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ARTICLE

A regulatory variant impacting TBX1 expression
contributes to basicranial morphology in Homo sapiens

Noriko Funato,1,2,* Arja Heliövaara,3 and Cedric Boeckx4,5,6,7

Summary

Changes in gene regulatory elements play critical roles in human phenotypic divergence. However, identifying the base-pair changes

responsible for the distinctive morphology of Homo sapiens remains challenging. Here, we report a noncoding single-nucleotide poly-

morphism (SNP), rs41298798, as a potential causal variant contributing to the morphology of the skull base and vertebral structures

found in Homo sapiens. Screening for differentially regulated genes between Homo sapiens and extinct relatives revealed 13 candidate

genes associated with basicranial development, with TBX1, implicated in DiGeorge syndrome, playing a pivotal role. Epigenetic markers

and in silico analyses prioritized rs41298798 within a TBX1 intron for functional validation. CRISPR editing revealed that the 41-base-

pair region surrounding rs41298798 modulates gene expression at 22q11.21. The derived allele of rs41298798 acts as an allele-specific

enhancer mediated by E2F1, resulting in increased TBX1 expression levels compared to the ancestral allele. Tbx1-knockout mice ex-

hibited skull base and vertebral abnormalities similar to those seen in DiGeorge syndrome. Phenotypic differences associated with

TBX1 deficiency are observed betweenHomo sapiens and Neanderthals (Homo neanderthalensis). In conclusion, the regulatory divergence

of TBX1 contributes to the formation of skull base and vertebral structures found in Homo sapiens.

Introduction

Genetic variants that distinguish Homo sapiens from

closely related extinct hominins, for whom high-coverage

genomes are available, are predominantly located in the

noncoding regions of the genome.1–4 These noncoding

variants, particularly in regulatory regions, have the poten-

tial to affect gene expression.5–7 Changes in this regulatory

program are likely to have had a significant impact on hu-

man evolution, with evidence suggesting that these

changes underlie morphological differences between our

closest relatives.2,8–10 Noncoding single-nucleotide poly-

morphisms (SNPs) often affect gene expression by altering

the function of enhancer elements and are under evolu-

tionary pressure.6,7,11,12 In addition, these noncoding

SNPs have also been implicated in human disease by play-

ing a critical role in controlling the expression of target

genes during development,13 although most noncoding

variants associated with disease susceptibility are unlikely

to be strongly deleterious.14 To improve our understanding

of the genetic and molecular basis of morphological differ-

ences in Homo sapiens, the identification of causal variants

and the interpretation of the biological impact of regulato-

ry divergence on human evolution are essential.9,15 How-

ever, pinpointing these causal variants remains extremely

challenging.16

The skull of Homo sapiens has acquired unique cranial

features among primates, including a highly flexed skull

base, with an increase in absolute and relative brain size

during hominin evolution.17,18 Compared to modern hu-

mans (Homo sapiens), closely related extinct hominins

and other great apes have different skull base phenotypes,

including a flatter basicranium, a shorter length of the

posterior skull base, and an anteroposteriorly elongated

foramen magnum.16,17,19,20 It is hypothesized that the

distinctive morphology and evolution of the human skull

are influenced, at least in part, by changes in brain devel-

opment and embryonic brain-skull interactions.18,21 The

synchondroses of the skull base play a critical role in em-

bryonic and postnatal skull elongation.22 To retain their

capacity for accelerated fetal and postnatal growth, syn-

chondroses must remain unmineralized as cartilage.22,23

In particular, the spheno-occipital synchondrosis (SOS)

persists in the endochondral basicranium and does not

ossify until 16–18 years of age in humans, contributing

to the longitudinal growth of the skull.22 In the vertebral

column, dysmorphic vertebrae and platyspondyly are

frequently observed in our closest extinct relatives.24,25

Studying the mechanisms driving human diseases and

pathological conditions in skeletalmorphology canprovide

clues to evolutionary anatomical changes.16 Chromosome

22q11.2 deletion is one of themost common geneticmicro-

deletions in humans.26 A 1.5 Mb hemizygous deletion of

22q11.2 causes most craniofacial phenotypes of DiGeorge

syndrome (DGS [MIM: 188400]) and velocardiofacial syn-

drome(VCFS [MIM:192430]).TBX1 (MIM:602054), located
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Helsinki FI-00029 HUS, Finland; 4Catalan Institute for Advanced Studies and Research (ICREA), Passeig de Lluı́s Companys, 23, 08010 Barcelona, Spain;
5Section of General Linguistics, University of Barcelona, Gran Via de les Corts Catalanes 585, 08007 Barcelona, Spain; 6University of Barcelona Institute

for Complex Systems, Gran Via de les Corts Catalanes 585, 08007 Barcelona, Spain; 7University of Barcelona Institute of Neurosciences, Gran Via de les

Corts Catalanes 585, 08007 Barcelona, Spain

*Correspondence: noriko-funato@umin.ac.jp

https://doi.org/10.1016/j.ajhg.2024.03.012.

The American Journal of Human Genetics 111, 939–953, May 2, 2024 939

� 2024 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:noriko-funato@umin.ac.jp
https://doi.org/10.1016/j.ajhg.2024.03.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2024.03.012&domain=pdf
http://creativecommons.org/licenses/by/4.0/


at 22q11.21, encodes T-box transcription factor 1.Heterozy-

gous loss-of-function mutations in TBX1 also cause DGS,

VCFS, and conotruncal anomaly face syndrome (MIM:

217095).26–29 Some individuals with DGS/VCFS show

changes in the structure of the skull base and the vertebral

column.30–34 Tbx1 (GenBank: 21380) knockout (KO) mice

exhibit cardiac and craniofacial phenotypes that mirror

those observed in individuals with DGS/VCFS.35–38 During

mouse embryonic development, TBX1 is localized in the

cartilaginous primordium of the posterior skull base and

plays a critical role in maintaining the undifferentiated

phenotype of chondroprogenitors in the SOS.39 In Tbx1-

KOmice, the SOS in the skull base is completelymineralized

atbirth,39 andtheanterior archof thefirst cervicalvertebra is

aplastic.35,37,38 Using the similar skeletal phenotypes of

Tbx1-KOmiceandDGS/VCFS to investigate themorpholog-

ical effects of Tbx1 andTBX1 dosagemay provide a basis for

understanding morphological changes in modern human

lineage.

In the present study, we identified an ancestral allele

within the TBX1 locus that may contribute to the basicra-

nial morphology found in Homo sapiens. To elucidate how

the TBX1 locus influences basicranial morphology, we

identified the target genes regulated by SNP rs41298798

and the mechanism by which this SNP controls TBX1

expression. Furthermore, we analyzed the effects of TBX1

dosage on the basicranial morphology found in Homo

sapiens.

Material and methods

Bioinformatic analysis
We identified mouse genes associated with annotated anatomical

abnormalities in the skull base from the Mouse Genome Infor-

matics (MGI) (accessed on July 31, 2023) and PubMed databases

(supplemental methods). The allele frequencies of the SNPs were

compiled fromthe1000GenomesProject dataset.40 To characterize

and obtain functional annotations of ancestral alleles at the

22q11.21 locus, we used combined annotation-dependent deple-

tion (CADD) v1.6,41 HaploReg v4.2,42 3DSNP v2.0,43 and

RegulomeDB v2.0.3.44 Histone markers in the 22q11.21 locus

were queried using Encyclopedia of DNA Elements (ENCODE)

phase 345 across mesenchymal stem cells and MG63 cells.

Reads per million (rpm)/base-pair (bp) plots were generated for

H3K27ac,H3K4me3,H3K36me3,H3K27me3, andH3K9me3using

the UCSC Genome Browser. To identify candidate causal genome-

wide association study (GWAS) variants that alter gene expression,

we searched for available the expression quantitative trait locus

(eQTL) data using the Genotype-Tissue Expression (GTEx) proj-

ect.46 The eQTL data are summarized in Table S1. We visualized

and intersected variantswith chromatin annotations inH1mesen-

doderm cells47 using the 3D Interaction Viewer (3DIV).48 The

mRNA expression data for normal tissues and tumors were ob-

tained from the Gene Expression Profiling Interactive Analysis

(GEPIA)49 web application using The Cancer Genome Atlas

(TCGA) database.50 The correlation of mRNA-mRNA pairs of the

gene set fromhuman tumors was analyzed by calculating the Pear-

son’s correlation coefficient.

The differential effect of rs41298798 alleles on transcription fac-

tor (TF) binding was predicted for all human TF motif sets using

JASPAR51 with a relative score >0.85 as the threshold for signifi-

cance. Twenty base pairs surrounding rs41298798 were evaluated,

and the putative TF-binding motifs for rs41298798-C and -G were

compared.

CRISPR/Cas9 guide selection and genome editing
Genome editing experiments were performed using MG63

cells to identify the target genes of rs41298798. Using the

CRISPR design tool CHOPCHOP,52 we selected single-guide

RNA (sgRNA) sequences within 100 bp of rs41298798. Annealed

oligomers, including guide RNA sequences, were subcloned into

pSpCas9(BB)-2A-GFP (PX458) or pSpCas9(BB)-2A-Puro (PX459)

V2.0 (plasmids #48138 and #62988; Addgene, Watertown, MA,

USA; gifted by Feng Zhang)53 containing expression cassettes

for the guide RNA and human-codon-optimized Cas9. Plasmids

were transformed into chemically competent E. coli (DH5-alpha),

and after culturing the cells, the plasmid DNA was extracted and

purified. MG63 cells (TKG0294; the Cell Resource Center for

Biomedical Research, Tohoku University, Sendai, Japan) were

routinely grown in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum (FBS) and

1% antibiotics (100 U/mL penicillin and 0.1 mg/mL strepto-

mycin) until transfection.

To delete 41 bp of noncoding sequence around rs41298798, we

employed a dual-guide RNA strategy using two Cas9-guide RNA

constructs with a 29-bp spacing between them. We plated MG63

cells in 24-well plates and co-transfected with 250 ng of each

CRISPR construct using Lipofectamine 2000 (Thermo Fisher Scien-

tific, Waltham, MA, USA). Clones with genomic deletions were

screened using agarose gel electrophoresis of the PCR amplicons.

The D41/D41 clones were expanded along with the wild-type

clones, which were also exposed to the CRISPR/Cas9 complex.

In each cell line, three wild-type and three biallelic 41 bp deletions

were selected for further study. To generate isogenic MG63 cells

that were either C/C or G/G at rs41298798, we plated MG63 cells

in 12-well plates and transfected 500 ng of CRISPR plasmid con-

structs and 313 ng of a 100 bp single-stranded oligodeoxynucleo-

tide donor template containing either the C or G allele. After trans-

fection, theMG63 cells were selected using 0.25 mg/mL puromycin

for 5 days. After cell growth, single colonies were isolated and

genomic DNA was extracted. A 163-bp region flanking

rs41298798 was PCR amplified, purified, and genotyped at

rs41298798 using restriction fragment-length polymorphism as-

says. The purified product was digested with HhaI and electro-

phoresed on a 2% agarose gel, and the cleavage patterns were qual-

itatively analyzed. To account for off-target effects of the Cas9

nuclease, we selected three derived rs41298798-C/C and three

ancestral rs41298798-G/G clones for further study. The primer se-

quences used for genome editing are listed in supplemental

methods.

Quantitative PCR (qPCR) analysis
Total RNA was extracted from cultured cells using TRIzol (Thermo

Fisher Scientific) and an RNeasy Mini Kit (Qiagen, Hilden, Ger-

many). mRNA analysis was performed using SuperScript IV VILO

Master Mix (Thermo Fisher Scientific) and PowerUP SYBR Green

PCR Master Mix (Thermo Fisher Scientific). The amplification

and detection of mRNAs were performed using the StepOnePlus

Real-Time PCR System (Thermo Fisher Scientific). mRNA
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expression levels were normalized to GAPDH (GenBank: 2597)

levels. The relative quantity was calculated using the 2�DDCt

method.54 All qPCR assays were performed in duplicate in at least

three independent experiments using three different samples.

The primer sequences used for qPCR are listed in supplemental

methods.

Luciferase assay
Luciferase reporter vectors were constructed by cloning the TBX1

promoter (�912/þ63; sense: 50-GTTGGTACCCTCCTCAGTGCTTC

CCTTTG-30 and antisense: 50-ACTCTCGAGAGTGTTCCTCCCTCC

CTCAC-30) with or without oligonucleotides (sense: 50-AGGCG

GGTGCCGSGCTGTGTCTAAT-30 and antisense: 50-ATTAGACACA

GCSCGGCACCCGCCT-30) containing either derived or ancestral al-

leles of rs41298798 into the pGL2-Basic vector (Promega, Madison,

WI, USA). The E2F1 (MIM: 189971) expression vector has been

described previously.55

MG63 and COS1 cells (RCB0143; RIKEN Cell Bank, Tsukuba,

Japan) were cultured in DMEM supplemented with 10% FBS and

1% antibiotics. The cells were seeded into 24-well plates at 1 3

105 cells/well. The cells were transfected with 250 ng of the

pGL2 constructs with 50 ng of a lacZ (GenBank: 945006) expres-

sion vector using TransFectin reagent (Bio-Rad Laboratories, Her-

cules, CA, USA). Cell lysates were harvested after 48 h and assayed

on a FLUOstar OPTIMA-6 instrument (BMG Labtech, Ortenberg,

Germany) using a Luciferase Reporter Assay System (Promega) ac-

cording to the manufacturer’s instructions.

Electrophoretic mobility shift assays (EMSAs)
We prepared probes for the derived (C) and ancestral (G) alleles of

rs41298798 by annealing 25-bp complementary oligonucleotides

(sense: 50-AGGCGGGTGCCGSGCTGTGTCTAAT-30 and antisense:

50-ATTAGACACAGCSCGGCACCCGCCT-30) and labeling them

using a biotin 30 End DNA Labeling Kit (Thermo Fisher Scientific).

Nuclear proteins were isolated from E2F1-overexpressing COS1

and HeLa cells (TKG 0331; Cell Resource Center for Biomedical

Research). DNA-protein binding reactions were performed using

a LightShift Chemiluminescent EMSA kit (Thermo Fisher Scienti-

fic) according to the manufacturer’s instructions. For competition

assays, nuclear proteins were pre-incubated with excess unlabeled

probes before adding biotin 30 end-labeled probes in band shift

buffer (10 mM Tris-HCl [pH 7.5], 100 mM KCl, 10 mM EDTA,

2.5% glycerol, 50 ng/mL of poly(dI-dC)). For supershift assays,

2 mg of anti-E2F1 antibody (sc-251X; Santa Cruz Biotechnology,

Dallas TX, USA) was added to the reactionmixture and it was incu-

bated for 30 min at room temperature. The binding reaction mix-

tures were separated by electrophoresis on a 4.5% polyacrylamide

gel in 0.53 Tris-borate-EDTA buffer and transferred onto Hybond-

Nþmembranes (Amersham, Stafford, UK). The biotin-labeledDNA

was detected using a Chemiluminescent Nucleic Acid Detection

Module (Thermo Fisher Scientific). Images of uncropped gels are

shown in Figure S9.

Mouse lines
Tbx1tm1Dsr (synonym: Tbx1neo; MGI: 3510038; gifted by Deepak

Srivastava)37 has been used for tissue-specific deletion of Tbx1 in

mice.38 ICR.Cg-Mesp1tm2(cre)Ysa/YsaRbrc (hereafter referred to

as Mesp1-Cre; stock no. RBRC01145, RIKEN)56 and B6.129X1-

Twist2tm1.1(cre)Dor/J (hereafter referred to as Twist2-Cre; stock no.

008712; Jackson Laboratory, Bar Harbor, ME, USA)57 mice have

been described previously. Heterozygous mice (Tbx1loxP/þ)38

were mated with Meox2tm1(cre)Sor (also known as More-Cre mice;

gifted by Michelle Tallquist),58 resulting in the heterozygous

Tbx1 null allele (Tbx1KO/þ).38 Subsequently, Tbx1tm1.1Dsr (syno-

nym: Tbx1null; MGI: 3510040; Tbx1-KO mice; mixed genetic

strain background) were generated in which the gene is knocked

out in all tissues.37,38 Wild-type and Tbx1loxP/þ littermates were

used as controls. All experimental animal procedures were re-

viewed and approved by the Institutional Animal Care and Use

Committee of the Tokyo Medical and Dental University (permit

number 0126215C, February 24, 2016). All experiments and

methods were performed in accordance with relevant guidelines

and regulations.

Micro-computed tomography (micro-CT)
Mineralized tissue formation of Tbx1-KO neonates was assessed

using micro-CT. Images were scanned at a voltage of 100 kV and

30 mA in beam current using an inspeXio SMX-100CT instrument

(Shimadzu, Kyoto, Japan) at a pixel size of 512 3 512 and voxel

size of 0.049 mm/voxel. The results were further analyzed using

a TRI-3D-BON imaging system (Ratoc, Santa Clara, CA, USA). 3D

images were rotated at specific angles to generate sagittal and

bird’s-eye views of the skull base.

Bone staining and histology
For bone staining, Tbx1-KO, Tbx1loxP/KO;Twist2-Cre, and Tbx1loxP/KO;

Mesp1-Creneonateswereharvested and fixed in95%ethanol. Bones

were stained with alizarin red and Alcian blue to detect mineralized

and cartilaginous regions, respectively. For histology, Tbx1-KO and

Tbx1loxP/KO;Mesp1-Cre mouse embryos were harvested and fixed in

4%paraformaldehydeat 4�Covernight. Paraffin-embedded sections

were stained with safranin O/haematoxylin/Fast Green to detect

cartilage.

Cephalometric analysis
Lateral cephalometric radiographs were obtained to record the

cephalometric values in the clinical records for orthodontic diag-

nosis and treatment. Cephalometric values of children with

DGS/VCFS (22q11.2 deletion syndrome;mean age 8.5 years, range

5.8–12.9 years, both sexes) were compared with the values of 41

healthy age- and sex-matched controls, as previously reported.34

The research protocol was approved by the Helsinki University

Hospital (HUS/234/2020 x57, December 22, 2020) and adhered

to the principles outlined in the Declaration of Helsinki. In accor-

dancewith theMedical Research Act (Ministry of Social Affairs and

Health, Finland), ethical approval was not required for the retro-

spective archival cephalometric study. The Register and Privacy

Statement was formulated and approved in accordance with the

European Union (EU) General Data Protection Regulation to

ensure secure data protection.

Statistics
Experiments were performed on at least three independent occa-

sions and the results are presented as the mean 5 standard error

of the mean for n experiments. Data were analyzed using PRISM

software (version 9.0; GraphPad, San Diego, CA, USA) or Microsoft

Excel. Unpaired or paired two-tailed Student’s t tests were used to

compare two groups of independent samples. One-way analysis of

variance (ANOVA) with Dunnett’s post-hoc test was used to

analyze the differences among three or more groups. A two-way

ANOVA with Sidak’s multiple comparison test was performed to

compare the transcriptional activity between genotypes and in
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response to E2F1 overexpression. We used binomial tests to

compare phenotypes across groups where success was defined as

a match in the phenotypes between two pairs, with 50% concor-

dance expected by chance. We compared differences between

Tbx1-KO and wild-type mice to differences between modern hu-

mans and Neanderthals. Similarly, we compared how phenotypes

differed between individuals with DGS/VCFS and unaffected indi-

viduals to differences found between modern humans and Nean-

derthals. The overlapping phenotypes shown in detail in Table S4

are summarized in Table 2. Statistical significance is presented as

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

Prioritization of candidate genes and variants

To identify genes that may be involved in the development

of the skull base in modern humans, we screened putative

positively selected genes thatmaybedifferentially regulated

at the skull base between Homo sapiens and other hominins

using a list of predicted target genes of ancestral alleles that

underwent positive selection on the human lineage,4 a list

of human genes with human-lineage high-frequency

missense changes,3 and a list of mouse genes associated

with ‘‘abnormal basicranium morphologies’’ from the MGI

and PubMed databases (Figure 1A). Thirteen genes (EVC2,

TBX1, DISP1, GLI3, OTX1, SP3, TBX15, BCL11B, DYRK2,

TRPS1,BRD2,HMGXB3, andCSGALNACT1)wereannotated

as candidate genes thatmaybedifferentially regulated at the

skull base between Homo sapiens and other hominins

(Figures 1A and S1A). EVC2, encoding EvC ciliary complex

subunit 2, is associated with Ellis-van Creveld syndrome

(MIM: 225500). EVC2 has two nucleotide changes distin-

guishing modern humans from extinct hominins3 and the

regulatory divergence of EVC2 contributes to the unique

craniofacial morphology of the human lineage.9 Abnormal-

itieshavebeen reported in the frontal regionof the skullbase

of Evc2-KO mice.59 In contrast, Tbx1 was annotated for

abnormalities in the posterior region of the skull base,

includinganabnormal SOS (FigureS1A). For the ancestral al-

leles of the seven SNPs at theTBX1 locus (Table 1), theNean-

derthal and Denisova genomes are homozygous for the

ancestral alleles.4 The derived-to-ancestral genotype substi-

tutions were present in chimpanzees and gorillas, whereas

they were rare (minor allele frequency [MAF] < 0.02) in

modern humans (Tables 1 and S1). These ancestral alleles

in the TBX1 locus were revealed to be more prevalent in

South Asians (MAF ¼ 0.041–0.043) and Japanese (MAF ¼
0.034–0.077) from the 1000 Genomes Project data

(Figures S1B and S1C; Tables S1 and S2). The ENCODE proj-

ect annotates histonemarks at genetic loci.60,61 The introns

of TBX1 were enriched within active histone modification

peaks (H3K27ac; Figure 1B), suggesting that the introns of

TBX1 contain functional enhancers. Strong H3K4me3

enhancer signals that overlapped with H3K27ac peaks

included SNPs rs41298798, rs72646954, and rs80179718

in seven cell lines (Figure 1B). This element also contains en-

hancers in stemcells, as indicated by the enrichment of acti-

vating marks (H3K4me3 and H3K9ac) and the depletion of

H3K9me3 repressive marks (Figure 1B). These data suggest

that the introns of TBX1 contain regulatory elements that

may regulate the expression of genes critical for mesen-

chymal development. Within the region surrounding

rs41298798, rs72646954, and rs80179718, a large portion

of the sequence was not conserved among mammals

(Figure 1B). Algorithms canbeused topredict the functional

consequences of noncoding SNPs (3DSNP43) and to anno-

tate SNPs at a signal (HaploReg42 and RegulomeDB44). To

assess the deleterious effects of SNPs, multi-nucleotide sub-

stitutions, and insertion/deletion variants, the CADD tool

can be used.41 To identify potential causal SNPs within the

TBX1 locus for functional follow up, we performed in silico

analyses of these SNPs using CADD, 3DSNP, RegulomeDB,

and HaploReg. Among these, rs41298798 was ranked as a

promising candidate SNP (Tables 1 and S1). This SNP is asso-

ciated with positive selection4 and is themost recent TBX1-

derived variant based on the framework developed in our

previous work.62 It is predicted to have emerged approxi-

mately 300,000years ago. Basedon these results,we selected

rs41298798 as themost likely causal SNPcontributing toba-

sicranial morphology in Homo sapiens at this locus.

The ancestral allele of rs41298798 causes dysregulated

expression of genes within the 22q11.21 locus

To identify bone-related cells in which rs41298798 has a

relevant regulatory function, we examined the occupancy

of histone marks at the locus in cells annotated in the

ENCODE database. MG63 osteoblast-like cells expressing

TBX138 showed enrichment of activating methylation

marks (H3K4me3) and depletion of repressive marks

(H3K27me3 and H3K9me3) at rs41298798 (Figure 2A).

To determine whether the expression of genes in the

22q11.21 locus was regulated by a regulatory element

present in the TBX1 intron, we generated MG63 cell lines

with homozygous deletions of rs41298798 using CRISPR/

Cas9 with flanking sgRNAs (Figure 2B). The sgRNAs were

transfected into MG63 cells, and three clones with a

bi-allelic 41-bp deletion (D41) were generated from the

screened clones. The sequence of the 41-bp deletion

included rs41298798 and rs1978060 (Figure S2) and puta-

tive TF-binding sites (Figure S3). When we examined the

expression of genes in the 22q11.21 locus, loss of the

41 bp flanking rs41298798 resulted in higher expression

levels of GNB1L, TANGO2, and RANBP1 and lower expres-

sion levels of SEPTIN5, COMT, and DGCR8 compared to

their expression levels in wild-type lines (Figure 2C), indi-

cating that the deleted sequence contains a regulatory

element. No significant differences in TBX1 expression

levels were observed (Figure 2C).

The association between noncoding SNP genotypes and

gene expression levels was assessed using the eQTL

approach.46 To identify the target genes of rs41298798,

we searched all available tissue data for eQTL analysis us-

ing the GTEx project46; however, there were no data for

rs41298798 (Table S1). rs1978060 is located 17 bp 30 of
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rs41298798 (Figure S2) and confers a genetic predisposi-

tion to adolescent idiopathic scoliosis in the East Asian

population.63 The eQTL analysis showed that rs1978060

was associated with the expression levels of TBX1,

GNB1L (MIM: 610778), and RTL10 (MIM: 620751;

Figure S4). To determine whether the effect on TBX1

gene expression was mediated by the rs41298798 geno-

type, we generated isogenic MG63 cell lines with either

derived rs41298798-C/C or ancestral rs41298798-G/G ge-

notypes. Three clones of each genotype (C/C and G/G)

were selected for expansion (Figure 2D). Of note, qPCR

demonstrated a regulatory effect of the genotype at

rs41298798 on GNB1L, TANGO2 (MIM: 616830), RANBP1

(MIM: 601180), SEPTIN5 (MIM: 602724), DGCR8 (MIM:

609030), and COMT (MIM: 116790), with the ancestral

allele driving 59% lower TBX1 expression levels than

the derived allele (Figure 2E; p ¼ 1.613 10�9). The expres-

sion level of the CRKL (MIM: 602007), a potential modi-

fier of cardiac development in 22q11.2 deletion syndrome

and a possible target of noncoding putative regulatory

Figure 1. Ancestral alleles are present in the TBX1 locus
(A) Screening strategy for candidate genes influencing the basicranial morphology of Homo sapiens. We used a list of predicted target
genes of ancestral alleles,4 a list of genes with human-lineage high-frequency missense changes,3 and a list of mouse genes associated
with ‘‘abnormal basicranium morphologies’’ obtained from the Mouse Genome Informatics database and PubMed. The list of mouse
genes can be found in the supplemental methods and Table S5.
(B) SNPs mapped to introns of the TBX1. From top to bottom, the ‘‘100 Vert. Cons’’ track corresponds to sequence conservation across
100 vertebrates, protein-coding genes, epigenetic tracks from the ENCODE database (primary IDs: ENCSR555QHZ, ENCSR196LEI,
ENCSR004AKD, ENCSR006GPM, and ENCSR439EHQ), and ancestral alleles. All ENCODE data are plotted as reads per million (rpm)/
bp for chromatin immunoprecipitation (ChIP)-sequencing performed on a representative sample of each type.
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variants,64 was unaffected (Figure 2E). Chromatin confor-

mation capture experiments showed that the enhancer

region containing rs41298798 physically interacted

with the promoters of genes at the 22q11.21 locus in

H1 mesendoderm cells (Figure S5). The rs41298798-gene

interactions using 3DSNP showed that the TBX1 is

located within three-dimensional (3D) chromatin loops

in multiple cell types (Figure S6; Table S3). These data

show that the deletion of a small region of putative regu-

latory DNA at rs41298798 disrupts the normal regulation

of genes at the 22q11.21 locus, and that rs41298798 acts

as an allele-specific enhancer to modulate the expression

of TBX1.

E2F1 differentially binds the derived vs. ancestral alleles

of rs41298798

Having shown that rs41298798 alters TBX1 expression

levels (Figure 2E), we sought to validate the allele-specific

enhancer activity of rs41298798 on the TBX1 promoter.

We constructed luciferase reporter vectors containing

the TBX1 promoter and inserted nucleotides containing

either the derived rs41298798-C allele or the ancestral

rs41298798-G allele. We then examined the effect of

rs41298798 on TBX1 promoter activity and found that

the presence of the rs41298798 allele did not alter TBX1

promoter activity (Figure 3A). There was no significant dif-

ference between the derived allele (C) and the ancestral

allele (G; Figure 3A). TFs may be responsible for the allele-

specific reporter activity of rs41298798. To test this hypoth-

esis, we searched for TFs that may have differential binding

effects on rs41298798. Using JASPAR 2020 CORE,51 we

identified human E2F1 as a candidate TF that could act on

the derived rs41298798-C allele (Figure 3B). The ancestral

rs41298798-G allele alters a sequence that resembles a

consensus E2F1 bindingmotif (Figure 3B). E2F1 expression

levels were positively correlated with TBX1 expression

levels in samples from the GTEx database (Figure S7).

When we overexpressed E2F1 in MG63 and COS1 cells,

the construct containing the derived allele (C) showed

higher enhancer activity than the TBX1 promoter vector

with the G allele at rs41298798 (Figure 3C), suggesting

that the rs41298798-C allele had enhancer activity against

the TBX1, which was modulated by E2F1. The ancestral

allele (G) significantly reduced E2F1-dependent reporter ac-

tivity compared to the derived allele (C; Figure 3C).

The allele-specific activity of rs41298798 may be attrib-

uted to different binding affinities for E2F1. To experimen-

tally validate the differential binding of E2F1 to the

rs41298798 alleles, we performed EMSAs. Consistent with

the observed differences in transcriptional activity, the

derived andancestral alleles of rs41298798 showeddifferent

DNA-protein complex-binding patterns (Figure 3D). EMSA

showed reduced experimental binding in the presence of

an anti-E2F1 antibody (Figure 3D). These results provide ev-

idence that rs41298798 acts as an allele-specific enhancer to

induce TBX1 transcriptional activity through E2F1, and

they provide an explanation for the association between

rs41298798 and changes in TBX1 expression levels.

Reduced dosage of Tbx1 contributes to the

morphological changes in the posterior skull base and

vertebral column

To investigate the effects of TBX1 that may underlie the

morphological changes in our lineage, we analyzed the

skeletal phenotypes of Tbx1-KO mice to determine

whether Tbx1-KO phenotypes resembled the divergent

phenotypes in our lineage, following an approach pio-

neered by Gokhman et al.9 First, we imaged the skull bases

of neonatal Tbx1-KO mice and their wild-type littermates

using micro-computed tomography. Deletion of Tbx1 in

mice resulted in precocious ossification of the SOS and

fusion of the basisphenoid and basioccipital bones at the

skull base, resulting in a shortened skull base and an ante-

roposteriorly elongated foramen magnum compared to

wild-type littermates (Figure 4A). We also found that

Tbx1-KO neonates had platybasia (flattening of the skull

base) due to inferior displacement of the basioccipital

bone at the foramen magnum (Figure 4A).

At the onset of endochondral ossification, the odontoid

process (dens) of the second cervical vertebra (C2 or axis) is

elongated and projects cranially in the wild-type embryos

(Figure 4B). In Tbx1-KO embryos, the odontoid process was

Table 1. Ancestral alleles at variants within the 22q11.21 locus

SNP Position (GRCh38)

Allele Population genetics Scores

Ref >Alt MAF Derived Ancestral Chimp Gorilla CADD v1.6 3DSNP v2.0 Regulome v2.0.3

rs8137465 chr22:19757834 T > C 0.016 T C C C 2.829 13.34 0.74401

rs72646954 chr22:19761437 T > C 0.019 T C C C 8.179 37.37 0.60906

rs80179718 chr22:19761655 A > G 0.019 A G G G 7.194 30.52 0.60906

rs41298798 chr22:19761985 C > G 0.017 C G G G 14.530 28.11 0.60906

rs41300444 chr22:19771247 A > G 0.016 A G G G 5.668 2.88 0.60906

rs41300472 chr22:19772783 T > C 0.016 T C C C 5.285 11.86 0.60906

rs41297812 chr22:19776072 C > T 0.018 C T T T 1.465 7.20 0.74401

Ancestral alleles at the TBX1 locus4 and in silico analyses are shown. Ref, reference allele; Alt, alternative allele; MAF, minor allele frequency; Chimp, chimpanzee.
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inclined ventrally toward the displaced basioccipital

bones, resulting in a forward-inclined neck (Figures 4B

and 4C). After the premature fusion of SOS,39 mesoderm-

specific Tbx1-KO embryos (Tbx1loxP/KO;Mesp1-Cre) ex-

hibited phenotypes that recapitulated those of Tbx1-KO

embryos (Figure S8A). As previously reported,35,37,38

Tbx1-KO mice were deficient in the anterior arch of C1

(the atlas), lacked the hyoid bone, and had reduced and

fragmented thyroid cartilage (Figure 4C). The lower verti-

cal odontoid process of C2 and the absence of the anterior

arch of C1 reduced the sagittal space of the oropharynx

and hypopharynx in Tbx1-KO embryos (Figure 4B). In

the developing vertebral column, segmental expression

of Tbx1 begins on embryonic day (E) 9.5, and Tbx1 local-

izes to each sclerotome at E12.5.66 Tbx1-KO mice have

shortened necks.35 Therefore, we examined the vertebral

column of Tbx1-KOmice. Consistently, Tbx1-KO neonates

showed hypoplasia of the cervical vertebrae (Figures 4C

and 4D). The dorsal heights and widths of the ossified le-

sions of the cervical vertebrae were significantly reduced,

and the C2 angle was flattened in Tbx1-KO mice (Figures

4C and 4D). In the lumbar vertebrae, the ossification cen-

ters of the vertebral bodies were also flattened in Tbx1-KO

(Figure 4E) and osteochondroprogenitor-specific Tbx1-KO

(Tbx1loxP/KO;Twist2-Cre) neonates (Figure S8B). In the

long bones of the forelimb and hindlimb, Tbx1-KO and

Figure 2. The ancestral allele at rs41298798 causes aberrant expression of genes at the 22q11.21 locus
(A) Epigenetic tracks obtained from the ENCODE database (primary IDs: ENCSR804JFU, ENCSR579SNM, ENCSR380ORO, and
ENCSR744EKG). MG63 cells showed enrichment of activating methylation marks (H3K4me3 and H3K36me3) and depletion of repres-
sive marks (H3K27me3 and H3K9me3) at rs41298798.
(B) Generation of cell lines with 41-bp deletion at rs41298798 regulatory region. The MG63 cell line was edited to generate three homo-
zygous clones for the control and bi-allelic 41-bp deletion (D41/D41), with two single-guide RNAs flanking rs41298798.
(C) MG63 cells with the D41 deletion showed dysregulated expression levels of genes at the 22q11.21 locus. The results were normalized
to GAPDH levels (n ¼ 3 per genotype; the results are presented as mean 5 SEM; **p < 0.01; ***p < 0.001; NS, not significant; Student’s
t test).
(D) Generation of edited MG63 cells at rs41298798. The MG63 cell line was edited to generate three homozygous clones for both the
derived allele rs41298798-C and the ancestral allele rs41298798-G. ssODN, single-stranded oligodeoxynucleotide.
(E) The 3D Interaction Viewer (3DIV) with the hg38 genome assembly showing the genomic context of chromosome 22q11.21 (top).
The rs41298798-G/GMG63 cells show reduced expression of TBX1 compared to the C/C isogenic control (bottom). The results for each
sample were normalized to itsGAPDH content (n¼ 3 per genotype; the results are presented as mean5 SEM; *p% 0.05; **p% 0.01; ****p
% 0.0001; NS, not significant; Student’s t test).
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Tbx1loxP/KO;Mesp1-Cre neonates showed approximately a

15% reduction in the length of the ossified shaft at the

ulna and tibia (Figures 4F and S8C). These results indicate

that a reduced dosage of Tbx1 leads to specific changes in

the skeletal morphology of mice.

Neanderthals exhibited skeletal phenotypes

reminiscent of TBX1 deficiency

TBX1 expression was downregulated by the ancestral allele

compared to the derived allele (Figure 2E). The effect of

rs41298798 on TBX1 promoter activity showed a signifi-

cant allelic difference when co-transfected with E2F1

(Figure 3C). Therefore, we hypothesized that phenotypes

similar to those driven by TBX1 dosage may also exist be-

tween Homo sapiens and extinct hominins. To investigate

whether extinct hominins may have TBX1-deficient-like

phenotypes, we collected information on divergent phe-

notypes in the skull base and vertebral column of Neander-

thals (Tables 2 and S4). We tested whether each known

phenotypic difference was present in Tbx1-KO mice (Ta-

bles 2 and S4). We found that 7 out of 7 phenotypes

showed the same directionality between wild-type and

Tbx1-KO mice as they do between modern humans and

Neanderthals (100% compared with 50% expected by

chance, p ¼ 7.8 3 10�3, binomial test; Figure 5A). In other

words, Tbx1-KO mouse phenotypes differ from modern

human phenotypes in the skull base and vertebral column

and mirror ancestral states. These results suggest that the

degree of phenotypic change in the skull base and verte-

brae is TBX1-expression dependent.

Humans with DGS/VCFS have skeletal and cranial

anomalies, including a shortened posterior skull base

length, platybasia, and dysmorphic vertebrae (Tables 2

and S4). While DGS/VCFS results from a de novo heterozy-

gous deletion of chromosome 22q11.2 or loss-of-function

mutations in the TBX1 coding region,26–29 an ancestral

allele of rs41298798 may replicate some of the effects of

TBX1 haploinsufficiency by reducing TBX1 expression.

To investigate the association between TBX1 downregula-

tion and the corresponding skull base and vertebral pheno-

types in modern humans versus Neanderthals, we tested

whether TBX1 haploinsufficiency phenotypes resemble

Figure 3. The ancestral allele at rs41298798 alters an E2F1-binding site and reduces E2F1 responsiveness
(A) The relative luciferase activity of constructs containing the rs41298798-C or rs41298798-G allele in MG63 and COS1 cells (n ¼ 6).
The results are presented as mean 5 SEM; NS, not significant; one-way ANOVA.
(B) The sequence surrounding rs41298798 resembles a consensus E2F1-binding motif (JASPAR ID: MA0024.2). The derived rs41298798-
C to the ancestral rs41298798-G within the predicted E2F1 binding motif. The ancestral allele is conserved in apes.
(C) Effect of E2F1 overexpression on allele-specific enhancer activity of rs41298798 toward TBX1. The rs41298798-C or rs41298798-G
alleles were cloned downstream of TBX1-promoter-driven luciferase constructs, and luciferase reporter assays were performed following
transient transfection of MG63 or COS1 cells (n ¼ 6; the results are presented as mean5 SEM; *p % 0.05; ***p % 0.001; ****p % 0.0001;
two-way analysis of variance [ANOVA]).
(D) Electrophoretic mobility shift assays (EMSAs) with biotin-labelled probes containing rs41298798-C or rs41298798-G alleles in E2F1-
transfected COS1 cells. (Left) The competitor represents 200-fold excess amounts of an unlabelled probe compared with the biotin-
labelled probe. (Right) EMSA using an anti-E2F1 antibody (Ab). Black arrows, allele-specific bands that interact with nuclear proteins.
Uncropped images are shown in Figure S9.
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Figure 4. Key skeletal phenotypes observed in Tbx1-KO mice
(A) Skulls from wild-type and Tbx1-KO neonates were subjected to micro-computed tomography and are shown as one sagittal plane
through the skull base (i–iv) at low (i and ii) and high (iii and iv) magnification and by bird’s-eye view (v and vi). The spheno-occipital
synchondrosis (SOS) is depicted as the space between the basisphenoid (bs) and basioccipital (bo) bones in wild-type mice (i, iii, and v).
Note that the fusion of adjacent bones (bs and bo) in Tbx1-KOmice (vi) reduces the anteroposterior length of the posterior region of the
skull base (red bracket) and elongates the foramen magnum (fm) anteroposteriorly. Tbx1-KO mice have a cleft palate65 (red arrow in vi).
(B) Sagittal sections of E14.5 wild-type (i and iii) and Tbx1-KO (ii and iv) embryos were stained with safranin O/haematoxylin/Fast Green
and observed at low (i and ii) and high (iii and iv) magnification. Ar, the anterior arch of C1. Note that the C2 odontoid process (asterisk)
is tilted ventrally toward the malformed skull base in Tbx1-KO embryos (iv). Abnormal intraoral epithelial adhesion is observed between
the posterior domain of the Tbx1-KO palate and the oropharynx65 (ii). rp, Rathke’s pouch; hb, hyoid bone; tc, thyroid cartilage; cc,
cricoid cartilage; tn, tongue; op, oropharynx. Scale bars: 0.4 mm.
(C) Alizarin red and Alcian blue staining of bones of the lateral view of the cervical vertebrae (C1–C7) of wild-type and Tbx1-KOmice. In
Tbx1-KO neonates, the cervical vertebrae are hypoplastic, the anterior arch of C1 (ar) is missing, the body of the hyoid bone (hb) is ab-
sent, and the thyroid cartilages (tc) are hypoplastic. Diagrams of the vertebrae with the landmarks for themeasured parameters in (D) are
also shown.
(D) Measurements of vertebrae from wild-type and Tbx1-KO mice (n ¼ 4 for each genotype; the results are presented as mean 5 SEM;
*p < 0.05; **p < 0.01; Student’s t test).
(E) Ventral view of lumbar vertebrae (L1–L3) from wild-type and Tbx1-KO neonates. vb, vertebral body.
(F) Staining of bones of the forelimbs and hindlimbs of wild-type and Tbx1-KO neonates. Brackets indicate the ossified shaft of the ulna
(u) and tibia (t). s, scapula; hu, humerus; r, radius; fe, femur; fi, fibula.
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phenotypes that differ among hominins. Individuals with

DGS/VCFS exhibit a shortened skull base.34 We compared

the cephalometric data of individuals with DGS/VCFS and

controls, focusing on the longitudinal diameter of the fora-

menmagnum (Figure S10). The average longitudinal diam-

eter was 18.35 7.7mm in the controls and 23.35 7.0mm

in the individuals with DGS/VCFS (n ¼ 41 for each group;

mean 5 standard deviation; paired Student’s t test,

p < 0.0001). This result indicates that the foramen mag-

num is anteroposteriorly elongated in individuals with

DGS/VCFS (Table 2). We found that 9 out of 9 DGS/VCFS

phenotypes (100%) match the directionality of the evolu-

tionary contrasts discussed above, compared to 50% ex-

pected by chance (p ¼ 2.0 3 10�3, binomial test;

Figure 5B). Notably, the key phenotypes that are often

used to describe differences in skeletal phenotypes be-

tween modern humans and Neanderthals were observed

in individuals with DGS/VCFS as well as in Tbx1-KO

mice (Tables 2 and S4). These results suggest that the skel-

etal phenotypic manifestation is TBX1-expression depen-

dent and is consistent between Neanderthals and individ-

uals with TBX1 haploinsufficiency where TBX1 expression

is predicted to be lower than in healthy humans. As de-

picted in our model (Figure 5C), our findings suggest the

association between the functional SNP rs41298798 and

the basicranial morphology of humans. Moreover, our re-

sults suggest that the mechanism by which this SNP con-

trols TBX1 expression may have contributed to the evolu-

tion of the human skull base and vertebral column.

Discussion

The majority of Neanderthal alleles are not highly adaptive,

resulting in low frequencies (<2%) inmodern humans.67 To

dissect ancestral alleles, the identification of the target genes

of actual causal variants and their potential network is crit-

ical. Here, we showed that a regulatory component located

in an intron of TBX1 and encompassing rs41298798 affects

the expression of multiple genes associated with 22q11.2

deletion syndrome, including TBX1. Of note, the ancestral

allele of rs41298798 drives a decrease in TBX1 expression

levels of approximately 59% compared to the expression

levels of the derived allele. The effect of the ancestral

allele may have been significant because TBX1 haploinsuffi-

ciency induces DGS/VCFS.26–29 We demonstrated that an

intronic SNP, rs41298798, acts as an allele-specific enhancer

to induce TBX1 transcriptional activity mediated by E2F1.

E2F1 binding at rs41298798 increases transcriptional activa-

tion of the TBX1 promoter, revealing that the derived

rs41298798-C allele has higher transcriptional activity

than the ancestral rs41298798-G allele. E2F1 is a critical

TF that recruits the RNA polymerase II cofactor to

mediate enhancer-promoter interactions that affect gene

Table 2. The skull base and vertebral phenotypes in Neanderthals and individuals with DGS/VCFS compared to modern humans, and the
phenotypes that differ between Tbx1-KO and wild-type mice

Humans Newborn mice

Modern DGS/VCFS Neanderthals Tbx1-KO Wild-type

TBX1, Tbx1 gene dosage 100% 50% N/A 0% 100%

gene expression 100% predicted to be lower predicted to be lower 0% 100%

Skull base and vertebral morphology

Skull base platybasia control þ þ þ (this study) control

shorter length of posterior skull base control þ þ þ control

elongated foramen magnum control þ (this study) þ þ (this study) control

basilar impression control þ N/A N/A control

Vertebral column hypoplastic or anomalous atlas (C1) control þ þ þ control

dysmorphic axis (C2) control þ þ þ control

fusion of C1–C2 control þ þ N/A control

fusion of C2–C3 control þ þ N/A control

lower dorsal height of the C2–C7 control þ þ þ (this study) control

platyspondyly (cervical and thoracic) control þ þ þ (this study) control

Other traits

Limb distal shortening of limbs control N/A þ þ (this study) control

Neck short neck control þ þ þ control

Height short stature control þ þ þ control

‘‘þ’’ represents the present phenotype. N/A, not available. Full details are presented in Table S4.
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expression.68,69 Thus, E2F1 may act as a mediator of allele-

specific enhancer activity through rs41298798, thereby

strengthening enhancer-promoter interactions and control-

ling TBX1 expression. In addition to its effect on TBX1, the

allelic variation at rs41298798 induces the dysregulation of

genes located within the 22q11.21 locus. These genes may

collectively exert a synergistic influence on the phenotype.

Further studies are needed to determine how the regulatory

elements in TBX1 introns mediate gene expression at

22q11.21. Interestingly, the ancestral alleles in the TBX1 lo-

cus are more prevalent in South Asians and Japanese, which

is consistent with previous reports indicating that Neander-

thals share more ancestral alleles with East Asians than with

Europeans.70–72 These findings may reflect additional inter-

breeding in the ancestors of East Asians.73

It has long been unclear whether the various cranial fea-

tures of modern humans have evolved in response to

separate selective pressures or whether they are the result

of inherent morphological integration of the skull.21

To investigate whether changes in TBX1 expression

contribute to the morphological changes in basicranial

morphology, we compared skeletal phenotypes, focusing

on the skull base and vertebrae. Tbx1-KO mice show skull

base phenotypes similar to the divergent phenotypes of

modern humans and Neanderthals. Individuals with

DGS/VCFS also exhibit phenotypes that can help infer

the effect of ancestral alleles. Thus, TBX1 haploinsuffi-

ciency phenotypes suggest that TBX1 upregulation may

have been involved in morphological changes in the skull

base during human evolution. The increased length of the

skull base is mainly driven by SOS.22 Precocious ossifica-

tion and/or malformation of the SOS causes the fusion

of the basisphenoid and basioccipital bones and subse-

quent malformations leading to a shortened posterior re-

gion of the skull base and platybasia, which in turn causes

an anteroposteriorly elongated foramen magnum and cer-

vical malposition. In other words, the TBX1 dosage affects

the length, morphology, and angle of the skull base and

induces subsequent changes in the C2 odontoid process.

Tbx1-KO mice are deficient in the anterior arch of C1

and exhibit hypomorphic vertebrae. These phenotypes

may play a role in the loss of the forwardly inclined

neck in the Homo sapiens lineage, because species with

vertically oriented odontoid processes can position the

head perpendicular to the neck, allowing the weight of

the head to be better supported by the vertebral col-

umn.74 They may also go hand-in-hand with modified

brain ontogeny, allowing specific brain regions to

expand.75 The study of cartilage in extinct Homo lineages

remains challenging76; however, our results raise the pos-

sibility that TBX1 upregulation in Homo sapiens may be

associated with changes in ancestral traits and/or disease

susceptibilities. It is important to note that the clinical

features of DGS/VCFS are highly variable, even among

individuals with identical deletions,77 suggesting that ge-

netic background, unusual modes of inheritance, and/or

environmental risk factors may affect the presentation

of the phenotype.

Figure 5. Phenotypic differences associated with TBX1 deficiency are observed between modern humans (Homo sapiens) and Nean-
derthals (Homo neanderthalensis)
(A) The number of the skull base and vertebral phenotypes that are similar between modern humans and Neanderthals and between
wild-type and Tbx1-KO mice (Table 2). Two-sided binomial test p values are shown. Phenotypic differences in wild-type versus Tbx1-
KO mice mirror the phenotypic differences in modern humans versus Neanderthals.
(B) The number of identical skull base and vertebral phenotypes between modern humans and Neanderthals and between healthy and
DGS/VCFS individuals (Table 2). Two-sided binomial test p values are shown. Phenotypic differences between healthy individuals and
those with DGS/VCFS mirror the phenotypic differences between modern humans and Neanderthals.
(C) Summary of the enhancer activity of rs41298798 with a proposed model for the basicranial morphology found in Homo sapiens. A
model of the rs41298798-dependent expression of TBX1 in a coordinator motif bound with E2F1.
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In conclusion, our research suggests that regulatory

divergence within the TBX1 locus plays an essential role

in shaping the distinctive posterior skull base and vertebral

structures found in Homo sapiens. Further identification of

causal variants, coupled with the exploration of their

target gene networks, may provide insights into the evolu-

tionary mechanisms responsible for the characteristic

morphology of Homo sapiens.
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