion of patients with the feature present, 
excluding those for whom data was not reported.

Statistical analysis
The Chi-square test (performed using IBM SPSS Statis-
tics for Windows, IBM Corp, NY, USA) was utilized to 
compare the prevalence of clinical phenotype among var-
iant types and different regions of RUNX2. A significant 
difference was defined as p-value < 0.05 (*), p-value < 0.01 
(**), and p-value < 0.001(***).

Results
Overview of RUNX2 variants in CCD patients
One hundred and three articles (n = 103) reporting 
patients with CCD and RUNX2 were included for analysis 
(Fig. 1B, Supplementary Table 1). Five hundred and sixty-
nine patients that carry RUNX2 variants (n = 569) were 
identified, comprising 277 in-frame variants (277/569, 
48.68%), which included missense variants (267/277, 
96.39%), in-frame deletions (6/277, 2.17%), and in-frame 
insertions (4/277, 1.44%)]. The remaining 292 null vari-
ants (292/569, 51.32%), consisting of frameshift variants 
(140/292, 47.95%), nonsense variants (94/292, 32.19%), 
splicing variants (56/292, 19.18%), out-of-frame insertion 
(1/292, 0.34%), and out-of-frame deletion (1/292, 0.34%) 
(Fig. 2A, Supplementary Tables 2–4).

The 569 variants were predominantly located in the 
RHD (316/569, 55.54%), followed by the PST region 
(93/569, 16.34%), NMTS region (36/569, 6.33%), QA 
region (27/569, 4.75%), NLS region (8/569, 1.41%), and 
VWRPY region (7/569, 1.23%). Additionally, there were 
variants located in non-coding regions (58/569, 10.19%) 
and in uncharacterized regions (24/569, 4.22%) (Fig. 2B, 
Supplementary Table 5).

Considering the 277 in-frame variants group, the 
majority were found in the RHD region (252/277, 
90.97%), with fewer instances observed in the PST 
(10/277, 3.61%), QA (8/277, 2.89%), NMTS (5/277, 
1.81%), NLS (1/277, 0.36%), and uncharacterized regions 
(1/277, 0.36%) (Fig. 2C, Supplementary Table 6).

Conversely, 292 null variants were distributed across 
various regions, including the PST (83/292, 28.42%), 
RHD (64/292, 21.92%), NMTS (31/292, 10.62%), QA 
(19/292, 6.51%), NLS (7/292, 2.40%), and VWRPY (7/292, 
2.40%). Variants were also identified in non-coding 
regions (58/292, 19.86%) and uncharacterized regions 
(23/292, 7.88%) (Fig. 2D, Supplementary Table 7).

Clinical features of CCD patients
Detailed phenotype data were retrieved for 453 CCD 
patients. Among these patients, 219 patients had in-
frame variants and 234 cases had null variants. The three 
common symptoms observed across CCD patients con-
sisted of delayed closure of cranial sutures, hypoplastic or 
aplastic clavicles, and dental abnormalities. Dental anom-
alies included delayed eruption of teeth, supernumer-
ary teeth, enamel hypoplasia, and tooth defects such as 
dentin dysplasia, fusion tooth, microdontia, and impaired 
root development. Craniofacial features involved open 
anterior fontanelle, macrocephaly, bossing of the fron-
tal, occipital, and parietal bones, midface hypoplasia, 
micrognathia, and hypertelorism. Skeletal presentations 
comprised short stature, narrow thorax, pectus excava-
tum, pes planovalgus, short ribs, increased bone fragility, 
scoliosis, brachydactyly, and defects in multiples bones 
including the pubic bone, femoral head, and iliac wing. 
Cleft palate, clinodactyly, nail defects, pectus excavatum, 
and syringomyelia were noted in a few CCD patients 
(Fig. 2E).

Genotypic characterization of the three classical CCD 
features: clavicle defects, delayed closure of the fontanelle, 
and supernumerary teeth
Clavicle defects (hypoplasia/aplasia) were observed in 
333 CCD patients, demonstrating clear manifestations 
of symptoms in CCD. The defects showed no statistically 
significant difference in prevalence (p = 0.755, Table  1) 
among any types of variants, including in-frame dele-
tion, in-frame insertion, out-of-frame deletion, splicing, 
nonsense, missense, and frameshift variants (100%, 100%, 
100%, 97.6%, 94.8%, 93.3%, 90.4%, respectively) (Fig. 3A, 
Supplementary Table  8). The 161 CCD patients carry-
ing in-frame variants exhibited no statistically significant 
difference in prevalence (p = 0.509, Table  1) across the 
regions including the PST, uncharacterized, RHD, QA, 
and NMTS (100%, 100%, 94.2%, 87.5%, and 75%, respec-
tively) (Fig.  3B, Supplementary Table  9). Conversely, 
172 cases with null variants showed significantly higher 
prevalence (p = 0.002, Table 1) in the NMTS, RHD, non-
coding region, and PST (100%, 97.8%, 97.7%, and 88.6%, 
respectively), compared to the uncharacterized region 
(63.6%) (Fig. 3C, Supplementary Table 10).
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Fig. 2  Prevalence of RUNX2 variants and clinical features in patients with CCD. A Variant types prevalence. B Region-specific variant distribution. 
C Prevalence of in-frame variants. D Prevalence of null variants. E A schematic diagram illustrating the incidence rates of individual phenotypic 
features in CCD
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Table 1  Chi-Square analysis of CCD features associated with the type and location of RUNX2 variants

Types of variants Locations

In-frame Null

p-value p-value p-value

Key CCD features

 Hypoplastic/aplastic clavicles 0.755 0.509 0.002**

 Delayed fontanelle closure  < 0.001*** 0.002** 0.013*

 Supernumerary teeth 0.007* 0.379 0.004**

Growth

 Height

 Short stature 0.626 0.247 0.028*

Head and neck

 Head

 Open anterior fontanelle reported in adults 0.406 0.933 0.214

 Bossing of frontal bone 0.611 0.117 0.043*

 Bossing of occipital bone N/A N/A N/A

 Bossing of parietal bone 0.170 0.745 0.206

 Wormian bones 0.238 0.266 0.045*

 Macrocephaly 0.042* 0.753 0.171

 Microcephaly N/A N/A N/A

 Brachycephaly N/A N/A N/A

 Face

 Metopic groove 0.002**  < 0.001*** 0.012*

 Midface hypoplasia 0.061 N/A 0.692

 Micrognathia 0.352 0.124 N/A

 Ears

 Hearing loss 0.807 0.029* 0.719

 Eyes

 Hypertelorism 0.775  < 0.001*** 0.310

 Nose

 Low nasal bridge N/A N/A N/A

 Mouth

 Cleft palate N/A N/A N/A

 Narrow, high-arched palate 0.322 0.268 0.562

 Malocclusion 0.949 0.966 N/A

 Teeth

 Delayed eruption of deciduous teeth 0.245 0.675 0.217

 Delayed eruption of permanent teeth 0.063 0.797 0.362

 Prolonged retention of deciduous teeth 0.611 0.966 0.328

 Enamel hypoplasia 0.517 N/A 0.072

 Tooth defected N/A N/A N/A

 Cyst N/A N/A N/A

 Tooth missing N/A N/A N/A

Chest

 External features

 Narrow thorax 0.266 0.862 0.070

 Abnormal facility in opposing the shoulders 0.640 0.018* 0.003**

 Pectus Excavatum N/A N/A N/A

 Short ribs 0.017* N/A 0.029*

Skeletal

 Bone
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Delayed fontanelle closure, detected in 249 CCD 
patients, showed a significantly higher prevalence 
(p < 0.001, Table  1) in patients with in-frame deletion, 
out-of-frame deletion, frameshift, splicing, nonsense, 
and missense variants (100%, 100%, 96.9%, 96.2%, 93.6%, 
and 92.6%, respectively) compared to in-frame inser-
tion (0%) (Fig.  3D, Supplementary Table  11). Among 
116 CCD patients with in-frame variants, delayed fon-
tanelle closure showed significantly higher prevalence 
(p = 0.002, Table 1) in the RHD (93.9%) compared to the 
QA and PST (66.7% and 50%, respectively) (Fig. 3E, Sup-
plementary Table  12). Moreover, in 133 CCD patients 
with null variants, the prevalence of delayed fontanelle 
closure was significantly higher (p = 0.013, Table  1) in 
the NMTS, PST, RHD, non-coding, and uncharacterized 
regions (100%, 97.5%, 97.1%, 96.3%, and 90%, respec-
tively) compared to the NLS (60%) (Fig. 3F, Supplemen-
tary Table 13).

Supernumerary teeth, observed in 252 CCD patients, 
showed a significantly higher prevalence (p = 0.007, 
Table 1) with missense variants (90%) compared to splic-
ing, nonsense, and in-frame deletion (74.2%, 68.8%, and 
0%, respectively). Moreover, the frameshift variants 
(81.7%) exhibited a higher prevalence than the in-frame 

deletion (0%) (Fig. 3G, Supplementary Table 14). Among 
136 patients with in-frame variants, no statistically signif-
icant difference was observed (p = 0.379, Table 1) among 
different locations, including NMTS, RHD, QA, and 
PST (100%, 90.6%, 75%, and 75%, respectively) (Fig. 3H, 
Supplementary Table  15). Conversely, 116 patients with 
null variants showed a significantly higher prevalence 
(p = 0.004, Table  1) in the VWRPY, uncharacterized 
region, RHD, PST, NMTS, non-coding regions, and QA 
(100%, 87.5%, 83.3%, 79.5%, 76.5%, 75.8%, and 64.3%, 
respectively) compared with NLS (0%) (Fig.  3I, Supple-
mentary Table 16).

Genotypic characterization of other CCD features
Short stature, a condition characterized by an individ-
ual’s height significantly below the average for their age 
and gender, was observed in 175 patients. It demon-
strated no statistically significant difference in prevalence 
(p = 0.626, Table  1) in any types of variants, including 
in-frame deletion, in-frame insertion, out-of-frame dele-
tion, out-of-frame insertion, splicing, frameshift, mis-
sense, and nonsense (100%, 100%, 100%, 100%, 90.3%, 
80.5%, 79.3%, 70%, respectively) (Fig.  4A, Supplemen-
tary Table  17). Ninety-one CCD patients with in-frame 

Table 1  (continued)

Types of variants Locations

In-frame Null

p-value p-value p-value

 Increased bone fragility 0.749 0.432 0.520

 Spine

 Scoliosis 0.451 0.583 0.488

 Lordosis 0.266 N/A 0.049*

 Osteopenia N/A N/A N/A

 Pelvis

 Pubic bone defected 0.965  < 0.001*** 0.485

 Broad femoral head with short femoral neck 0.163 0.147 0.067

 Hypoplasia of femoral head 0.078 0.298 0.032*

 Hypoplastic iliac wing  < 0.001*** 0.044* 0.005**

 Hands/feet

 Brachydactyly 0.516 0.547 0.217

 Long second metacarpal 0.076 0.867 0.217

 Short middle phalanges of second and fifth fingers 0.055 0.578 0.110

 Hypoplastic phalanges N/A N/A N/A

 Clinodactyly N/A N/A N/A

 Nail defected N/A N/A N/A

 Pes planovalgus N/A N/A N/A

Neurologic

 Peripheral nervous system

 Syringomyelia N/A N/A N/A

Significant denotes specific differences: *p < .05, **p < .01, and ***p < .001
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variants exhibited no statistically significant difference in 
prevalence (p = 0.247, Table 1) in the NMTS, PST, RHD, 
QA and uncharacterized regions (100%, 83.3%, 80.8%, 
50%, 0%, respectively) (Fig. 4B, Supplementary Table 18). 
Conversely, 84 CCD patients with null variants showed a 
significantly higher prevalence (p = 0.028, Table 1) in the 
RHD and non-coding regions (94.1% and 90.9%, respec-
tively) compared with the PST, VWRPY, and QA (67.9%, 
50.0%, 40.0%, respectively). Moreover, the prevalence 
of NMTS (90.0%) was higher than that of QA (40.0%) 
(Fig. 4C, Supplementary Table 19).

Frontal bone bossing, a condition characterized by an 
abnormal protrusion of the forehead bone, was observed 
in 171 patients. The prevalence of this symptom showed 
no statistically significant difference (p = 0.611, Table  1) 
among different types of variants, including in-frame 
deletion, in-frame insertion, nonsense, frameshift, mis-
sense, and splicing (100%, 100%, 96.3%, 88.2%, 86.6%, and 

81.8%, respectively) (Fig.  4D, Supplementary Table  20). 
In-frame variants, found in 83 CCD patients, exhib-
ited no significantly difference in prevalence (p = 0.117, 
Table  1) across regions, including the QA, PST, RHD, 
and NMTS (100%, 100%, 87.1%, 80%, and 0%, respec-
tively) (Fig.  4E, Supplementary Table  21). Conversely, 
null variants, found in 89 CCD patients, showed a sig-
nificantly higher prevalence (p = 0.043, Table  1) in the 
QA, NLS, NMTS, VWRPY, RHD, PST, and non-coding 
regions (100%, 100%, 100%, 100%, 92.3%, 92%, and 82.4%, 
respectively) compared with the uncharacterized regions 
(33.3%) (Fig. 4F, Supplementary Table 22).

Wormian bones, small additional bones found within 
the skull sutures, were observed in 127 patients. Their 
prevalence exhibited no significant difference (p = 0.238, 
Table  1) across different types of variants, including in-
frame insertion, out-of-frame deletion, out-of-frame 
insertion, frameshift, missense, splicing, nonsense, and 

Fig. 3  Classical phenotype of CCD patients carrying variants in RUNX2. A–C Clavicle defects. D–F Delayed fontanelle closure. G–I Supernumerary 
teeth. A, D, G Prevalence of variant types. B, E, H Prevalence of In-frame variants. C, F, I Prevalence of null variants. Connecting lines show statistical 
differences
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in-frame deletion (100%, 100%, 100%, 87.2%, 86.4%, 
78.6%, 72.4%, and 0%, respectively) (Fig.  4G, Supple-
mentary Table  23). In-frame variants, found in 59 CCD 
patients, exhibited no significant difference in preva-
lence (p = 0.266, Table 1) across different regions, includ-
ing NMTS, uncharacterized region, RHD, QA, and PST 
(100%, 100%, 87.9%, 75%, and 50%, respectively) (Fig. 4H, 
Supplementary Table  24). Conversely, null variants, 

detected in 68 CCD patients, showed a significantly 
higher prevalence (p = 0.045, Table  1) in the VWRPY, 
PST, RHD, and non-coding (100%, 91.3%, 88.9%, and 
81.3%) compared with the NLS (33.3%) (Fig. 4I, Supple-
mentary Table 25).

Macrocephaly, an abnormally large head size, was 
noted in 13 patients. Its prevalence was significantly 
higher (p = 0.042, Table 1) with missense variants (91.7%) 

Fig. 4  Growth and craniofacial abnormalities of CCD patients carrying variants in RUNX2. A–C Short stature. D–F Bossing of Frontal bone. G–I 
Wormian bones. J–L Macrocephaly. A, D, G, J Prevalence of variant types. B, E, H, K Prevalence of In-frame variants. C, F, I, L Prevalence of null 
variants. Connecting lines show statistical differences as
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compared to nonsense and frameshift variants (33.3% 
and 0%, respectively). (Fig. 4J, Supplementary Table 26). 
In contrast, in-frame variants, 11 CCD patients, exhib-
ited no statistically significant difference in prevalence 
(p = 0.753, Table 1) in patients with QA, and RHD regions 
(100% and 90.9%) (Fig.  4K, Supplementary Table  27). 
Additionally, null variants, 2 CCD patients, demon-
strated no statistically significant difference in prevalence 
(p = 0.171, Table 1) in patients with non-coding and PST 
region (100% and 25%) (Fig. 4L, Supplementary Table 28).

A metopic groove, a persistent midline furrow on the 
forehead bone found in 73 patients, showed a signifi-
cantly higher prevalence (p = 0.002, Table  1) with splic-
ing, missense, frameshift, and nonsense variants (100%, 
94.3%, 76.9%, and 72.2%, respectively) compared with in-
frame deletion (0%). Notably, missense variants showed 
a significantly higher prevalence than frameshift and 
nonsense (Fig.  5A, Supplementary Table  29). Further-
more, in-frame variants, observed in 33 CCD patients, 
exhibited a significantly higher prevalence (p < 0.001, 
Table 1) in the PST and RHD (100% and 93.8%, respec-
tively) compared with the QA (0%) (Fig.  5B, Supple-
mentary Table  30). Additionally, null variants, found 40 
CCD patients, showed a significantly higher prevalence 
(p = 0.012, Table  1) the QA, RHD, VWRPY, non-coding 
region, and PST (100%, 100%, 100%, 100%, and 73.3%, 
respectively) compared with the uncharacterized regions 
(0%) (Fig. 5C, Supplementary Table 31).

Hearing loss, observed in 9 patients, demonstrated no 
significant difference in prevalence (p = 0.807, Table  1) 
across any types of variants, including frameshift, splic-
ing, nonsense, and missense (33.3%, 33.3%, 20%, and 
17.9%, respectively) (Fig.  5D, Supplementary Table  32). 
On the other hand, in-frame variants, found in 5 CCD 
patients, exhibited a significantly higher prevalence 
(p = 0.029, Table 1) in the QA (100%) compared with the 
RHD (14.8%) (Fig.  5E, Supplementary Table  33). How-
ever, null variants, found 4 CCD patients, showed no 
significant difference in prevalence (p = 0.719, Table  1) 
among different regions, including the VWRPY, non-
coding, NMTS, and PST regions (50%, 33.3%, 25%, and 
0%, respectively) (Fig. 5F, Supplementary Table 34).

Hypertelorism, a condition characterized by an abnor-
mally increased distance between the orbits of the eyes, 
was observed in 125 patients. It showed no significant 
difference in prevalence (p = 0.755, Table  1) across any 
types of variants, including in-frame deletion, missense, 
frameshift, nonsense, and splicing (100%, 91.5%, 86.5%, 
85.7%, and 82.6, respectively) (Fig.  5G, Supplementary 
Table 35). In-frame variants, found in 56 CCD patients, 
exhibited a significantly higher prevalence (p < 0.001, 
Table  1) in the RHD (96.2%) compared with the PST 
(25%) (Fig.  5H, Supplementary Table  36). Conversely, 

null variants, detected in 69 CCD patients, showed no 
significant difference in prevalence (p = 0.310, Table  1) 
across different regions, including the QA, VWRPY, PST, 
NMTS, RHD, NLS, non-coding region, and uncharac-
terized region (100%, 100%, 91.7%, 87.5%, 83.3%, 83.3%, 
82.6% and 33.3%, respectively) (Fig.  5I, Supplementary 
Table 37).

Abnormal facility in opposing the shoulders, exhib-
ited in 112 patients, showed no significant difference in 
prevalence (p = 0.640, Table  1) across any types of vari-
ants, including splicing, in-frame deletion, missense, 
nonsense, and frameshift (100%, 94.7%, 90.0%, 87%, and 
81.8%, respectively) (Fig. 5J, Supplementary Table 38). In-
frame variants, observed in 47 CCD patients, exhibited 
no significant difference in prevalence (p = 0.018, Table 1) 
in any regions including the QA, PST, RHD, and NMTS 
(100%, 100%, 91.1%, and 0%, respectively) (Fig. 5K, Sup-
plementary Table  39). Moreover, null variants, found in 
65 CCD patients, showed a significantly higher preva-
lence (p = 0.003, Table  1) in the RHD, NMTS, VWRPY, 
non-coding region, and PST (100%, 100%, 100%, 94.7%, 
and 75%, respectively) compared with the uncharacter-
ized regions (25%) (Fig. 5L, Supplementary Table 40).

Short ribs, observed in 11 patients, exhibited a signifi-
cantly higher prevalence (p = 0.017, Table  1) with mis-
sense and splicing variants (100%, 100%, respectively) 
compared with nonsense (0%) (Fig.  6A, Supplementary 
Table 41). In-frame variants, detected in 3 CCD patients, 
were observed in the RHD region exclusively (100%) 
(Fig. 6B, Supplementary Table 42). In contrast, null vari-
ants, found in 8 CCD patients, showed a significantly 
higher prevalence (p = 0.029, Table 1) in the non-coding 
region (100%) compared with the QA (0%) (Fig. 6C, Sup-
plementary Table 43).

Lordosis, the forward curvature of the spine in the neck 
or lower back, was observed in 15 patients. Its preva-
lence showed no significant difference (p = 0.266, Table 1) 
across any types of variants, including splicing, missense, 
nonsense, and frameshift (100%, 66.7%, 66.7%, and 50%, 
respectively) (Fig.  6D, Supplementary Table  44). In-
frame variants, found in 4 CCD patients, were observed 
exclusively in the RHD (66.7%) (Fig.  6E, Supplemen-
tary Table  45). Conversely, null variants, detected in 11 
CCD patients, showed a significantly higher prevalence 
(p = 0.049, Table  1) in the non-coding region (100%) 
compared with the QA (0%) (Fig.  6F, Supplementary 
Table 46).

Pubic bone defects, observed in 37 patients, showed 
no significant difference in prevalence (p = 0.965, 
Table  1) across any types of variants, including non-
sense, in-frame deletion, splicing, out-of-frame dele-
tion, missense, and frameshift (100%, 100%, 100%, 
100%, 94.1%, and 90.9%, respectively) (Fig.  6G, 
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Supplementary Table  47). In-frame variants, detected 
in 17 CCD patients, exhibited a significantly higher 
prevalence (p < 0.001, Table 1) in the RHD (100%) com-
pared with the NMTS (0%) (Fig.  6H, Supplementary 
Table  48). However, null variants, found in 20 CCD 
patients, showed no significant difference in prevalence 
(p = 0.485, Table  1) across different regions including 
the QA, RHD, NMTS, VWRPY, non-coding region, 

and PST regions (100%, 100%, 100%, 100%, 100%, 75%, 
respectively) (Fig. 6I, Supplementary Table 49).

Hypoplasia of femoral head, observed in 11 patients, 
exhibited no significant difference in prevalence 
(p = 0.078, Table 1) across any types of variants, including 
splicing, frameshift, missense, nonsense, and in-frame 
deletion (100%, 40%, 33.3%, 0%, 0%, respectively) (Fig. 6J, 
Supplementary Table  50). In-frame variants, found in 5 

Fig. 5  Cranial and sensory abnormalities of CCD patients carrying variants in RUNX2. A–C Metopic groove. D–F Hearing loss. G–I Hypertelorism. 
J–L Abnormal facility in opposing the shoulders. A, D, G, J Prevalence of variant types. B, E, H, K Prevalence of In-frame variants. C, F, I, L Prevalence 
of null variants. Connecting lines show statistical differences as
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Fig. 6  Axial and appendicular skeletal anomalies of CCD patients carrying variants in RUNX2. A–C Short ribs. D–F Lordosis. G–I Pubic bone defected. 
J–L Hypoplasia of femoral head. M–O Hypoplastic iliac wing. A, D, G, J, M Prevalence of variant types. B, E, H, K, N Prevalence of In-frame variants. 
C, F, I, L, O Prevalence of null variants. Connecting lines show statistical differences
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CCD patients, showed no significant difference in preva-
lence (p = 0.298, Table  1) across regions, including the 
RHD, QA, and PST regions (41.7%, 0%, and 0%, respec-
tively) (Fig.  6K, Supplementary Table  51). In contrast, 
null variants, detected in 6 CCD patients, displayed a sig-
nificantly higher prevalence (p = 0.032, Table 1) in the QA 
and non-coding regions (100% and 100%, respectively) 
compared with the NLS (0%) (Fig.  6L, Supplementary 
Table 52).

Hypoplastic iliac wing, present in 44 patients, was 
significantly higher (p < 0.001, Table  1) with the splic-
ing, missense, and frameshift variants (100%, 87%, and 
76.5%, respectively) compared with nonsense variants 
(20%) (Fig. 6M, Supplementary Table 53). In-frame vari-
ants, detected in 21 CCD patients, exhibited a signifi-
cantly higher prevalence (p = 0.044, Table 1) in the RHD 
(100%) compared with the NMTS (0%) (Fig. 6N, Supple-
mentary Table 54). Moreover, null variants, found in 23 
CCD patients, showed a significantly higher prevalence 
(p = 0.005, Table  1) in the NMTS, VWRPY, non-coding 
region, RHD, QA, and PST (100%, 100%, 100%, 80%, 75%, 
57.1%, respectively), compared with the NLS (0%). Addi-
tionally, the prevalence in the non-coding region was 
significantly higher than the PST and uncharacterized 
regions (0%). The VWRPY region also exhibited a signifi-
cantly higher prevalence than the uncharacterized region 
(Fig. 6O, Supplementary Table 55).

Various anomalies reported in CCD patients did not 
show significant differences across different types of 
variants, locations for in-frame variants, or locations for 
null variants. These symptoms include an open anterior 
fontanelle in adults, bossing of the occipital bone, boss-
ing of the parietal bone, microcephaly, brachycephaly, 
midface hypoplasia, micrognathia, low nasal bridge, cleft 
palate, narrow high-arched palate, malocclusion, delayed 
eruption of deciduous and permanent teeth, prolonged 
retention of deciduous teeth, enamel hypoplasia, tooth 
defects, cysts, missing teeth, narrow thorax, pectus exca-
vatum, abnormalities in ribs and sternum, increased 
bone fragility, scoliosis, osteopenia, broad femoral head 
with short femoral neck, brachydactyly, long second met-
acarpal, short middle phalanges of the second and fifth 
fingers, hypoplastic phalanges, clinodactyly, nail defect, 
hypoplasia of the femoral head, hypoplastic iliac wing, 
pes planovalgus, and syringomyelia were (Supplementary 
Table 1).

Discussion
Our analysis of RUNX2 variants revealed a distinct dis-
tribution pattern, with in-frame missense variants pre-
dominantly concentrated within the RHD (90.97%), while 
null variants, leading to protein loss-of-function, were 
distributed throughout the gene [19]. Notably, missense 

variants were significantly more prevalent in individu-
als presenting with supernumerary teeth, macroceph-
aly, metopic groove, short ribs, and hypoplastic iliac 
wings compared to nonsense variants. Further analysis 
of in-frame variants within the RHD revealed a strong 
association with multiple anomalies, including delayed 
fontanelle closure, metopic synostosis, hypertelorism, 
limited shoulder abduction, pubic symphysis abnormali-
ties, and hypoplastic iliac wings, compared to in-frame 
variants in other regions. These findings suggest a poten-
tial genotype–phenotype correlation, where the specific 
location of the variant within the RHD of RUNX2 may 
significantly influence the clinical manifestation. This 
enrichment of missense variants with specific pheno-
types points to their potential functional significance. 
The observed clustering of missense variants within the 
RHD, a highly conserved domain across species [20], 
with established roles in DNA binding and protein–pro-
tein interactions [19, 20], highlights its critical impor-
tance for RUNX2 function. The RHD acts as a molecular 
conductor, facilitating RUNX2 activity by regulating its 
specific DNA binding and interactions with associated 
proteins. This enables RUNX2 to accurately discern and 
bind to specific sites on target genes. However, this pro-
cess is not isolated. CBFβ, while not directly interacting 
with DNA, plays a crucial supporting role by stabilizing 
RUNX2 attachment to DNA and influencing its target 
gene specificity [11, 21]. This complex interplay between 
the RHD and CBFβ underscores the intricate nature of 
transcriptional regulation mechanisms. Variants that 
disrupt these interactions, particularly those enriched 
within the RHD, could potentially disrupt the precise 
molecular mechanisms critical for cellular differentiation 
and bone development. This, in turn, could explain the 
observed phenotype associations.

While null variants reduce RUNX2 function, missense 
variants within the RHD can exert a more severe pheno-
type due to their potential for dominant-negative effects. 
These missense variants, while not eliminating the pro-
tein entirely, might disrupt crucial interactions, leading 
to aberrant gene regulation and altered cellular function. 
By interfering with DNA binding, missense variants can 
disrupt an ability of RUNX2 to accurately recognize and 
bind to target gene sequences [3, 22]. This can result in 
inappropriate gene activation or repression, contributing 
to the observed phenotypic abnormalities. Furthermore, 
these variants can disrupt protein–protein interactions 
within the RHD, impacting the stability and functionality 
of RUNX2 complexes. Specifically, they can impair inter-
actions with essential co-factors like CBFβ, leading to 
reduced stability, altered target specificity, and potentially 
interfering with the proper function of the wild-type pro-
tein [22, 23]. This disruption of critical interactions and 
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potential dominant-negative effects contribute to the 
observed more severe phenotypes associated with mis-
sense variants within the RHD compared to null variants.

Previous studies have indicated that missense variants 
in RUNX2, often affecting the RHD and its DNA-bind-
ing ability, tend to cluster within that specific domain, 
while nonsense and frameshift variants show a more 
widespread distribution across the gene [15]. Our analy-
sis indicates a potential correlation between domain size 
and variant frequency. As expected, larger domains like 
the PST exhibit a higher raw count of identified variants. 
Conversely, smaller regions such as the NLS and VWRPY 
show a lower number of observed variants. While this 
suggests that domain size may be a contributing factor 
to variant distribution, rigorous statistical analysis com-
paring observed versus expected variant frequencies, is 
necessary to determine if there is significant enrichment 
within specific domains that cannot be solely attributed 
to their size.

We observed that patients with in-frame insertions and 
deletions in RUNX2 did not commonly exhibit typical 
CCD features, such as delayed fontanelle closure, super-
numerary teeth, and metopic synostosis. In contrast to 
missense variants, which were enriched within the RHD, 
most in-frame insertions and deletions were found in the 
QA regions, which contain variable-length polyglutamine 
and polyalanine tracts. These variations were usually 
short-length expansions or contractions that may not sig-
nificantly disrupt RUNX2 function [24].

Regarding null variants, those in the NLS region of 
RUNX2 showed less severe phenotypes particularly 
delayed fontanelle closure, supernumerary teeth, Wor-
mian bones, and femoral head hypoplasia compared 
to null variants in other regions. The NLS is known as 
“nuclear localization signal” and plays role in directing 
the RUNX2 protein to the nucleus, where it exerts its 
transcriptional regulatory functions. However, previ-
ous studies have identified variants, such as c.199C>T 
and c.90insC, which result in a truncated RUNX2 pro-
tein lacking the entire NLS region. Surprisingly, despite 
the absence of a functional NLS, this truncated protein 
can still be detected in both the nucleus and cytoplasm 
compartments [25, 26]. This dual localization suggests 
that alternative mechanisms or compensatory signals for 
nuclear import may exist, allowing RUNX2 to partially 
function even in the absence of a canonical NLS. It is also 
important to consider the potential impact of heterozy-
gosity in the NLS region. The presence of one wild-type 
allele might still lead to subtle or context-dependent 
alterations in nuclear localization. These nuances could 
contribute to the phenotypic variability observed in 
CCD patients. The milder phenotypes observed with 
NLS-affecting null variants further support this notion 

of functional redundancy or adaptability. It is plausible 
that RUNX2 utilizes additional, yet unidentified path-
ways for nuclear localization and function, effectively 
mitigating the impact of NLS mutations. This highlights 
the complexity of RUNX2 regulation and emphasizes the 
need to further investigate these alternative mechanisms. 
Understanding the nuanced roles of protein domains like 
the NLS in RUNX2 not only enhances our knowledge of 
molecular mechanisms underlying skeletal development 
but also informs potential therapeutic strategies for con-
ditions associated with RUNX2 dysregulation. Exploring 
these molecular pathways holds promise for uncovering 
novel insights into gene regulation and cellular differen-
tiation processes that are essential for skeletal morpho-
genesis and homeostasis.

Apart from the coding variants in RUNX2, non-coding 
variants may also influence phenotypic presentation of 
CCD. Non-coding variants can be categorized based on 
their genomic locations, including promoter regions, 
introns, 3ʹ Untranslated Region (3’UTR), and intergenic 
regions, which house critical regulatory elements like 
transcription factor binding sites, enhancers, silencers, 
and miRNA binding sites. Variants within these ele-
ments can modulate RUNX2 expression, mRNA stabil-
ity, and translation efficiency. For example, variants in 
miRNA binding sites within the 3’UTR can alter mRNA 
degradation rates, impacting RUNX2 protein abundance. 
Additionally, motifs such as AU-rich elements (AREs) in 
non-coding regions are essential in regulating RNA sta-
bility, and variants affecting these motifs may influence 
RUNX2 mRNA half-life [27]. These molecular changes 
often have context-dependent phenotypic consequences, 
varying with factors such as the variant’s location and tis-
sue specificity. A comprehensive understanding of the 
interactions between non-coding variants, their molec-
ular effects, and phenotypic outcomes is essential for 
unraveling the complexities of RUNX2 regulation and the 
pathogenesis of CCD.

Significant phenotypic variability is a hallmark of CCD, 
even among individuals harboring the same pathogenic 
RUNX2 variant. This phenotypic heterogeneity, driven by 
allelic heterogeneity and likely influenced by additional 
genetic and environmental factors, underscores the com-
plexity of genotype–phenotype correlations in CCD. For 
instance, while the c.674G>A (p.Arg225Gln) variant in 
the RHD is associated with delayed fontanelle closure, 
this feature was not consistently observed within a sin-
gle family [28]. Similarly, the presence of supernumer-
ary teeth, a common CCD manifestation, varied among 
individuals carrying the c.674G>A variant [14]. Likewise, 
while clavicle defects and delayed fontanelle closure were 
noted in patients with the c.1171C>T (p.Arg391Ter) 
variant, the presence of supernumerary teeth differed 
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between reported cases [28, 29]. Intriguingly, even 
within a single family harboring the c.1171C>T vari-
ant, the presence of Wormian bones was not uniform 
[29]. Our own analysis identified both the c.674G>A 
and c.1171C>T variants as recurrent hotspots, further 
emphasizing their association with a spectrum of CCD 
phenotypes [19]. These observations underscore the need 
for personalized approaches to CCD diagnosis and man-
agement, as clinical presentations can vary significantly 
despite shared genetic etiology.

Conclusions
This comprehensive systematic review demonstrates 
the association between different types and regions of 
RUNX2 variants and specific features of CCD, thereby 
advancing our understanding of genotype–phenotype 
correlations within the RUNX2 gene. We show that 
missense variants in the RHD are associated with more 
severe CCD phenotypes compared to null variants and 
other in-frame variants in different protein regions. 
Additionally, we highlight the NLS region, which might 
not play a critical role in nuclear localization. This study 
underscores the importance of considering both the type 
and location of RUNX2 variants in predicting the clini-
cal manifestations of CCD. Future investigations should 
aim to unravel the intricate molecular pathways govern-
ing RUNX2 function to enhance diagnostic precision 
and potentially inform targeted therapeutic strategies for 
CCD and related disorders.
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