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Introduction

Mutations in the coding region of FOXP2 are known 
to cause speech and language problems, including diverse 
forms of apraxia and dyspraxia (1-3). Recent in silico 
analyses have further uncovered several missense single 
nucleotide polymorphism (SNPs) with a detrimental effect 
of the structure and function of the FOXP2 protein, and 
potentially associated to diverse clinical conditions (4). 
FOXP2 contributes to a sensorimotor loop important for 
auditory-vocal control, as well to a motor-skill learning 
loop important for speech production, via its effects on 
neural plasticity (5). Although extinct hominins (specifi-
cally, Neanderthals and Denisovans) are thought to have 
exhibited less advanced language abilities compared to 
humans, the FOXP2 protein is identical in the three species 
(6,7). In birds, differential regulation of the gene is known 
to impact on song performance (8) and song learning abili-
ties (9). Accordingly, differences in the expression pattern 
of FOXP2 between extinct hominins and modern humans 
could be hypothesized to account for some of the afore-
mentioned differences in their language abilities. Interes-
tingly, Neanderthals bear the ancestral allele of a binding 
site for the transcription factor POU3F2, which results in 
increased expression of FOXP2 (10). Duplications of the 
FOXP2 region, also resulting in higher levels of FOXP2, 
are known to give rise to autistic features in patients, as 
well as delayed speech and language development (e.g. 

DECIPHER patient 804). As noted, less sophisticated lan-
guage abilities, but also autistic-like features (i.e. a less 
flexible cognition) have been hypothesized for Neander-
thals (11-15). 

We have recently identified two functional enhancers of 
FOXP2 in the intergenic region between FOXP2 and the 
adjacent MDFIC gene: FOXP2-Eproximal (chr7: 114,456,873-
114,463,136, hg19) and FOXP2-Edistal (chr7:114,541,370-
114,543,683, hg19) (16). Deletion of either of these 
two enhancers in the SK-N-MC neuroblastoma cell line 
downregulates FOXP2 and reduces the amount of FOXP2 
protein. This suggests that both enhancers might upregu-
late FOXP2 in brain cells. In this paper, we report on seve-
ral human-specific SNPs in these two enhancers compared 
to extinct hominins. We hypothesize about the impact of 
these differences on FOXP2 expression and ultimately, on 
the functions to which this gene contributes.

Materials and Methods

The identification, characterization, and functional 
validation of the two FOXP2 enhancers were performed 
as described in (16). We used the UCSC/Penn State Bioin-
formatics comparative genomics alignment pipeline for 
aligning the vertebrate sequences. Additionally, we used 
the Vertebrate Multiz Alignment & Conservation track of 
the UCSC Genome Browser for estimating the degree of 
conservation of the enhancers (only the species displayed 
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in Figure 1 were considered). Because there are no refe-
rence genomes for extinct hominins in the same way that 
there is a modern human reference genome, we down-
loaded the variant files (VCF) of the Altai Neanderthal, the 
Vindija Neanderthal, and the Denisovan individual from 
the Neanderthal project website (http://cdna.eva.mpg.de/
neandertal/Vindija/VCF). We then used FastaAlternate-
ReferenceMaker of GATK 3.7 (17) to obtain a consensus 
sequence of the three extinct hominin genomes using the 
GRCh37 as reference. The resulting sequences were alig-
ned with Clustal Omega (18), with the aim of identifying 
variant positions. We used Gimp (version 2.8.22-1) and 
creative-commons materials for generating the graphics 
accompanying the alignments in Figure 1. The regulatory 
properties of the enhancers (including the binding sites 
for transcription factors) were determined with the Ency-
clopedia of DNA Elements (ENCODE, https://genome.
ucsc.edu/ENCODE/).

Results

In order to know more about the degree of conserva-
tion of the two FOXP2 enhancers, we first compared their 
sequence in vertebrate species known to show some form 
of imitative vocalization, even if rudimentary, given the 
role played by FOXP2 in vocal learning. This included 
3 songbirds (zebra finch, collared flycatcher, and white-
throated sparrow), 2 cetaceans (dolphin and killer whale), 
5 bats (black flying-fox, megabat, David’s myotis, micro-
bat, and big brown bat), 4 extant primates (chimp, gorilla, 
hamadryas baboon, and human), 1 rodent (mouse), and 2 
extinct hominins (Neanderthal and Denisovan). We used 
the horse, the chicken, the Carolina anole, and the Wes-
tern clawed frog as controls. We then looked for sequence 
differences between archaic and modern humans, with a 
focus on differences predicted to affect the binding site of 
transcription factors of FOXP2. 

We found that although these two enhancers are ab-
sent in songbirds, FOXP2-Eproximal is more conserved than 
FOXP2-Edistal. Accordingly, FOXP2-Eproximal is conserved 
in all primates and partially conserved in bats, cetaceans, 
and the mouse, whereas FOXP2-Edistal is only partially 
conserved in the baboon (Figure 1). Regarding extinct ho-
minins, we found several differences between the human 
reference genome (GRCh37) and the Altai Neanderthal, 
the Vindija Neanderthal, and the Denisova genomes. The 
Denisovan FOXP2-Eproximal exhibits 5 fixed or nearly fixed 
(frequency > 0.99 in present-day human populations) dif-
ferences with the modern human sequence (two ancestral 
and three derived [red bars in Figure 1]), with one of these 
differences (114460158) being located within the predic-
ted binding site for the transcription factor SMARCC1. 
In both Neanderthal genomes, FOXP2-Eproximal shows four 
fixed or nearly fixed differences with the modern human 
enhancer (two ancestral and two derived [red bars in 
Figure 1]), with two of them located within the predic-
ted binding sites for the transcription factors POLR2A 
(114459001) and SMARCC1 (114460158). Three diffe-
rences are shared by the three extinct hominin genomes: 
in positions 114460158 and 114462035 Neanderthals 
and Denisovans exhibit the ancestral alleles, whereas in 
position 114461593 they exhibit a derived allele (A>T). 
Accordingly, the most interesting difference between ex-
tinct hominins and modern humans concerns to position 

114460158, where modern humans exhibit a derived T>G. 
As noted, this position is located within the binding site 
for SMARCC1. Regarding FOXP2-Edistal, we found no dif-
ferences between the Denisovan sequence and the modern 
human sequence. In the case of Neanderthals, we found 
two fixed differences, although they lay outside the predic-
ted binding sites for known transcription factors (Figure 
1).

Discussion

FOXP2 is a gene important for speech and language 
development and evolution (19,20). The FOXP2 protein 
is identical in modern humans, Neanderthals, and Deni-
sovans. Nonetheless, we have identified a human-specific 
change in the binding site for SMARCC1 within one func-
tional enhancer of the gene (FOXP2-Eproximal). SMARCC1 
is a component of the large ATP-dependent chromatin re-
modelling complex SNF/SWI and plays an important role 
in the development of the forebrain, particularly, in neu-
rogenesis (21). This regulatory mechanism also involves 
PAX6, which controls FOXP2 expression (22). PAX6 
has been hypothesized to account for some of the cogni-
tive differences between Neanderthals and humans (23). 
SMARCC1 also mediates the effects of vitamin D on gene 
transcription via its association with the WINAC complex 
(a chromatin-remodeling complex recruited by VDR, the 
vitamin D receptor) (24). Interestingly, in mice, vitamin D 
deficiency reduces the amount of Foxp2-expressing cells 
in the developing cortex (25). Interestingly too, core can-
didates for the evolution of language have been related to 
vitamin D homeostasis and function (23). Western Euro-
pean Neanderthals have been claimed to suffer from vita-
min D deficiency (26). In present-day human populations, 
low vitamin D levels are found in people with conditions 
impacting on language abilities, specifically autism (27). 
Overall, this evidence points to some recent change in a 
regulatory mechanism of FOXP2 expression mediated by 
the chromatin-remodelling factor SMARCC1, involving 
vitamin D homeostasis, and impacting on brain deve-
lopment and cognition, including language abilities. We 
expect that our in silico analysis helps to achieve a bet-
ter understanding of the evolutionary modifications in the 
regulatory landscape of FOXP2 with an impact on speech 
and language evolution. Still, functional studies are nee-
ded to confirm the hypothesis outlined above. One pro-
mising approach would be mimicking the Neanderthal/
Denisovan difference in the binding site for SMARCC1 in 
the same human neuroblastoma cell line that we have pre-
viously  for testing the functionality of these two human 
enhancers, with the aim of checking its effects in vivo and 
knowing more about its biological significance.
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