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Abstract

Background—Congenital vertebral malformations (CVMs) manifest with abnormal vertebral 

morphology. Genetic factors have been implicated in CVM pathogenesis, but the underlying 

pathogenic mechanisms remain unclear in most subjects. We previously reported that the human 

16p11.2 BP4-BP5 deletion and its associated TBX6 dosage reduction caused CVMs. We aim to 

investigate the reciprocal 16p11.2 BP4-BP5 duplication and its potential genetic contributions to 

CVMs.

Methods and Results—Patients who were found to carry the 16p11.2 BP4-BP5 duplication by 

chromosomal microarray analysis were retrospectively analyzed for their vertebral phenotypes. 

The spinal assessments in seven duplication carriers showed that four (57%) presented 

characteristics of CVMs, supporting the contention that increased TBX6 dosage could induce 

CVMs. For further in vivo functional investigation in a model organism, we conducted genome 

editing of the upstream regulatory region of mouse Tbx6 using CRISPR-Cas9, and obtained three 

mouse mutant alleles (Tbx6up1 to Tbx6up3) with elevated expression levels of Tbx6. Luciferase 

reporter assays showed that the Tbx6up3 allele presented with the 160% expression level of 

that observed in the reference (+) allele. Therefore, the homozygous Tbx6up3/up3 mice could 

functionally mimic the TBX6 dosage of heterozygous carriers of 16p11.2 BP4-BP5 duplication 

(approximately 150%, i.e. 3/2 gene dosage of the normal level). Remarkably, 60% of the 

Tbx6up3/up3 mice manifested with CVMs. Consistent with our observations in humans, the CVMs 

induced by increased Tbx6 dosage in mice mainly affected the cervical vertebrae.

Conclusion—Our findings in humans and mice consistently support that an increased TBX6 
dosage contributes to the risk of developing cervical CVMs.

INTRODUCTION

Congenital vertebral malformations (CVMs) are structural deformities of the vertebrae 

that are caused by abnormal somitogenesis during embryogenesis. CVMs can result in an 

abnormal appearance, impaired functions of the heart and lungs, back pain, and disability.1,2 

The overall morbidity of CVMs is reported to be 0.5 – 1 per 1000 live births, which 

seriously affects human health.3,4 Although various factors have been implicated in inducing 

CVM, the etiologies and underlying biology of specific subtypes of CVMs remain poorly 

understood.1

Genetic factors play important roles in human congenital diseases. Copy number variants 

(CNVs), including genomic deletions and duplications, can be generated from DNA 

rearrangements (online supplementary figure 1), and are responsible for a major class 

of human conditions termed genomic disorders.5,6 The deletion of approximately 600 kb 

16p11.2 BP4-BP5 region has been demonstrated to be associated with CVMs in human 

subjects.7,8,9 The presumed pathogenic mechanism of deletion CNVs is dosage insufficiency 

of critical development-associated genes in the affected region.10,11,12,13 Such critical gene 

dosages and expression levels may be relevant to birth defects potentially relating to 

Ren et al. Page 2

J Med Genet. Author manuscript; available in PMC 2022 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



developmental windows of gene expression or expression gradients required for tissue 

differentiation during development. TBX6 (MIM: 602427), mapping in the human proximal 

16p11.2 BP4-BP5 region (online supplementary figure 1A), has been pinpointed as the gene 

responsible for the observed CVMs in 16p11.2 BP4-BP5 deletion carriers.9,14,15,16,17

A pair of directly-oriented genomic repeats located in human 16p11.2 can mediate the 

recurrent 16p11.2 BP4-BP5 deletion via non-allelic homologous recombination (online 

supplementary figure 1B).18,19 The same mutational mechanism can also generate the 

reciprocal 16p11.2 BP4-BP5 duplication. The frequencies of 16p11.2 BP4-BP5 CNVs vary 

in different reports; the CNV frequency in the combined population cohorts is approximately 

0.04% for deletion, and 0.05% for duplication.20,21 The gene dosage of TBX6 is reduced 

(from two copies to one copy) in 16p11.2 BP4-BP5 deletion carriers, whereas the TBX6 
dosage is increased (from two copies to three copies) by 16p11.2 BP4-BP5 duplication 

(online supplementary figure 1) – a reciprocal gene dosage that could potentially cause a 

mirror trait.22

The dosages of the genes mapping within the 16p11.2 BP4-BP5 region are altered due to 

CNVs, and there are mirror phenotypes among human subjects harboring the 16p11.2 BP4-

BP5 deletion or reciprocal duplication. The clinical features of individuals with 16p11.2 

BP4-BP5 deletion have been described mostly for those with abnormal developmental, 

neuropsychological and metabolic phenotypes such as head circumference (macrocephaly), 

brain structures, face morphology, autism, schizophrenia and obesity. 23,24,25,26,27,28 In 

contrast, 16p11.2 BP4-BP5 duplication preserves the mirror effects of gene dosage changes, 

and thus results in mirror phenotypes (microcephaly, underweight and etc.).20,29,30,31 

Meanwhile, some of these mirror trait phenotypes associated with this and other loci have 

been illuminated by mouse models.32,33,34,35 Among these mirror traits, some are related 

to the bone formation and morphological phenotypes. Therefore, considering our gene 

dosage and expression compound inheritance model and confirmed pathogenesis of the 

16p11.2 BP4-BP5 deletion in CVMs,9,14,15 we hypothesized that human 16p11.2 BP4-BP5 

duplication may induce CVMs due to the increased gene dosage of TBX6. Some reports 

indicate that individuals with the 16p11.2 BP4-BP5 duplications may manifest scoliosis 

among other clinical phenotypes.23,36 Though a previous report showed that 21 out of 270 

carriers of 16p11.2 BP4-BP5 duplication manifest with scoliosis,37 the exact correlation 

between 16p11.2 BP4-BP5 duplication and the position or incidence of CVMs has not been 

established nor systematically investigated.

Here, we retrospectively analyzed vertebral morphology in human subjects with 16p11.2 

BP4-BP5 duplication and generated mouse models via CRISPR-Cas9 to investigate the 

potential genetic contribution of increased TBX6 dosage to vertebral malformation in vivo. 

Our data strongly support a gene dosage model for cervical CVMs.

METHODS

Human subjects with 16p11.2 BP4-BP5 duplication

We analyzed clinical data of the subjects with 16p11.2 BP4-BP5 duplications from Baylor 

Genetics (BG; Houston, USA). These subjects were initially investigated by clinical 
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chromosomal microarray analysis (CMA; Agilent Technologies Inc., Santa Clara, USA) 

due to various medical problems. DNA samples were extracted from the peripheral blood. 

Procedures for the DNA extraction, digestion, labeling and hybridization for CMA were 

followed by the manufactures’ instructions.38,39,40 The algorithm requires at least three 

consecutive probes with the log2 ratio value > 0.4 to detect a duplication. The clinical 

diagnoses of CVMs were confirmed by radiological imaging. Every image was carefully 

evaluated independently by three orthopedists. A diagnosis of CVM was made only when 

all the three orthopedists unanimously agreed on the diagnosis. The Sanger sequencing of 

“T-C-A” haplotypes was conducted as per our previous report.9

Mouse strains and animal husbandry

The C57BL/6J background strain was adopted in all mouse experiments. All mice were 

housed in a specific pathogen-free (SPF) barrier facility. To investigate the vertebral 

phenotypes in mice, age- and sex- matched wild type mice and Tbx6-mutated mice were 

housed under controlled light-cycle illumination (6:00-18:00), moisture (40%-70%) and 

temperature (21°C to 23°C). Every littermate was separated at the age of four weeks 

and the numbers of mice housed per cage were controlled below six in every cage. All 

experiments involving mice were performed according to the guideline for the Care and Use 

of Laboratory Animals of the US National Institutes of Health. This study was approved by 

the Animal Ethics Committee at the School of Life Science, Fudan University.

Genomic editing using CRISPR-Cas9

To obtain the specific sgRNA and target sites of our interest, we used the online CRISPR 

Design Tool (http://tools.genome-engineering.org).41 Online supplementary table 1 shows 

the target sequences of sgRNA in the mouse genome. Every step was carried out by standard 

procedures with minimal modification. The zygotes from C57BL/6J strain mice (200 cells 

for each RNA) were injected with sgRNA and Cas9 mRNA (10 ng/μl for each RNA).42 

Offspring (F1) was obtained by the founder (F0) mice crossing with wild type C57BL/6J 

mice. Genomic DNAs from toe clips were genotyped by PCR and Sanger sequencing. 

Online supplementary table 2 shows the PCR primers used for amplification and sequencing.

Cell culture and in vitro transcription assay

To construct reporter plasmids, we amplified the 992 bp DNA fragments that included 

the potential regulatory elements of mouse Tbx6. Online supplementary table 3 shows 

the primers for amplification. The fragments containing the wild type and potential 

hypermorphic alleles of Tbx6 were respectively constructed into the PGL3-Basic vector 

(Promega) enabling fusion to the reporter gene. The P19CL6 cell line (kindly provided by 

Prof. Yunzeng Zou, Fudan University, China) was derived from mouse embryonal carcinoma 

cells.43 The expression of TBX6 protein could be induced during differentiation of P19CL6 

cells.44 The P19CL6 cells were grown in a-MEM (Gibco) containing 10% fetal bovine 

serum (Gibco) and remained at 37°C and in 5% carbon dioxide. After digestion by trypsin, 

1 × 105 cells were seeded to a 24-well plate with 500 μl culture medium with 1% DMSO 

(Sigma). 42,43 After 24 hours culture, cells were transfected with 500 ng plasmids of 

each promoter fused with firefly luciferase reporter plasmid and 50 ng pRL-TK plasmid 

as a normalizing control using Lipofectamine 3000 (Invitrogen). After 24 hours culture, 
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cells were lysed and 25 μl of supernatant was used to assay the luciferase activity using 

the Dual-Luciferase Reporter Assay System (Promega). The relative reporter activity was 

normalized by the firefly activity to Renilla activity. Each assay was performed with at least 

three replicates.

Whole-mount RNA in situ hybridization in embryos

Embryos were dissected at E9.5 (the day of plugs is E0.5), fixed in 4% paraformaldehyde 

overnight at 4°C, washed in PBST (PBS contain 0.1% tween-20), and dehydrated through 

a series of methanol/PBST (25%, 50%, 75% and 100%). Embryos were stored in pure 

methanol at −80°C. Every step was carried out by standard procedures.45 Embryos were 

treated with proteinase K (10 μg/ml in PBST) for 10 minutes without rotation at room 

temperature. The concentration of the probe in the hybridization solution is 1 ng/μl. 

Probes, bounded with digoxigenin, were detected by alkaline phosphatase conjugated anti-

digoxigenin antibodies (Roche, Germany).

Real-time quantitative PCR

The total RNA of the caudal part of embryos was extracted with Trizol reagent (Ambion) 

and reversely transcribed into cDNAs with HiScript II Q RT SuperMix (Vazyme). The 

obtained cDNAs were respectively diluted 5-fold to be used in the following real-time 

quantitative PCR (qPCR) with AceQ qPCR SYBR Green Master Mix (Vazyme). The 

expression of mRNA was quantified according to the 2−ΔΔCt method, and the dosage of 

Tbx6 was normalized by the internal control of Gapdh. The primers for Tbx6 and Gapdh 
were as shown in online supplementary table 4.

Vertebral analysis

Mice (aged from 35 to 45 days) were examined using micro-computed tomography (micro-

CT). The wild type and mutant groups were sex-matched, and the amounts of males and 

females were totally the same in each group. Micro-CT imaging of the vertebrae was 

performed using the SkyScan scanner (SkyScan 1176, Bruker). Anesthesia was delivered 

to mice via the intraperitoneal injection of 2% pelltobarbitalum Natricum (dissolved in 

normal saline, 5ml/kg by body weight). The vertebrae were scanned with the following 

setting parameters: 50 KV for X-ray tube voltage, 497 μA for X-ray tube current, 35 μm 

for pixel resolution, 2° for rotation steps, and 360° rotation around the vertical axis.14 

Acquired X-ray projections were reconstructed using the SkyScan NRecon software with 

33% bean-hardening, and the value of smoothing, misalignment and ring is 2, 1 and 6, 

respectively.

Statistical analysis

Statistical differences between groups in the luciferase experiment and qPCR assays were 

evaluated with the unpaired t test. The Fisher’s exact test was adopted in the micro-

CT analysis. A two-sided P < 0.05 is considered statistically significant. All statistical 

procedures were carried out using GraphPad Prism5. *, **, *** and **** denote P values of 

< 0.05, < 0.01, < 0.001 and < 0.0001, respectively.
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RESULTS

Increased risk of CVMs in human subjects with 16p11.2 BP4-BP5 duplication

To investigate the potential involvement of human 16p11.2 BP4-BP5 duplication in CVMs, 

we retrospectively reviewed the subjects with the 16p11.2 BP4-BP5 duplication from a large 

cohort of patients that were tested clinically by CMA due to various medical problems.46,47 

The spinal X-ray images were available for seven 16p11.2 BP4-BP5 duplication carriers 

(figure 1A). The diagnosed age of these seven subjects ranged from 9 months to 16 years 

old. As shown in table 1, four (57%) of these human subjects with 16p11.2 BP4-BP5 

duplication presented with CVMs. Subjects BD01 and BD05 manifested with formation 

failures in vertebrae C6 and C7; BD13 manifested with formation failures in C5 and C6; 

BD24 has extensive failure of formations in the vertebral plates from C3 to T7 (figure 1B, 

table 1 and online supplementary figure 2).

To further investigate the potential increased risk of CVMs in the human carriers of 16p11.2 

BP4-BP5 duplication, the previously reported prevalence rates of CVMs in two large 

populations were employed as controls: a study of CVMs by chest minifilms in general 

populations (frequency of CVM: 7/15000) and a study of scoliosis in Singapore school 

children (frequency of CVM/congenital scoliosis: 12/55747).4,48 Notably, 16p11.2 BP4-BP5 

duplication carriers seem to have a significantly higher risk of CVMs (4/7 VS 7/15000, P < 

0.0001, OR = 2856, 95% CI of OR: 629 to 12865, by the Fisher’s exact test when taking 

the general population as a control; 4/7 VS 12/55747, P < 0.0001, OR = 6193, 95% CI of 

OR: 1443 to 26474, by the Fisher’s exact test when taking the Singapore school children as 

controls).

Mouse mutants with increased Tbx6 expression

The TBX6 gene in the human 16p11.2 BP4-BP5 region has been demonstrated to be 

responsible for the observed CVMs in 16p11.2-deletion carriers. We hypothesize that 

the increased expression of dosage-sensitive TBX6 may also cause a predisposition 

to CVMs in subjects with 16p11.2 BP4-BP5 duplication. To generate a mouse model 

for functionally mimicking the increased dosage of TBX6 in human 16p11.2 BP4-BP5 

duplication carriers, we genetically modified the upstream regions of mouse Tbx6, where 

polymorphic noncoding common variant alleles are known to modulate Tbx6 expression.14 

We employed the CRISPR-Cas9 technology to generate mouse models with increased Tbx6 
expression in vivo. Genomic editing was conducted in the upstream, conserved noncoding 

region of Tbx6 (figure 2A) in C57BL/6J mice.42 Ten Tbx6 mutants were generated, and 

their genotypes were confirmed by Sanger sequencing (online supplementary figure 3).

The Tbx6 expression levels of these mutants were evaluated by luciferase reporter assays 

in P19CL6 cells.44 Three mutants, named Tbx6up1, Tbx6up2, and Tbx6up3, demonstrated 

increased Tbx6 expressions (figure 2B). These three mutants carried short deletions, ranging 

from 7 to 47 base pairs (bp) in length, in the upstream sequence of Tbx6 (figure 2B). The 

expression level of the Tbx6up3 allele was approximately 160% of that in the wild-type 

allele (P < 2.2×10−9, t test) (figure 2C). It was previously reported that the increased TBX6 
expression in human 16p11.2 BP4-BP5 duplication carriers was 150% of that in control 
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subjects.49 Thus, the Tbx6up3/up3 mice could closely recapitulate the gene dosage/expression 

change for TBX6 occurring with heterozygous duplications in the 16p11.2 BP4-BP5 region. 

The mutated sequence in Tbx6up3/up3 mice was confirmed by Sanger sequencing (online 

supplementary figure 4).

To further confirm the contention that the Tbx6up3/up3 mice presented increased Tbx6 
expression in vivo, we conducted whole-mount RNA in situ hybridization in E9.5 

embryos.50 As expected, the increased Tbx6 expression was observed in Tbx6up3/up3 

embryos (figure 3). Meanwhile, the qPCR data also indicate that there is an elevation of 

Tbx6 expression in Tbx6up3/up3 mouse embryos (online supplementary figure 5).

Dosage sensitivity of increased mouse Tbx6 expression predisposed to CVMs

To investigate the phenotypic consequence of increased dosage of mouse Tbx6, we 

compared the Tbx6+/+ (wild type) and Tbx6up3/up3 mice on the C57BL/6J background, 

and examined vertebral phenotypes of the adult mice (aged from 35 to 45 days, each 

group has 20 mice) using micro-CT. The Tbx6up3/up3 mice presented with an increased risk 

of developing CVMs. No obvious CVMs were observed in Tbx6up1/up1 and Tbx6up2/up2 

mice. In total, 12 (60%) out of 20 Tbx6up3/up3 mice developed CVMs, and the rate was 

significantly higher (P < 4.4×10−4, Fisher’s exact test) than that of the wild-type mice 

(1/20, 5%, figure 4). The morphological vertebral defects observed in the Tbx6up3/up3 

mice included fusions and clefts of the vertebrae (figure 4B). Our observations in mice 

suggest that the dosage sensitivity of increased Tbx6/TBX6 expression is associated with an 

increased incidence of CVMs.

Localized cervical CVMs in both human subjects and the mouse model with increased 
TBX6/Tbx6 dosage

Among these four patients with 16p11.2 BP4-BP5 duplication and CVMs, all the CVM 

defects were localized to the cervical segments from vertebrae C3 to C7 (table 1). One 

of these cases was found to have extensive failures in vertebral formation from C3 to 

T7. Intriguingly, a similar malformation pattern was observed in the Tbx6up3/up3 mice, in 

which all of the affected vertebrae were clustered on the cervical segments and no obvious 

vertebral malformations were observed in the other portions of the spine (figure 5). Among 

the Tbx6up3/up3 mice, the incidence of CVMs at the C1 and C2 positions was 55%, and 

the incidence at the C3 and C4 positions was 10% (figure 5). The shared localization 

of cervical CVMs in both human subjects and mice with increased TBX6/Tbx6 dosage 

supports a strong, intrinsic genetic component contributing to this observation. Collectively, 

our data from human CVM subjects and the mouse model suggest that an increased dosage 

of TBX6 or altered developmental expression levels of Tbx6 increases the risk of CVMs in 

the cervical vertebrae.

DISCUSSION

Genomic CNVs can be rare variants contributing to human developmental disorders. 

However, few reports have described the correlation between copy number variants at the 

TBX6 locus; i.e. 16p11.2 BP4-BP5 duplication and human CVMs. Here we retrospectively 
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analyzed the radiological spinal phenotypes of human subjects who were referred to clinical 

CMA testing and investigated genotype-phenotype correlations. We found that 57% (4/7) of 

subjects who carried the 16p11.2 BP4-BP5 duplication and that had spinal films available 

to examine showed CVMs. Meanwhile, our mouse models supported the contention that the 

increased dosage and expression of TBX6 may be a major genetic risk factor of CVMs in 

subjects with 16p11.2 BP4-BP5 duplication. Furthermore, as a member of Ripply family, 

RIPPLY2 is a negative regulator of the T-Box family, and bi-allelic mutations in RIPPLY2 
have been reported to be associated with CVMs, consisting of cervical segmentation defects, 

which may be attributed to the elevated dosage of TBX6.51,52,53,54 Combined with the 

genetic evidence in our previous mouse model with decreased TBX6 dosage,14,15 our 

findings indicated that TBX6 may act as a morphogen, and unbalanced TBX6 gene dosage 

could result in CVMs in both humans and mice.

Due to the frequency of 16p11.2 BP4-BP5 duplication is low in human populations, 

our single-center based study cannot achieve a large sample size of 16p11.2 BP4-BP5 

duplication carriers. Therefore, here we also investigated the previously published data of 

CVMs and related phenotypes in 16p11.2 BP4-BP5 duplication carriers: 2/10 (20%) in 

Shinawi et al.,23 1/3 (33%) in Fernandez et al.,36 and 1/1 (100%) in Al-Kateb et al.7 When 

combining these previously published data with ours, the overall frequency of CVMs in 

16p11.2 BP4-BP5 duplication carriers is 8/21 (38%), which is significantly higher than that 

observed in two control populations (8/21 VS 19/70747, P < 0.0001, OR = 2291, 95% 

CI: 852 to 6154, by the Fisher’s exact test). To further achieve a precise assessment of 

CVM risks associated with 16p11.2 BP4-BP5 duplication, a large sample size of duplication 

carriers is required in future studies.

CVMs can occur at any segment of the spine. Generally, from clinical experience human 

CVMs occur at the thoracic and lumbar segments more commonly than other segments 

of the spine.15 Notably, genetic variations in different human genes have been reported to 

be predictive to the spinal locations of CVMs. Mutations in MYF5 tend to cause CVMs 

at cervical vertebrae;55 USP9X mutations tend to cause CVMs at thoracic vertebrae;56 

and FN1 mutations can cause CVMs at thoracic and lumbar vertebrae.57 In addition, a 

gene-dependent distribution of CVMs across the spine has also been proposed in mice. A 

previous study showed that Hes7+/− mice tend to develop CVMs that are mostly located 

between T7 and L4 vertebrae; Mesp2+/− mice tend to be affected with CVMs between T11 

and L4 vertebrae; and Dll1+/− mice tend to have CVMs between C1 and T2 vertebrae.58

In terms of genotype-phenotype correlation with TBX6, the CVMs induced by decreased 

TBX6 dosage are preferentially localized to the thoracic and lumber vertebrae in human 

subjects.9,15 Our previous studies and those of others consistently reported the involvement 

of the 16p11.2 BP4-BP5 deletion or truncating mutations of TBX6 in human CVMs.9,16,17 

These subjects are molecularly categorized as TACS (TBX6-associated congenital scoliosis), 

with decreased TBX6 dosage manifesting hemivertebrae or butterfly vertebrae in the lower 

half (thoracolumbar or lumbar vertebrae) of the spine (table 1).9,14,15 In contrast, here we 

report that human subjects with an increased dosage of TBX6 had CVMs localized in the 

cervical vertebrae, the upper part of the spine (table 1). These findings were recapitulated 

in the gene-edited mice with increased dosage of Tbx6 (figure 5). Our experimental 
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observations provide further evidence of the association between TBX6 and CVMs (which 

clinically often manifest as congenital scoliosis), and expand the known phenotypic 

spectrum of TACS.15 Considering the gene-deletion and gene-duplication scenarios, our 

data implicate that divergent TBX6/Tbx6 gene dosage or expression alterations can result in 

CVMs at different locations of the spine in both humans and mice.

Currently, it is still challenging to fully explain the molecular mechanism underlying the 

different localization of CVMs in the spine between the decreased and increased dosages 

of TBX6/Tbx6. The prevailing developmental biology theory of somitogenesis is the clock 

and wavefront model, which emphasizes that the wave-front from the presomitic mesoderm 

combines with the clock that drives cells within the same oscillator to differentiate and 

become parts of the same segment.59,60,61 The Wnt and delta-Notch pathways are crucial 

in modulating the clock and wave-front model.60,62 Two independent research groups 

previously confirmed that Notch signaling is controlled by Tbx6, which implicated the 

importance of Tbx6 in the process of somitogenesis.63,64

Tbx6 is a member of the T-box gene family,65 and formation of the precise border of 

somites during mouse somitogenesis is determined by the expression of Tbx6.52 Moreover, 

formation of the upper part of the spine is different from that of the lower part of the 

spine, suggesting that a diverse spatiotemporal-regulation pattern occurs during somite 

development of the upper spine.66 Similarly, in chicken embryos, the upper ten somites 

are molecularly distinct from the lower ones.67 The different locations of CVMs among the 

human cases and the mouse models with different TBX6/Tbx6 dosages may be attributed to 

the landscape of differential formation for different parts of the spine. These experimental 

observations may also result from the potential differences in dosage sensitivity to Tbx6 
across the different vertebral levels of the spine, timing/expression of Tbx6 downstream 

genes, or expression gradients transmitting downstream developmental signaling pathways. 

Due to the complicated nature of the regulatory networks that modulate somitogenesis, 

further investigations are required to reveal the underlying mechanism for the TBX6 dosage-

dependent localization of CVMs in the spine.

Mouse models generated by genome editing are efficient for studying the genetic 

contributions to human diseases and genotype-phenotype correlations. The CRISPR-Cas9 

technology, an emerging powerful tool for genome editing, can be applied for editing both 

coding and potential regulatory regions of genes. Upstream conserved regions are likely 

to be crucial for expression regulation of the associated genes, but may not necessarily 

be subjected to the same evolutionary constraints as coding exons.68 Alterations of these 

potential regulatory sequences may result in increased or decreased expression of the 

downstream gene. In this study, we successfully generated mouse mutants with increased 

Tbx6 expression and recapitulated the TBX6 dosage in human carriers of 16p11.2 BP4-BP5 

duplication, which can be used in future studies to model the 16p11.2 BP4-BP5 duplication.

In this study, no obvious CVMs were observed in either Tbx6up1/up1 or Tbx6up2/up2 

mice. We speculate that the mild elevation of Tbx6 dosage in these two mutants may be 

insufficient to cause CVMs, which indirectly implicates the dosage-dependent penetrance. 

Meanwhile, both human subjects with 16p11.2 BP4-BP5 duplication and the Tbx6up3/up3 
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mouse model manifested with increased risks of CVMs, but with incomplete penetrance 

(i.e., approximately 57% and 60%, respectively). No correlation was observed between 

this incomplete penetrance and the distribution of TBX6 hypomorphic alleles (online 

supplementary figure 6). Therefore, environmental or other factors may be also involved 

in the pathogenesis and penetrance of CVMs in the 16p11.2 BP4-BP5 duplication carriers. 

For example, hypoxia can affect somitogenesis and results in vertebral malformations during 

the embryonic gestational period, and Tbx6 expression was observed to be decreased under 

the condition of hypoxia.58 Therefore, beyond genetic contributions, environmental factors 

and other unrecognized perturbations of subtle changes in gene dosage and expression, such 

as stochastic factors affecting cells in different parts of the body axis, may be involved in the 

pathogenesis and phenotypic variability of CVMs.

In summary, our experimental observations in both human subjects and mouse models 

suggest that an increased dosage of TBX6 among the subjects carrying 16p11.2 BP4-BP5 

duplication can induce cervical CVMs. Our findings have implications for clinical diagnosis 

and genetic counseling for CVMs and other related developmental disorders and for a 

precision medicine guidance of environmental/therapeutic interventions or avoidance.
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Figure 1. 
Human subjects with 16p11.2 BP4-BP5 duplication. (A) 16p11.2 BP4-BP5 duplications 

(highlighted with a green box) were confirmed in seven human subjects by CMA. Different 

versions of CMA microarrays were applied to these individuals. (B) The spinal X-ray results 

of subject BD24 were exemplified. Extensive defects of the vertebral plates from C3 to T7 

(red rectangle) were observed in subject BD24 with 16p11.2 BP4-BP5 duplication.
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Figure 2. 
Genetic editing of the conserved upstream region of mouse Tbx6 results in elevated Tbx6 
expression. (A) The targeted region for genome editing is indicated with a red arrow. (B) 

The mutated non-coding sequences of three Tbx6 mutants (up1, up2, and up3) with elevated 

Tbx6 expression. Genome editing was conducted using the CRISPR-Cas9 technology in the 

target region of mouse Tbx6. The deleted sequences are indicated with red dashed lines. The 

mutated nucleotides are shown in red. (C) The elevated expression of Tbx6 in three mutants 

was investigated in vitro using the luciferase reporter assay in P19CL6 cells. Each assay 

was performed with at least three replicates. The Tbx6up3 allele showed an elevated Tbx6 
expression level of approximately 160% of that in the wild-type allele. **, P < 0.01; ****, P 
< 0.0001. Abbreviation: “up”, up-regulation.
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Figure 3. 
The elevated expression level of Tbx6 in the Tbx6up3/up3 mice was confirmed using 

whole-mount RNA in situ hybridization assays in embryos. The wild-type (WT, A) and 

Tbx6up3/up3 E9.5 embryos (B) are shown. The light purple signals at the caudal side of 

mouse embryos indicate the transcription of Tbx6. Tbx6 transcription was higher in the 

Tbx6up3/up3 embryos than in the wild-type embryos.
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Figure 4. 
Micro-CT analysis of vertebrae in the WT and Tbx6up3/up3 mice. (A) WT mice. (B) 

Tbx6up3/up3 mice manifested with CVMs, including cervical fusions and vertebral clefts 

(red arrow). (C) The rate of CVMs is 60% in Tbx6up3/up3 mice. Sample sizes are shown 

below each column. The mice in each group were age- and sex-matched.
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Figure 5. 
Divergent distributions of vertebral malformations in the mouse models of increased versus 

reduced expressions of Tbx6. The X-axis shows the vertebral distribution of CVMs in the 

spine, and the Y-axis shows the abnormality rate in each vertebra. The Tbx6mh/− mice, 

which showed reduced Tbx6 expression, presented with vertebral malformations mainly 

in thoracic and lumber vertebrae, as previously described.15 The Tbx6up3/up3 mice, which 

showed increased Tbx6 expression, presented with cervical vertebral malformations. The 

sample sizes of Tbx6mh/− and Tbx6up3/up3 mice are 52 and 20, respectively.
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