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Abstract 

Assimilation of atlas is a rare skeletal malformation causing nerve 

compression with high risk of fatal. However, the genetic etiology of 

assimilation of atlas AOA is currently lacking. In this paper, the whole-exome 

sequencing (WES) analysis was employed to study a Chinese family having a 

sporadic proband son of assimilation of atlas AOA but other healthy family 

members. We identified a novel variant in ciliary rootlet coiled-coil gene 

(NM_014675.5 (CROCC): c.4702C>T (r.4702c>u, p.(Arg1568Cys)). The 

variant had different genotypes between the proband and healthy family 

members but with high conservations of “damage” to protein structure based 

on MutationTaster and SIFT prediction. CROCC gene can be obtained in both 

healthy (n=220) and non-mutated assimilation of atlas AOA patient samples 

(n=68) but absented in five sporadic patients with the novel variant. 

Furthermore, abnormal of cilia was observed after editing the target sequence 

on CROCC using CRISPR-Cas9. These results suggested that assimilation of 

atlas AOA might be caused by the mutation of CROCC: c.4702C>T 

(r.4702c>u, p.(Arg1568Cys)). With strong amino acid conservation and 

interaction regulation, the variant mutation could cause the signal disorder of 

skeletal development which may lead to the defective bone formation and 

finally cause the development of assimilation of atlas AOA.  
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Introduction 

Assimilation of atlas (AOA, OMIM: 601076) 

AOA, also known as “occipitalization of the atlas” 

or “atlas assimilation”, is one of the junction (CVJ) 

disease characterized with fusion of the atlas and 

the base of the occipital bone (Abd et al., 2008). 

AOA was firstly reported in 1911 as one of the 

rare skeletal deformities with incidence of 0.14% - 

3.36% (Al-Motabagani and Surendra, 2006; Allen, 

1972; Kassim et al., 2010; Khanmanarong et al., 

2013; Kim et al., 2013; Saini et al., 2009). It may 

show symptomatic or sometimes completely 

asymptomatic and can incidentally be detected at 

autopsies or during routine cadaveric dissections 

(Al-Motabagani and Surendra, 2006; Kassim et al., 

2010). Normally, AOA appears solitary onset in 

clinic with the fusion of atlas with occipital bone, 

but is also conjunction with the onset of the wide 

variety of other hemivertebra abnormalities, such 

as C1-T4 spinal cord malformation (Anderson et 

al., 2006; Kassim et al., 2010; Nimje and 

Wankhede, 2014). The mild symptoms include 

headache, pain in the neck, and abnormal neck 

posture, restriction of neck movements, dizziness, 

syncope and weakness (Abd et al., 2008; Campos 

et al., 2012; Hemamalini, 2014). AOA could also 

cause compression of human nerve system leading 

to weak constitution (Hemamalini, 2014; Jayanthi 

et al., 2003; Kassim et al., 2010). For instance, 

AOA may cause vertebral artery compression and 

affect cerebral blood flow (Kassim et al., 2010), 

and it also lead to compression of the first cervical 

nerve (Kassim et al., 2010). This abnormality may 

affect the movement of extensor surface posture 

muscles, and can even be fatal when the illness 

aggravates (Hemamalini, 2014; Jayanthi et al., 

2003; Kassim et al., 2010). So far, whether it is a 

unique bone defect or a spectrum of congenital 

spinal deformity remains unknown. 

Due to its rare incidence, asymptomatic onset and 

the limited techniques available, there are very few 

studies on AOA. AOA patients normally show 

asymptomatic onset and severity with time (Al-

Motabagani and Surendra, 2006; Campos et al., 

2012; Jayanthi et al., 2003; Kassim et al., 2010; 

Kim et al., 2013; Saini et al., 2009) and they only 

seek for treatment until the skeletal malformation 

starts to constrict the nerves (Al-Motabagani and 

Surendra, 2006; Campos et al., 2012; Jayanthi et 

al., 2003; Kassim et al., 2010; Kim et al., 2013; 

Saini et al., 2009). But some patients on the 

contrary do not show any nerve system lesions 

which lead to insufficiency clinical samples for 

further studies.  

Furthermore, some cilia-related proteins could 

cause severe bone abnormalities suggesting that 

the role of cilia in multiple organ development is 

indispensable (Zhang et al., 2017). Additionally, 

cilia are considered to function as chemo-sensors 

and mechano-sensors for bone formation and 

maintenance (Lee and Gleeson, 2011). Bone 

developmental signaling pathways, including 

Hedgehog signaling pathway, have been linked to 

primary cilia and cilia protein, such as 

intraflagellar transport (Ift) proteins, and their 

mutations could cause multiple bone disease and 

cranio-facial and skeletal defects (Mori et al., 

2017). However, there is still no effective way to 

understand this complexity disease. 

Although sequencing technique has been 

successfully applied in studying small sample size 

of many CVJ diseases, for instance, a homozygous 

mutation on gene mesenchyme homeobox 1 

(MEOX1) was detected and proved to be one of 

the pathological mutations for type II Klippel-Feil 

syndrome using the whole-exome sequencing 

(WES) technique (Bayrakli et al., 2013), there is 

no such an application of studying the genetic 

etiology of AOA cases so far. In this study, the 

WES analysis was employed to study a Chinese 

family having a sporadic proband son of AOA but 

other healthy family members. The genetic 

etiology of AOA cases was consequently explored.   

Material and methods 

Ethical Compliance and Study participants 
 

This study has the ethics approval (No.2014S010) 

from the China PLA General hospital. The clinical 
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investigations were informed to all participants 

and received written informed consent to allow the 

publication of this study. A total of 293 

participants were selected for this study, including 

220 healthy volunteers and 73 AOA patients who 

have been diagnosed in the outpatient department 

of the China PLA General hospital. Among the 

above participants, the AOA patient (son) and his 

four healthy family members including his parents 

and two female siblings were particularly studied 

in this project. The peripheral blood samples of 5 

ml were collected from patients’ arms using 

standard hospital operational protocol after they 

were diagnosed at the China PLA General 

hospital. All medical reports were produced by 

professionally the hospital medical staffs. 

Furthermore, the exome sequencing data were 

stored at the internal database of Beijing Institute 

of Genomics and it is available upon requests for 

research purposes only.  

 

DNA preparation 

 

The peripheral bloods from all participants were 

collected for DNA isolation. Genomic DNA was 

isolated using QIAamp DNA Blood Mini Kit 

(QIAGEN, Cat No.51104) following the 

manufacturer’s instructions. The quantity of DNA 

was detected by NanoDrop ND-1000 

Spectrophotometer (ThermoScientic). 

 

Whole exome sequencing (WES) 

 

Exome enrichment was conducted following the 

manufacturer’s protocol with Illumina Hiseq2500 

sequencing technique. The exomes were captured 

using the Agilent SureSelected (50Mb) QXT 

Library Prop Kit (Cat No. G9682B). Whole exome 

capture was carried out on an Illumina Hiseq2500 

platform and the indexed DNA libraries were 

subjected to paired-end 125bp using V4 reagent. 

DNA of 5μg per sample were submitted. 

Sequencing reads aligned mapping to the human 

reference genome assembly (hg19/GRCh37) using 

Burrows-Wheeler Alignment tool (BWA) (Abuín 

et al., 2015), and the quality of raw data was 

checked using FastQC (Babraham Bioinformatics). 

Variants were called, filtered, and prioritized 

according to their pathogenicity scores (>0.95) 

obtained from the Polyphen-2 web interface and 

GATK ver3.3 (Figure 1) (Bahe et al., 2005; 

Doerks et al., 2002; I.V. et al., 2016; Schoichet et 

al., 1995). Annovar was used for SNV annotation 

(Yang et al., 2002). Furthermore, variants were 

detected in the Human Gene Mutation Database 

(HGMD, http://data.mch.mcgill.ca/phexdb), and 

genes were intensively examined against the genes 

with implications of skeletal abnormal diseases to 

detect the candidate variants. Several SNVs project 

databases have been used during the analysis 

procedure, including dbSNP build 138 (Sherry et al., 

2001), the 1000 Genomes Project (Consortium, 2003), 

the International HapMap Project (Consortium, 2003) 

and the Exome Sequencing Project (ESP) 

(https://esp.gs.washington.edu/drupal/).  

 

Sanger sequencing 

 

Primers for PCR and qPCR amplifications 

of all target variants were designed using 

the web-based Primer 3 software 

(http://biotools.umassmed.edu/bioapps/prim

er3). The primer sequences were listed in 

Supplementary Table 1. A standard PCR protocol 

was applied.  In brief, initial denaturation at 94°C 

for 5 min, followed by 35 cycles starting at 94°C 

for 30 sec; denaturation at 58°C for 30 sec, and 

extension at 72°C for 2 min. The final extension 

was carried out at 72°C for 5 min. PCR products 

were diluted 10-fold in double distilled water and 

submitted for Sanger sequencing on an Applied 

Biosystems capillary DNA sequencer (Model 3730 

XL) without further purification. 

 

Identification of candidate variant 

 

All variants were selected among family subjects, 

including the proband, his parents, his two sisters 
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and the health controls. Finally, all the overlapped 

variants were then mapped to two main databases 

to check their genotype frequency occur in 

population. We set the cut-off value for the 

frequency as MAF<0.1%. The databases included 

our internal WES database, 1000 Genomes and 

Genome Aggregation Database (GnomAD; 

http://gnomad.broadinstitute.org/),which contained 

aggregated WES data of more than 123,136 

individuals. 

Genetic testing was then performed to inspect the 

candidate variant. Sanger sequencing was used to 

verify all the target variants identified by WES. 

The variants and the nearby sequences were 

downloaded from Genome Bioinformatics 

Database at University of California Santa Cruz 

(UCSC, http://genome.ucsc.edu/), and then Sanger  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sequencing was applied based on the above 

description. The results were analyzed by BioEdit  

version 7.0.9.0. Ultimately, we used Sanger 

sequencing to confirm which gene that the 

candidate variant belonged to. 

 

Verification of candidate variant  

 

The candidate variant was verified by conservation 

of species and Gene Ontology Consortium (GO) 

cluster (Stevens, 2004). Then, National Center for 

Biotechnology information (NCBI) database was 

mainly used for literature reviews on the functions 

of candidate variant and gene. In addition, 

GeneCards (https://www.genecards.org/) was 

adopted among others for the basic information of 

candidate variant and gene. Also, Ingenuity 

Figure 1. (A) The pedigree chart for the genotype of the proband family with mutation on gene (NM_014675.5 

(CROCC): c.4702C>T (r.4702c>u, p.(Arg1568Cys). The Sanger sequencing results showed the proband with a 

mutated “T” which was different from the rest of the family. (B) Sanger sequencing results identified for the 

candidate variant in sporadic patients number 16, 35, 42, 44 and 87. 
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Pathway Analysis (IPA) were performed to seek 

for the interaction features of the candidate gene. 

We input the candidate gene into the IPA online 

tool and detected the biological pathway related to 

the gene. Finally, real-time PCR was carried out to 

ensure the expression of the candidate gene in 

sporadic patients and healthy individuals. 

Fermentas Maxima SYBR Green qPCR Master 

Mix (2×) was used in this experiment followed the 

provided protocol. The RT-PCR results was 

analyzed using Bio-Rad CFX Manager 2.1. 

CRISPR-Cas9 gene editing system was then 

applied to edit CROCC for its verification. The 

standard procedure was followed according to the 

description of Ran et al (Ran et al., 2013). The 

oligo DNA sequence were designed using online 

tool “CRISPR Design” (http://crispr.mit.edu/). The 

plasmid was PX330 and the plasmid extraction 

using TIANprep Mini Plasmid Kit (TIANGEN). 

For the cell transformation, 293T cells was chosen. 

Immunofluorescence was used to observe the 

change of cilia after knocked down CROCC. The 

antibody was produced by Abcam, including 

primary antibody (Anti-Rootletin antibody, 

Ab121653) and secondary antibody (Goat Anti-

Rabbit IgG H&L, Ab150077). Before 

immunofluorescence, the cells were cultured on 

cover glass for 3 days. Then the experiment was 

preformed following with the standard procedure 

of Abcam. 

 

Results and Discussion 

Clinical diagnosis 

The epidemiological characteristics of both groups 

are shown in Table 1. No difference was shown 

regarding age, sex, smoking habits, alcohol 

consumption, overweight, sedentary lifestyle and 

inflammatory comorbidities. Concerning exposed 

individuals, 57.1% did not refer to any use of PPE 

and 21.4% reported a history of acute pesticide 

poisoning. The mean time of exposure was 6.0 (± 

3.8) hours per day for 20.1 (± 8.5) years.   

It is important to emphasize that the absence of a 

significant association between the epidemiological 

parameters in the evaluated groups is essential to 

minimize confounding factors in the context of 

immunological studies since several clinical and 

epidemiological factors can interfere with the 

immune function (Dowd and Aiello 2009; Brodin 

and Davis 2017). 

 

Whole exome sequencing results 

In order to identify the genetic cause underlying 

the AOA disease of the proband, DNA from all 5 

family members were submitted for WES. The 

GATK analysis process was employed for the 

WES data which were from the sequence for all 

the proband family members (Supplementary 

Figure 2). 

The samples were sequenced and yielded 

sufficient high-quality sequencing data with an 

average 11.36GB raw data after quality control. 

The exome sequencing data was used to map with 

the human genome version hg19 with the read 

depth of 100×. The exome capture efficiency and 

the mapping data coverage were evaluated among 

the whole samples set. On average, 99.86% of 

target regions were sequenced in these samples 

and a 138.30 folds mapping-reads-coverage were 

achieved in the sample set. Comparison analysis 

between family members was performed using 

mapped data from all five samples. The potential 

contribution of variants and total 53,550 coding 

variants were located and their distribution 

situation on proband’s chromosome was drawn 

(Supplementary Figure 3). Furthermore, those 

variants were filtered out if they showed high 

frequency and polymorphic in the results. All the 

variants with minor allele frequency (MAF) of 

0.1% or below were selected for this study.  

In order to test whether the genetic cause of AOA 

was caused by craniovertebral junction and 

cervical vertebra regulatory genes, including HOX 

genes (HOXA1, HOXB1, HOXA2, HOXB2, 
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HOXA3, HOXB3, HOXD3 and HOXD4), 

MEOX1, OCN, OPG, COLA1 and RUNX2. The 

WES data of all patients showed that none of the 

craniovertebral junction and cervical spine related 

genes had rare mutations.  

The genotype of the proband and 4 healthy family 

members were compared, and a total 432 variants 

was obtained. Then, the respective allele 

frequencies (<=0.1%) in 65,000 population were 

screened by GnomAD. The total number of 

variants was reduced to seven in non- synonymous 

single nucleotide variants (SNV) and non-

frameshift deletion mutation groups. Sanger 

sequencing showed similar results in the proband 

and 4 healthy family members. Then, 

SIFT/Polyphen2 analysis was done based on these 

seven variants and only one un-annotated variant 

of these SNVs (NM_014675.5 (CROCC): 

c.4702C>T p.(Arg1568Cys)) was assessed as 

“Damage” with SIFT score of 0.03, polyphen2 

score of 0.964 and MutationTaster score of 1 

(Table 1). While SNVs were not reported in the 

databases including the GnomAD database, the 

1000 Genome Project database and the Human 

Gene Mutation Database, gnomAD, ExAC etc. 

 

 

 

 

 

Genotype accuracy of candidate SNV 

We sequenced samples from the proband and his 

family to determine the accuracy of genotype 

results. Firstly, for the candidate variant 

(NM_014675.5 (CROCC): c.4702C>T (r.4702c>u, 

p.(Arg1568Cys)), the reference genotype was “C”, 

the same as the genotype of healthy parents and 

sisters, but the genotype was “T” in the offspring 

proband (Figure 1A). Subsequently, the DNA of 

220 healthy samples and 73 sporadic patients were 

also tested for candidate variants by Sanger 

sequencing analysis. All of the genotype from 220 

healthy volunteers and 68 sporadic patient samples 

appeared to be the same as the reference sequence 

genotype “C”, but there were 5 AOA sporadic 

patients containing the same SNV as the proband 

genotype “T” (Figure 1B). Furthermore, this 

mutation is absent from both the GnomAD exome 

database, as well as from the 1000 Genomes 

Projects database. Sanger sequencing revealed that 

this novel mutation was absent from both parents’ 

and the two healthy sisters’ blood DNA samples 

and therefore it was considered as a de novo 

mutation in the family. 

The Candidate variant conservation analysis 

The location of candidate variants on CROCC 

gene was charted by pathway builder Tool 2.0 

(The ProteinLounge, USA) (Figure 2). According 

to UCSC database, NM_014675.5 (CROCC): 

c.4702C>T (r.4702c>u, p.(Arg1568Cys) showed 

high conservation of arginine in 72 out of 100 

species with “C” which was the same as the 

 

 

 

 

 

calculated by different methods (Figure 2A). 

Furthermore, the high conservation of the amino acid 

on the same chromosome locations were also 

revealed by UCSC (Figure 2B). In order to check the 

effects on candidate SNV, SWISS-MODE simulation 

was performed to compare the protein structure 

between wild type and the variant. The variant 

replaced arginine at position 772 with cysteine, 

thereby inducing intermolecular hydrogen bond. 

Table 1. Seven variants that were collected after SIFT/Polyphen2 analysis. 

Gene Variants SIFT  ACMG criteria 

NM_014675.5 

(CROCC) 

c.1756G>C (r.1756g>c, p.(Asp568His) T BP1 

c.4702C>T (r.4702c>u, p.(Arg1568Cys) D PP3 

c.1734C>G (r.1734c>g, p.(Asp578Glu) T BS1 

NM_021012.5 

(KCNJ12) 

c.116G>A (r.116g>a, p.(Arg39Gln) T Uncertain Significance 

c.1214G>T (r.1214g>u, p.(Ser4051Ile) T Uncertain Significance 

c.167A>C (r.167a>c, p.(Glu56Ala) T Uncertain Significance 

c. 631C>T (r.631c>u, p.(Leu211Phe) T PP3 

*Bold font was the final target variant. In ‘SIFT pred’ column, ‘D’ means ‘damaging’; ‘T’means ‘tolerated’. 
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Figure 2. The allelic conservation (NM_014675.5 (CROCC): c.4702C>T (r.4702c>u, p.(Arg1568Cys)) and the 

structure simulations between wild type and mutated CROCC. (A) Pathogenicity prediction for (NM_014675.5 

(CROCC): c.4702C>T (r.4702c>u, p.(Arg1568Cys) in dbNSFP database. (B) The amino acid conservation results on 

CROCC and the amino acid containing the candidate SNV showed highly conservation. (C) Simulations on the 

protein structure after the candidate SNV changing from “C” to “T” showed the amino acid changed from 

arginine to cysteine. 
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This caused a shift in the electrostatic potential 

(Figure 2C) and finally changed the protein 

structure during translation which might cause 

functional changes of the protein. 

Dysfunction of the protein containing candidate 

variant affected the hedgehog pathway 

Five pathway essential proteins were tested by 

real-time PCR, including Indian Hedgehog 

Signaling Molecule (IHH), Patched 1 (PTCH), 

GLI Family Zinc Finger 1 (GLI1), Glypican 3 

(GPC3) and Aliases for PTHLH Gene (PTHrp). 

The positions of these proteins in hedgehog 

pathway were shown in Figure 3. The results of 

real-time PCR showed that CROCC in samples 

with the candidate SNV was barely expressed (p < 

0.01). But it was highly expressed in healthy and 

the non-mutated patient samples (p > 0.5). The 

expression of above five proteins were consistent 

with that of CROCC (Figure 4). These results 

indicated that the decreased expression of CROCC 

blocked the signal transmission of hedgehog 

signaling pathway and led to the dysfunction of 

ciliary. This might be one of the pathogenic causes 

of AOA. 

 

 

 

 

 

 

 

 

 

Candidate variant affected cell cilia 

In order to confirm if the candidate SNV on 

CROCC might indeed affect the cilia, we 

employed CRISPR-Cas9 gene editing system to 

knock out CROCC using the oligo DNA for the 

candidate SNV. Two pairs of oligo DNA were 

designed (Supplementary Table 1). The rate of cell 

transformation was 96% (Figure 5A). qPCR was 

performed to check if CROCC has been knocked 

out in monoclonal 293T cell. The CROCC 

knocked out monoclonal cells did not show any 

expression of the target sequence (Figure 5B), and 

the result was validated by target sequencing 

(Figure 5C). The expression of CROCC in 293T 

cell was detected by immunofluorescence and the 

RPE cell was used as the positive control. 

Fluorescence can still be seen in CROCC 

knockout cells, which indicated that CROCC may 

be related to incomplete knockout or the reparation 

(Figure 5D). Furthermore, immunofluorescence 

was used to detect the cilia on the surface of cells, 

and the results showed that there was almost no 

fluorescence in cells, indicating that the growth of 

cilia was affected (Figure 5E). 

 

 

 

 

 

 

 

 

 

 Figure 3. Location of the genes (IHH, Smoothened, PTCH1, GLI1, GPC3, PTHrp) in the hedgehog signaling 

pathway. This pathway can be affected by the candidate SNV mutation of CROCC and the genes activation. 
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In this study, a missense novel mutation 

(NM_014675.5(CROCC): c.4702C>T (r.4702c>u, 

p.(Arg1568Cys)) on gene CROCC was identified 

from a Chinese family with a patient of AOA as 

our proband. The SNV with low incidence rate (< 

0.01) could cause structure changes of CROCC 

protein, and it led to the decrease of the key 

proteins expression in hedgehog pathway. After 

CRISPR-Cas9 editing, knockdown of the CROCC 

in 293T cells resulted in dysfunction of cilia.  

Meanwhile, hedgehog proteins IHH, PTCH, GLI1, 

GPC3 and PTHrp have been decreasingly 

expressed in patients with the SNV, which 

indicated a similar conclusion. Therefore, target 

SNV caused dysfunction of skeletal development 

and finally led to the morbidity of AOA. Although 

it is very likely that the target SNV (NM_014675.5 

(CROCC): c.4702C>T (r.4702c>u, p.(Arg1568Cys)) 

could be one of the AOA causing mutations, future 

experiment of single nucleotide knockout in vivo 

can finally confirm this result. In addition, we also 

did the autosomal recessive inheritance analysis. 

However, there was no variant identified or  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

observed from the analysis (data not shown). 

Stability is essential to maintain the normal 

function of proteins, and structural changes may 

lead to their dysfunction. According to Genecards, 

NCBI, IPA and KEGG database, the function of 

CROCC was ensured as the major structural 

component of the ciliary rootlet which was the 

supporter for long-time maintenance of cilia (Bahe 

et al., 2005; Yang et al., 2002). In 2012, Conroy et 

al. reported that CROCC (rootletin) could restrain 

DNA damage–induced centriole splitting and 

facilitate ciliogenesis (Conroy et al., 2012). In the 

study, authors found that the primary cilium 

formation would be reduced if CROCC was 

knocked down. Primary cilium plays sensory roles 

in normal formation of the appendicular skeleton 

through disruption of multiple signaling pathways, 

including hedgehog signaling pathway (Kinnebrew 

et al., 2019). According to previous studies, the 

dysfunction of CROCC may cause the lack of 

ciliary rootlet which leads to unstable primary cilia 

and dysfunction of the cilia as time goes by (Bahe 

et al., 2005). 

 

Figure 4. The real-time PCR results for CROCC, IHH, PTCH1, GLI1, GPC3, PTHrp. The red column was the gene 

expression for the patients with candidate SNV, the gray column for the health donors’ gene expression, and the 

blue column for the patients without candidate SNV. Each bar in this chart is the average cq values of real-time 

PCR. The gene expression level (CROCC and downstream genes including GLI1, GPC3, PTHrp) of AOA patients with 

candidate SNV (red bar) were reduced compared with those of healthy samples (blue bar). 
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Figure 5. CRISPR-Cas9 and immunofluorescence results for CROCC knock-down cells. (A) Cell transformation. (B) 

qPCR for transformed monoclonal cells. (C) Sanger sequencing results showed that target sequence was knocked 

down in the testing cell line. (D) Immunofluorescence for the control cell 293T and RPE, and the testing cell line 

of 293T knocked down cells. (E) Immunofluorescence for cilia in the control and the testing cell line. 
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Hedgehog signaling pathway plays a critical role 

in development of bone formation. The hedgehog 

receptor complex is composed of two trans-

membrane proteins, smoothened (Sonic Hedgehog 

Signaling Molecule, SHH) and patched (PATH1) 

(Hu and Song, 2019). Previous studies showed that 

the abnormal expression of Indian hedgehog 

signaling molecule (IHH) led to smaller calvaria 

with reduced expanse, thickness and 

mineralization and widened suture in mice (Zhou 

et al., 2014). It promotes bone formation by 

regulating osteogenic differentiation (Zhou et al., 

2014). Furthermore, the primary cilia are 

indispensable for regulating skeletal 

malformations, developments and maintenance 

(Moore and Jacobs, 2018), reinforcing the idea 

that the dysfunction of CROCC may cause the 

lack of ciliary rootlet which leads to unstable 

primary cilia and dysfunction of the cilia as time 

goes by (Yang et al., 2002). Since cilia is the 

occurrence places for hedgehog signaling 

pathway, comparing the main component genes’ 

expression of hedgehog signaling pathway 

between patients and healthy donors could be an 

effective way to ensure if the hedgehog pathway 

were dysfunction. WES technology makes it easier 

to find the relationship between mutations on 

coding exon, gene functions and development of 

diseases (Mori et al., 2017). Familial WES 

analysis was performed in this study and a novel 

variant (NM_014675.5 (CROCC): c.4702C>T 

(r.4702c>u, p.(Arg1568Cys)) was discovered and 

collected as the only candidate variant. The 

mutation of the candidate variant could lead to 

abnormal express of CROCC protein. It might 

affect the formation of cilia and block the signal of 

hedgehog signaling pathway, which might finally 

lead to the development of AOA. All these 

suggested that (NM_014675.5 (CROCC): 

c.4702C>T (r.4702c>u, p.(Arg1568Cys)) led to 

cilia disorder, blocked the hedgehog signaling 

pathway, and potentially caused skeletal 

malformation. 

Due to the low incidence rate of AOA and the 

absence of symptoms, the study of AOA is rare, 

and genome research is more difficult. In this 

study, we used WES as the main method to study 

AOA from the perspective of genomics. We 

observed a candidate mutation which led to 

abnormal protein expression and then diagnosed as 

AOA. Our study demonstrated that WES has great 

potential in detecting target gene and establishing 

systematical database, which can be used in 

clinical for individual diagnosis (Okou et al., 2014; 

Prada et al., 2014). In addition, it is cost-efficient 

and can save money for a single clinical trial. As 

the results of WES may be specific, it could also 

be used to develop effective treatments for 

individual patient. 

To the best of our knowledge, our study is the first 

study of AOA using WES. Our results may have 

positive implications for the clinical research of 

CVJ. The method used in this study certainly 

provides a new direction for understanding the 

pathogenesis of the disease from the gene level 

and potentially can be used to develop effective 

treatments. 

Conclusion  

Our results suggested that assimilation of atlas 

AOA might be caused by the mutation of CROCC: 

c.4702C>T (r.4702c>u, p.(Arg1568Cys)). With 

strong amino acid conservation and interaction 

regulation, the variant mutation could cause the 

signal disorder of skeletal development which may 

lead to the defective bone formation and finally 

cause the development of assimilation of atlas 

AOA. 
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Target 

Gene 
Experiment Forward primer (5' to 3') Reverse Primer (5' to 3') 

CROCC PCR CAGACCAGTGCCCTGAATCG TCACTCGGGTACACAGATTCC 

CROCC PCR CAGAGAGAACGGGTAAGCCT GTACACAGATTCCCCGTCG 

KCNJ12 PCR ATGCTGTCGTCTCTGTTG TGTTGGCGAACTCAATGT 

KCNJ12 PCR GCATCATCGACTCCTTCAT TGGCCTCGTCAATCTCAT 

CROCC PCR TGGAGCTGACACTAGAGACG GGTTGCGGGTGACAATCTCC 

IHH PCR TCCGTCAAGTCCGAGCACT GTCCTGAGTCTCGATGACCTG 

SHH PCR CCAAGGCACATATCCACTGCT GTCTCGATCACGTAGAAGACCT 

GLI1 PCR AGCGTGAGCCTGAATCTGTG CAGCATGTACTGGGCTTTGAA 

GPC3 PCR GAAAGTGGAGACTGCGGTGA GAAGAAGCACACCACCGAGA 

PTCH1 PCR GAAGAAGGTGCTAATGTCCTGAC GTCCCAGACTGTAATTTCGCC 

PTHRP PCR ACTTTCCGGAAGCAACCAG TCTCCGCTCGCGCTC 

CROCC CRISPR-Cas9 CACCGCAGCCCGGCGCAGTGTGGAT AAACATCCACACTGCGCCGGGCTGC 

CROCC CRISPR-Cas10 CACCGGCTACAGCCCGGCGCAGTG AAACCACTGCGCCGGGCT GTAGCC 

Table S1. Primer sequences for PCR and real-time PCR experiments. 
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Figure S1. The two-dimensional sagittal reformatted computed tomographic reconstructions of the patient before 

the operation treatment in 2014. CT scans results showed malformation statement of the proband when he was 

diagnosed as atlanto-occipital fusion in 2014. The disease has developed into complete fusion of the lateral 

atlantoaxial muscle and occipital condyle. 

Figure S2. The GATK analysis process for the WES data which were from the sequence for all the proband family 

members. 
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Figure S3. The gene coverage on the chromosomes of the proband, including all genes containing all variants 

mapped from the WES data. 


