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6Catalan Institute for Research and Advanced Studies (ICREA)10

*Contributed equally11

**Correspondence: cedric.boeckx@ub.edu12

Abstract13

The inquiry into the phenotypic features that set apart human species, such as a light,14

gracile skeleton and a rounded skull characteristic of Homo sapiens, can now benefit from15

the examination of ancient genomes. These have added a new layer of analysis allowing the16

identification of genetic differences between species like ours and our closest extinct relatives.17

Most of these genetic differences are non-coding changes with unknown functional consequences,18

and dissecting their putative regulatory effect remains challenging. Here we focus on the three19

prime untranslated regions (3′UTR), known to play a critical role in messenger RNA regulation20

and a plausible locus for divergent regulation between Homo species. We report a set of genes21

with derived 3′UTR changes in either the Homo sapiens or the Neanderthal/Denisovan lineages22

and experimentally evaluate the impact of 3′UTR variants in four genes: E2F6, GLI3, RUNX223

and SOST. We performed a luciferase reporter assay in a bone cell-line model and found a24

statistically significant difference for the 3′UTR variants of SOST (Homo sapiens-derived)25

and RUNX2 (Neanderthal/Denisovan-derived). The differential expression caused by these26

variants in our experimental model points to species differences in bone mineral density. Thus,27

this study adds insights into the functional effects of regulatory variants that emerged in recent28

human evolution.29

1 Introduction30

Among the features that distinguish Homo sapiens relative to extinct species of humans, such31

as Neanderthals, is a lighter bone structure. Neanderthals are known to have an overall higher32

bone density, probably coupled with higher muscle mass relative to Homo sapiens [1]. Different33

developmental trajectories [2] lead to clear differences in structures like the lower thorax [3], the34
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lumbo-pelvic complex [3, 4], and in general give rise to relatively large limb length and a shorter35

stature [5].36

While these morphological changes are linked to genetic variation, the underlying biological37

processes that drove the skeletal morphology of Neanderthals to a more robust shape are currently38

unknown. Owing to the appearance of the first high-quality Neanderthal/Denisovan genomes [6–8],39

the conventional approach based on the identification of missense changes can now be extended to40

the study of non-coding variants. Thus, efforts are needed to characterize the impact of non-coding41

variation at different layers of regulation and to infer the resulting phenotypic differences. Indeed,42

studies on human ancient genomes over the past decade have revealed that only a minor fraction43

(less than one hundred) of the genetic variants are fixed missense changes [9, 10].44

Several lines of research have focused on single-nucleotide variants (SNVs) altering transcription45

factor binding sites [11–13], introgressed extinct human variants, deserts of introgression and pos-46

itively selected regions that may underlie differential gene expression regulation in Homo sapiens47

when compared to the Neanderthal/Denisovan lineage (reviewed in [14]). The paleogenomic data48

have also been fruitfully exploited to identify ancient methylation maps. After pioneering work49

on the inference of epigenetic signals from ancient DNA [15–17], larger scale comparative analyses50

have allowed: i) the identification of differentially methylated regions predicted to impart regulation51

on certain anatomical structures, being the larynx and the protrusion of the face the more salient52

features assigned to the Homo sapiens lineage [18, 19], and ii) even the attempt to reconstruct the53

general skeletal anatomy of the Denisovans [20]. Precisely, the morphological features that char-54

acterize the modern human face—smaller brow ridges and nasal projections, reduced prognathism55

[21]—are thought to have emerged from a mild neurocristopathy underlying a ‘self-domestication’56

process that led, as it is hypothesized, to unique aspects of Homo sapiens cognition and behavior57

[22].58

To date, the experimental elucidation of the impact of all non-coding mutations that distinguish59

our species from our closest extinct relatives seems insurmountable. Substantial progress has been60

achieved through massive parallel reporter assays on specific cell-lines in the search of Homo sapiens-61

specific regulatory region activities [14, 23]. Here, we restrict our scope to a set of regulatory variants62

and to a bone cell-line model. On the one hand, bone cell-lines (e.g. osteoblasts) have been a useful63

model to inquire the evolutionary divergence in gene regulation and to infer its predicted effect on64

the evolution of anatomical structures (e.g. [17, 23]). On the other hand, the regulatory variants65

subject to scrutiny in this study belong to the 3′UTRs. These non-coding regions, located after66

the stop codon of messenger RNAs, are a site of regulation of protein expression and localization,67

containing binding sites for regulatory molecules such as microRNAs [24]. Evidence gathered from68

high-throughput sequencing studies converge on the study of 3′UTRs as a promising direction to69

investigate the molecular causes of disorders with developmental origin [24]. With a focus on recent70

human evolution, a miRNA containing a Homo sapiens-derived allele has been reported to underlie71

the differential regulation of two teeth formation-related genes in a reporter expression construct72

assay [25].73

In the present study, we make use of paleogenomic data to identify genes whose 3′UTR acquired74

derived mutations in the Homo sapiens lineage respect to the Neanderthals/Denisovans (where the75

ancestral allelic version is found), and vice versa. An enrichment analysis reflects a diversity of gene76

ontology category terms, among which we find some related to anatomical features (limb develop-77

ment), dendritic spines or Wnt signaling pathway specifically for genes with Homo sapiens-derived78

changes. We selected four genes to experimentally test the impact of the 3′UTR species-specific79

variants: Three of them, GLI3, RUNX2 and SOST, directly implicated in skeletal development,80

2

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 22, 2021. ; https://doi.org/10.1101/2021.04.21.440797doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.21.440797
http://creativecommons.org/licenses/by-nc-nd/4.0/


and E2F6, a gene with comparatively lesser studied role in bone formation but whose 3′UTR over-81

laps with a putative positively-selected region [26]. We performed a luciferase reporter assay and82

found statistically significant differences for the 3′UTR regulatory variants of SOST and RUNX2.83

Particularly, we observed a downregulation of SOST and an upregulation of RUNX2 caused by the84

Neanderthal/Denisovan non-coding variants, pointing to species-specific differences in bone min-85

eral density (BMD) as the result of the differential expression of these two anabolic bone regulatory86

proteins.87

2 Results88

We processed a catalog of high-frequency SNVs distinguishing Homo sapiens and the Neanderthals89

and the Denisovans (from [10]) and integrated it with 3′UTR annotations from the Ensembl human90

assembly GRCh37 [27]. Out of the total 17268 genes with annotated 3′UTRs, 890 genes possess91

3′UTRs with derived changes in our species, among which 64% (573 genes) have 3′UTR that did92

not accumulate derived changes in the homolog regions in the Neanderthal/Denisovan lineage.93

Complementarily, 2407 genes have Neanderthal/Denisovan-derived 3′UTR SNVs (87%, 2100 genes,94

with 3′UTRs depleted of Homo sapiens-derived changes). The complete catalog of genes with95

species-specific 3′UTR SNVs can be found in Supplementary Table 1. Enrichment analyses via96

the gprofiler2 R package [28] were performed to functionally evaluate the genes carrying species-97

specific changes in their 3′UTRs. General GO terms appear for terms shared between the datasets98

containing the genes with derived changes in either our species or the Neanderthals/Denisovans (89099

and 2407 genes, respectively), among which we find the cerebral cortex, caudate and cerebellum100

structures (see Suppl. Table 1). It is noteworthy here that evidence from endocast landmark101

studies hints at differences in the morphology of the neurocranium of Neanderthals relative to102

extant humans, remarkably in the size and growth of the cerebellum and parietal regions (with a103

more elongated base of the neurocranium in the former species) [29–31]. Exclusive terms assigned104

to the Homo sapiens lineage are limb development (where differences between Homo species have105

been reported [5]), Wnt-signaling pathway (in relation to bone, particularly overrepresented in106

association studies of BMD [32, 33]), dendritic spine development, vesicle-mediated transport in107

synapse, along with several microRNAs and transcription factors (see Figure 1 and Suppl. Table108

1). Assessing genes exclusively assigned to the Homo sapiens lineage (573 genes), however, returns109

few, unspecific GO terms.110

Next, we selected four candidate genes for experimental testing in a bone cell-line model (Saos-111

2 osteosarcoma cell-line). Among the genes with derived changes in only one of the two human112

lineages, we found three well-studied genes implicated in bone formation and homeostasis with pro-113

nounced phenotypic effects when altered: GLI3, critically involved in limb development and whose114

mutations have been identified in patients with polydactyly and macrocephaly [34]; RUNX2, a key115

transcription factor regulating osteoblast and chondrocyte differentiation, mutated in patients with116

cleidocranial dysplasia [35]; and SOST, an inhibitor of the canonical Wnt pathway that inhibits117

bone formation and that has been linked to sclerosteosis, van Buchem disease and craniodiaphy-118

seal dysplasia [36, 37]. In addition, we also decided to evaluate the 3′UTR Homo sapiens-derived119

change of E2F6, a gene with little studied roles in skeletal development [38, 39], but whose 3′UTR120

overlaps a putative positively-selected region [26] and that also accumulated changes in the Nean-121

derthal/Denisovan lineage. The Homo sapiens-derived change of GLI3 also falls within a putative122

positively-selected region [26] (see Table 1 for a summary).123

We performed a luciferase assay to functionally assess the impact of the species-specific 3′UTR124
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variants of the four genes presented above. Vectors carrying the Homo sapiens allele and the125

counterpart Neanderthal/Denisovan allele for each gene were compared on the basis of the ratio of126

Photinus pyrali and Renilla reniformis luciferase activities (see Figure 2). A statistically significant127

result was found when analyzing the SOST (p = 0.0019; Wilcoxon rank sum test) and RUNX2128

(p = 0.0189; Wilcoxon rank sum test) 3′UTR variant effects. The rest of comparisons (for E2F6129

and GLI3 ) did not pass the statistical threshold set at p < 0.05. Thus, both a Homo sapiens-130

derived and a Neanderthal/Denisovan-derived 3′UTR SNV cause a differential regulation in SOST131

and RUNX2 transcripts, respectively, in a bone cell-line model.132

3 Discussion133

Inquiry into the ‘human condition’ is now being illuminated with the retrieval and analyses of134

ancient DNA material [9]. In this work, we investigated the role of Homo-specific genetic variants135

on transcript regulation. We selected four candidate genes known to affect skeletal and craniofacial136

phenotypes and whose 3′UTRs harbor derived variants in either the Homo sapiens lineage (E2F6,137

GLI3 and SOST ) or the Neanderthal/Denisovan lineage (RUNX2 ). The regulatory impact of each138

variant was assessed with a luciferase reporter assay in a bone cell-line model. We found that the139

SOST and RUNX2 3′UTR species-specific variants cause a differential regulation in the reporter140

expression assay, while no effect was detected for E2F6 and GLI3 3′UTR variants.141

The two Neanderthal/Denisovan 3′UTR variants identified affecting reporter expression above142

the threshold of statistical significance present distinct directional changes: A downregulation of143

SOST and an upregulation of RUNX2 transcriptional activities. The assessment of the impact144

of these regulatory variants on recent human evolution is illuminated by the clinical conditions145

associated to the malfunction of the relevant genes. SOST acts as an inhibitor of the Wnt pathway146

that affects bone formation [40, 41] and, clinically, its deficiency has been associated with rare147

autosomal recessive bone dysplasias: Sclerosteosis, linked to loss-of-function mutations in sclerostin148

(encoded by SOST ), and van Buchen disease, caused by a deletion of a region 35 kilobases down-149

stream of SOST affecting a regulatory element [36]. It has also been reported in patients with150

craniodiaphyseal dysplasia carrying mutations in the secretion peptide of sclerostin [37]. Patients151

with these diseases show excessive bone mass with specific facial morphologies, most prominently,152

forehead bossing and mandibular overgrowth [36]. Pronounced differences in bone density are ob-153

served when craniofacial features between Homo sapiens and Neanderthals are compared, with the154

former comparatively possessing reduced brow ridges, nasal projection and prognathism [21].155

Of note, the SOST ancestral variant studied here has previously been found in five cases from156

a cohort of postmenopausal women with extreme values of BMD, four times in the high bone157

mass subgroup and one in the low bone mass subgroup in [42], as well as in a woman with high158

BMD in [43]. In accordance with these reports, we observed in an exploratory analysis that the159

mean value of BMD found in 30 individuals from a cohort of postmenopausal women (BARCOS160

cohort; [42]) carrying the heterozygous mutation rs17886183 is higher than in those carrying the161

reference allele (0.889 vs 0.850 g/cm2). The significance of this result will have to be determined162

in larger sample sizes because of the low frequency of this variant. Still, the directional change163

caused by the Neanderthal/Denisovan 3′UTR variant studied here is in agreement with the expected164

morphological effects (higher BMD) derived from lower levels of the SOST protein.165

Turning to RUNX2, the gene is a critical regulator of skeletal development promoting osteoblast166

differentiation and chondrocyte maturation [44]. Loss-of-function mutations in the gene have been167

found in patients with cleidocranial dysplasia, an autosomal dominant disorder clinically character-168
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ized by short stature, incomplete and delayed closure of fontanelles, frontal bossing, hypoplasia of169

clavicles or bell shaped thorax [35]. As previously highlighted by [45, 46], some of the anatomical170

structures affected by RUNX2 dysfunction are known to differ between our species and the Nean-171

derthals: the closure of fontanelles may be delayed in Homo sapiens in light of the globularization172

phase that takes place after birth and only attributed to our species [30, 47–49], or the wider lower173

thorax in a characteristically bell shape present in the Neanderthals [2].174

In the case of RUNX2, inferences about the phenotypic consequences of the differential protein175

dosage as the one observed in our experimental setting are more limited, given that studies in mice176

have shown that Runx2 knockout mice completely lack ossification [50, 51], and Runx2 overexpres-177

sion causes an osteopenic phenotype [52]. Nevertheless, two association studies have reported a178

SNV (rs7771980) in one of the two promoters of RUNX2, where the nucleotide version present at179

high frequency in modern human populations is linked to lower BMD ([53, 54]; the homozygous180

rare version was reported to be associated with lower BMD in [55]). In addition, the promoter181

carrying this SNV derived in Homo sapiens (and other polymorphisms in linkage disequilibrium)182

shows lower activity than the counterpart carrying the alternative alleles on a reporter assay in183

a osteoblast-like rat cell-line [53]. In consonance with these findings, the Homo sapiens-derived184

3′UTR tested in this study also causes lower RUNX2 transcriptional activity.185

In summary, the results obtained under this experimental model demonstrate Homo divergent186

regulation where the Neanderthal/Denisovan noncoding variants increase RUNX2 and decrease187

SOST expression levels, underscoring the importance of 3′UTR variants as likely contributors to188

the phenotypic differences in bone mineral density between our species and our closest extinct189

relatives.190

4 Methods191

4.1 3′UTRs with species-specific changes192

A dataset containing a catalog of SNVs derived in the AMH lineage at fixed or nearly fixed frequency193

-where the Neanderthals and the Denisovans carry the ancestral allele-, as well as alleles derived194

in the Neanderthal/Denisovan lineage [10], was processed and integrated with the Ensembl human195

assembly GRCh37 [27] to identify genes with: 1. 3′UTRs that contain derived SNVs in either196

the modern lineage or the Neanderthal/Denisovan lineage; 2. 3′UTRs that accumulated derived197

changes exclusively either in the modern human lineage or in the Neanderthal/Denisovan lineage.198

For Table 1: Coordinates of putative positively-selected regions for the intersection with 3′UTR199

variants were retrieved from [26]. Likewise, microRNAs-SNP predictions were retrieved via [56].200

Enrichment analysis. Genes with species-specific changes in their 3′UTRs were used for func-201

tional enrichment analysis using the gProfiler2 R package [28], using the hypergeometric test with202

multiple comparison correction (method ‘gSCS’) and significance threshold set at p < 0.05.203

4.2 Luciferase assay204

Cell culture. The human osteosarcoma cell-line Saos-2 was used for luciferase reporter assays.205

It was obtained from the American Type Culture Collection (ATCC® HTB-85™) and grown in206

Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich), supplemented with 10% Fetal Bovine207

Serum (FBS; Gibco, Life Technologies) and 1% penicillin/streptomycin (p/s; Gibco, Life Technolo-208

gies), at 37ºC and 5% of CO2.209
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Luciferase reporter constructs and site-directed mutagenesis. Fragments (around 400210

bp in length) of the SOST, E2F6, RUNX2 and GLI3 3′UTRs containing the SNPs rs17886183,211

rs148715349, rs144321470 and rs188598788, respectively, in a central position, were cloned (in each212

of the two allele versions) into the pmirGLO Dual-Luciferase miRNA target expression vector213

(Promega). Constructs were cloned using the XhoI and SdaI restriction sites. All primers used are214

detailed in Suppl. Table 1. In all cases, the presence of point mutations and absence of errors were215

verified through Sanger sequencing.216

Reporter assay. 1.1x105 Saos-2 cells per well were cultured in 12-well plates, 24h before the217

transfection. We transfected at a 1:1 ratio, the pGFP vector and a vector containing either the218

empty pmirGLO or the SOST -3′UTR, E2F6 -3′UTR, RUNX2 -3′UTR or GLI3 -3′UTR fragments219

(with either the Homo sapiens or the Neaderthal/Denisovan variants). Fugene HD was used follow-220

ing the manufacturer’s instructions. Forty-eight hours after transfection, cells were lysed and the221

luciferase activities of Photinus pyralis and Renilla reniformis were measured using a GloMax®-222

Multi luminometer (Promega), following the instructions of the Dual-luciferase reporter assay sys-223

tem (Promega). Each allelic variant was tested in triplicate and each experiment was repeated224

three times. Mean values for each variant (n = 9; normalized respect to empty vector) were used225

for statistical comparisons.226

Statistics. Statistical significance for luciferase activity differences was evaluated applying the227

Wilcoxon rank sum test for each independent allelic comparison. Results were considered significant228

if p < 0.05.229

SOST 3′UTR SNP genotyping. The SOST 3′UTR SNP (rs17886183) modifies the restriction230

enzyme sequence of NlaIII. We took advantage of it to genotype this SNP in 777 women of the231

postmenopausal BARCOS cohort [42]. For digestion with NlaIII, the PCR fragment was amplified232

with the primers detailed in Supplementary Table 1 and purified in MultiScreen TM Vacuum233

Manifold 96-well plates (Merck Millipore). The purified PCR fragment was incubated with either234

the enzyme NlaIII or water (negative control) for 4 h at 37 °C. Then we inactivated the enzyme235

by heating in the dry bath (65ºC, 20 minutes). The digested samples were run on a 2% agarose236

gel (80V, 1 hour). 10% of the samples were sequenced by the Sanger method (CCiTUB genomic237

service, Parc Cientific, Barcelona, Spain) for genotyping quality control, and they showed 100%238

concordance. The tagging kit used is BigDye™ Terminator v3.1 Cycle Sequencing Kit, detection239

and electrophoresis were performed on automated capillary sequencer models 3730 Genetic Analyzer240

and 3730xl Genetic Analyzer. The dataset with BMD values and genotype from the BARCOS241

cohort can be found at https://github.com/jjaa-mp/3utr_humanevolution.242

Data and material availability243

Datasets generated in this manuscript and code used for the analysis and generation of figures244

are made available through Supplementary Table 1 and at https://github.com/jjaa-mp/3utr_245

humanevolution.246
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[2] D. Garćıa-Mart́ınez, et al., “Early development of the Neanderthal ribcage reveals a different268

body shape at birth compared to modern humans,” Science Advances, vol. 6, p. eabb4377,269

Oct. 2020.270
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Figure 1: Exclusive GO terms assigned to genes with Homo sapiens-derived SNVs in their 3′UTRs.
GO terms were filtered to select only those that are assigned to genes with Homo sapiens-derived 3′UTR SNVs and
do not appear in the enrichment results for genes with Neanderthal/Denisovan-derived 3′UTR SNVs. Significant
results were considered if p < 0.05.
TF: Transcription factor; MIRNA: microRNAs; KEGG: Biological pathways; GO:BP: Biological process.
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Figure 2: Luciferase reporter assay for the comparison Homo sapiens versus Neanderthal/Denisovan
alleles. Normalized Relative Luciferase Units (RLU; Ratio of Photinus pyrali and Renilla reniformis luciferase
activities) were compared between the Homo sapiens (WT) and Neanderthal/Denisovan variants (Mut) for each
gene, applying a Wilcoxon rank sum test. Values are normalized to the activity of the empty vector, arbitrarily set
at 1. Significant differences were found for SOST (p-value 0.0019) and RUNX2 (p-value 0.0189) respective variant
comparisons. No significant results were found forE2F6 (p-value 0.3865) and GLI3 (p-value 0.4363)
*: p < 0.05; **: p < 0.01
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Table399

Gene HS SNV Nean/Den SNV Pos.Sel. rsID Predicted microRNA
E2F6 rs148715349 hsa-miR-1280/455-3p
GLI3 - rs77197280 hsa-miR-335-5p/339-3p/4729

RUNX2 - - rs188598788 hsa-miR-3143/4511/4803
SOST - - rs17886183 hsa-miR-5583-3p

Table 1: Species-specific changes in 3′UTR. GLI3 and SOST 3′UTRs contain Homo sapiens-derived SNVs
and are depleted of Neanderthal/Denisovan changes. Inversely, the RUNX2 3′UTR contains only
Neanderthal-derived SNVs. The E2F6 3′UTR contains derived changes in both lineages. GLI3 and E2F6 Homo
sapiens-specific 3′UTR variants overlap a putative positively-selected region [26].
Predicted microRNAs were assessed via the miRSNP online database
http://bioinfo.bjmu.edu.cn/mirsnp/search/

HS: Homo sapiens; Nean/Den: Neanderthal/Denisovan; Pos.Sel.: Positively-selected regions.
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