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SUMMARY

FOXP2, initially identified for its role in human
speech, contains two nonsynonymous substitutions
derived in the human lineage. Evidence for a recent
selective sweep in Homo sapiens, however, is at
odds with the presence of these substitutions in
archaic hominins. Here, we comprehensively reana-
lyze FOXP2 in hundreds of globally distributed
genomes to test for recent selection. We do not
find evidence of recent positive or balancing selec-
tion at FOXP2. Instead, the original signal appears
to have been due to sample composition. Our tests
do identify an intronic region that is enriched for
highly conserved sites that are polymorphic among
humans, compatible with a loss of function in hu-
mans. This region is lowly expressed in relevant
tissue types that were tested via RNA-seq in human
prefrontal cortex and RT-PCR in immortalized human
brain cells. Our results represent a substantial revi-
sion to the adaptive history of FOXP2, a gene re-
garded as vital to human evolution.

INTRODUCTION

Complex spoken language is a uniquely human characteristic,
ubiquitous among all global populations. Language develop-
ment was vital to human evolution, likely enabling improved
social organization and more efficient exchange of information
and potentially facilitating symbolic thought and abstraction
(Klein, 2000). Isolating the genetic basis for speech, therefore,
would allow reconstruction of the evolution of these behaviors,
including in which hominin species they arose. The Forkhead
box protein P2 (FOXP2) gene encodes a transcription factor
that is expressed at high levels in the brain during fetal develop-

ment, as well as in the lung and in the gut (Lai et al., 2001; Shu
et al., 2001). Stop-gain mutations in FOXP2 are associated
with language dysfunction in individuals who are otherwise intel-
lectually normal and follow an autosomal-dominant pattern of
inheritance (Lai et al., 2003; MacDermot et al., 2005). FOXP2
has been shown in vitro and in vivo to affect brain development
and neural plasticity in humans and mice (Chiu et al., 2014; Enard
et al., 2009; Reimers-Kipping et al., 2011; Spaniel et al., 2011),
and its altered expression affects brain function in language-
related cortical areas (Fujita-Jimbo and Momoi, 2014; Konopka
et al., 2009; Pinel et al., 2012; Spiteri et al., 2007). Intriguingly,
it also has been shown to affect language-like behaviors in other
animals, including in birdsong and juvenile mouse vocalizations
(Chabout et al., 2016; Haesler et al., 2004; Shu et al., 2005;
Teramitsu et al., 2010), and in other primates (Staes et al,
2017). To date, FOXP2 is the only known autosomal-dominant
language-related gene.

Initially investigated as the first gene implicated in speech
and language (Fisher et al., 1998; Lai et al., 2000), Enard
et al., (2002) found evidence for both accelerated evolution
on the hominin lineage and a recent selective sweep in
FOXP2. This led to speculation that FOXP2 played a key role
in the development of modern language, unique to Homo
sapiens. The target of this sweep appeared to be two derived,
protein-coding missense substitutions in humans that are
absent in all other primates. Population genetic summary
statistics (i.e., Tajima’s D) calculated from intronic variation
near the two derived amino acid substitutions indicated that
the selective sweep occurred relatively recently, i.e., within
the past 200,000 years. This model was later criticized, how-
ever, when ancient hominin genomes (Neanderthals and
Denisovans) were found to also carry the substitutions, which
is incompatible with a recent selective sweep specific to
Homo sapiens (Krause et al. [2007]; but see Coop et al.
[2008]); Neanderthals, Denisovans, and humans diverged at
least ~600 kya (Kuhlwilm et al., 2016; Prufer et al., 2014;
Racimo et al., 2015).
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Several alternative hypotheses have been proposed to recon-
cile these findings. The haplotype carrying the two derived amino
acids could have been present as standing variation in the com-
mon ancestor of humans and other ancient hominins and
then positively selected in humans after species divergence
~500 kya. However, for this to be the case, the haplotype would
have had to be at high frequency in the ancestral population,
which would dramatically reduce the ability to detect a recent
selective signal in modern genomes (Przeworski et al., 2005).
Krause et al. (2007) instead suggested a very old sweep targeted
these two amino acids beginning before the split of humans and
Neanderthals 300-400 kya, with the alleles reaching fixation
~260 kya. However, as Coop et al. (2008) point out, the observed
pattern of an excess of high-frequency derived alleles in the
intron preceding the exonic substitutions is indicative of a recent
fixation of the linked allele, as low-frequency variation is quickly
lost from populations. The ancestral alleles would have had to
remain segregating at low frequency for over 300,000 years of
human and Neanderthal history, which is unlikely. Gene conver-
sion has been demonstrated to be insufficient for explaining how
these two substitutions could be in Neanderthals (Ptak
et al., 2009).

Despite extensive discussion over the past 15 years, the initial
hypothesis of a recent selective sweep at exon 7 of FOXP2 has
not been systematically reevaluated. This is especially concern-
ing given that the model was based on a limited Sanger
sequencing dataset of only three introns and a small sample of
humans (n = 20) (Enard et al., 2002). It has been suggested
that alternative targets could be responsible for the sweep apart
from these two substitutions (Maricic et al., 2013; Ptak et al.,
2009). By comparing Neanderthal and Denisovan sequences
to a panel of 50 modern humans, Maricic et al. (2013) identify a
nearly fixed, derived polymorphism (rs114972925) in intron 9
that affects the binding of an upstream transcription factor,
POUS3F2, in Hela cells. The derived version of this variant was
found to be less efficient at binding POU3F2 compared to the
ancestral version, in addition to binding a different proportion
of POU3F2 dimers versus monomers, which they argue is sug-
gestive of an effect on subsequent FOXP2 expression (Maricic
et al., 2013). We are not aware of any additional investigations
of the selective history of this or other areas of FOXP2 since
the initial work or examination of this region in human brain cells,
which is the tissue type most relevant to FOXP2's presumed
primary function.

Major advances in genome sequencing technology and efforts
to ascertain variation in global populations now provide the full
sequence of FOXP2 and its downstream target genes in thou-
sands of individuals. Here, we reanalyze the evolution of
FOXP2 in diverse human genomes and reconcile contradictory
previous FOXP2 research using a combination of computational
population genomic analysis and functional experiments. We
test the FOXP2 locus for signatures of recent selection, investi-
gating the haplotype structure and site frequency spectrum of
the region, and use Sanger sequencing to validate the key poly-
morphisms observed in error-prone next-generation sequencing
data. We also follow-up an intronic area, identified in Maricic
et al. (2013) and detected as an outlier in our genome-wide scans
of sequence conservation, by analyzing RNA sequencing (RNA-
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seq) data from fresh human prefrontal cortex samples and con-
ducting RT-PCR in an immortalized human brain cell line, an
appropriate cell type for such analysis. Our results substantially
alter and advance the understanding of the processes that have
shaped genetic variation in the famous FOXP2 gene across
diverse human groups.

RESULTS

No Evidence for Recent Positive Selection on FOXP2

To test for indications of a recent selective sweep at the FOXP2
locus, we replicated the original analysis run by Enard et al.
(2002) that led to this hypothesis using a large, modern dataset.
Specifically, we calculated Tajima’s D using two datasets: 53
high-coverage genomes from global human populations
sequenced as part of the Human Genome Diversity Panel
(HGDP) (Henn et al., 2016) and populations from the 1000
Genomes phase 1 dataset (1000G) (1000 Genomes Project
Consortium et al., 2012) to test for signals of selection in
FOXP2. These datasets have a substantially higher sample size
compared to the earlier FOXP2 studies, include a more diverse
panel of individuals, and provide information across the entire
FOXP2 gene region and rest of the genome rather than only
the three introns preceding exon 7. To detect deviations from
expected values in each population, we constructed a null distri-
bution for the D statistic in each data subset by calculating D on
contiguous nonoverlapping windows of the same genetic
length as FOXP2 throughout the autosomes. This provides the
expected range of the D values in the genome as determined
primarily by neutral population histories (STAR Methods).

Calculation of D in the entire pooled HGDP genomes dataset
(composed of ~75% non-African individuals in a ratio approxi-
mately matching the African/Eurasian proportion in the original
Enard et al. [2002]) replicates a significant D value of —1.305 (Fig-
ure 1A, purple; Table 1). This places FOXP2 in the 5% lower tail of
the empirical distribution, which is generally interpreted as an
indication of positive selection (Yu et al., 2009). However,
testing D in the African individuals in this dataset separately
from those whose ancestors underwent the Out-of-Africa
(OoA) expansion erases such a signal (African D = —0.573;
Oo0A D = —-0.659) (Figure 1A, red, blue). The D values for African
and OoA individuals against their own background calibrations
remain nonsignificant (Figure 1A; Table 1). This pattern is
mirrored when conducting the same test in another dataset,
i.e., the 1000 Genomes Phase 1 (Figure 1B).

The results presented in Figure 1 were conducted with a
similar analysis design to Enard et al. (2002) for the sake of a
direct comparison to the analyses that generated the hypothesis
of recent positive selection on FOXP2. These results remain
robust when comparing FOXP2 to genes with similar exonic
content and thus that are arguably under similar levels of evolu-
tionary constraint (Figures S1A-S1F; STAR Methods). Examining
DNA sequence constraint directly using gene-level genomic
evolutionary rate profiling (GERP) scores, FOXP2 is not signifi-
cantly different from the average autosomal GERP score for all
canonical transcripts (Figure S1G). This eliminates concern that
the genomic makeup or overall level of DNA sequence constraint
on FOXP2 is skewing our Tajima’s D results.
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Figure 1. FOXP2 Gene Region Estimates of
Tajima’s D Vary by Population Subset and
Window Size

(A-F) In all panels, purple represents the entire
pooled dataset; red represents only African in-
dividuals; and blue represents only OoA individuals.
HGDP results are in the left column; 1000G results
are on the right. Colored histograms show the
background D values calculated from FOXP2-sized
genic regions of the autosomes in representative

population subsets of the data. Vertical lines are the
D value for FOXP2 in that subpopulation (A and B).
“Gene crawl” of D values across the FOXP2 region
calculated in contiguous nonoverlapping windows
in the HGDP and 1000G datasets in window size of
1,500 bp (C and D) and 6 kb (E and F). Below the
plots is a schematic of the genes spanning this
chromosomal area. The ROl is shown in lavender in
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intron regions examined in Enard et al., (2002) are
highlighted on gene crawl plots in yellow.

See also Figure S1.
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We additionally tested for selection using Fay and Wu’s H, as
this statistic may better control for demographic processes and
was also calculated in Enard et al. (2002). Rather than comparing
to Watterson’s theta, 6,,, H is the difference in the estimates of
6 based on heterozygosity of ancestral variants relative to the
weighted homozygosity of derived variants. This approach tests
for an excess of derived variants at high frequency, which is then
interpreted to result from hitchhiking with a linked adaptive
variant. We calculated H on the entire FOXP2 gene region in
the HGDP genomes using the same population subsets used
in Tajima’s D. Values mirrored the D results qualitatively, though
none reached o = 0.05 significance (STAR Methods).

In sum, our results do not support recent positive selection at
FOXP2. We demonstrate that the original finding suggesting ev-
idence for arecent selective sweep instead appears to have been
a result of sample ancestry composition, namely the inclusion of
predominantly but not entirely individuals of Eurasian descent.

Inconclusive Evidence for Ancient Selection at FOXP2

Ancient selection could also explain the presence of the two
derived substitutions in exon 7 identified by Enard et al. (2002).
To test for the possibility of ancient selection (>200 kya) on
FOXP2, we conducted a McDonald-Kreitman (MK) test on
FOXP2’s coding sequence by comparing the variation within
the HGDP genomes to a population of 10 chimpanzees from
the PanMap collection (Auton et al., 2012). We obtained a
nonsignificant McDonald-Kreitman value of —1.0625 (p = 0.68).
A negative test result is generally interpreted to suggest positive
selection, though the test did not reach significance in this case.

n on chr7 (Mb) Position
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We ran a coalescent-based test to assess
whether balancing selection was operating
on the FOXP2 region rather than a selec-
tive sweep. A chromosomal region under
balancing selection has a deeper geneal-
ogy than expected under neutrality, with older time to the most
recent common ancestor (TMRCA) because different haplotypes
are maintained for long periods of time (Kaplan et al., 1988). We
ran ARGweaver to estimate the TMRCA of FOXP2 compared to
the background TMRCA values in an effort to assess whether
FOXP2 had a significantly deeper coalescence time, which
would be indicative of balancing selection. We did not find any
significantly elevated TMRCA across FOXP2 in these seven
samples compared to the 10 Mb of comparison sequence (Fig-
ure S2; STAR Methods). Therefore, we do not find evidence of
balancing selection affecting the FOXP2 locus, either.

Foxr2-,

Window Size and Population Composition Dramatically
Affect Summary Statistics

We report that the value of D shifts dramatically depending on
the population composition. Next, we investigated the effect of
window size on summary statistics. We conducted a “gene
crawl” along the length of the FOXP2 gene to examine the distri-
bution of D values for windows of various sizes across FOXP2
(STAR Methods). In both 1.5- and 6-kb windows, D substantially
varied even within quite proximal regions (Figures 1C-1F). This
demonstrates that the scale of the area selected for calculation
has a dramatic effect on D, rendering uncalibrated interpretation
of the value obtained from any given region challenging.

An Intronic Area in FOXP2 Is Enriched for Constrained,
Human-Specific Polymorphisms

To avoid these complications of window-base metrics, we next
scanned genome-wide using a site-based metric of evolutionary
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Table 1. Values for Tajima’s D in the Partitioned HGDP and 1000G
Genomes Datasets

D Value

HGDP Genomes 1000G Genomes

Autosomal average: Pooled —0.760 —1.223
Autosomal average: Africans —0.425 —0.502
Autosomal average: OcA —0.164 —1.193
FOXP2: Pooled —1.305* —1.819*
FOXP2: Africans —0.573 —-1.110
FOXP2: OoA —0.657 —1.450
Enard region: Pooled —1.858 —2.152
Enard region: Africans —1.229 —1.180
Enard region: OoA —-1.279 —2.215*

The autosomal average was calculated from genic windows of the same
base-pair width as FOXP2 that contain at least five SNPs. “Enard region”
values are from tests on FOXP2 introns 4, 5, and 6, the area examined in
Enard et al. (2002). Statistics in the 5% tails of the genome-wide empirical
distributions are indicated with an asterisk.

conservation, the GERP score. We identified an intronic region of
interest (ROI) in FOXP2 of 2,251 bp that contains several com-
mon SNPs with GERP scores > 3. Sites with GERP scores
greater than 3 are generally considered to be evolutionarily
conserved. The ROI lies between exons 8 and 9 of the primary
FOXP2 transcript (isoform 1, NM_014491); we define the ROI
by the bordering SNPs at hg19 positions chromosome 7
(chr7):114288164 and chr7:114290415. In all cases, save for
rs115978361, the SNPs in the ROI are uniquely derived in hu-
mans as compared to other primates and archaic hominins,
and are present in more than one individual in the 1000G and
HGDP data (Table 2). No SNPs are present in the ROl in a sample
of 10 chimpanzees (Auton et al., 2012) and no fixed substitutions
are present compared to three archaic hominins (Meyer et al.,
2012; Prufer et al., 2014, 2017) across the entire 2,251 bp region.
There is one fully derived site in our human samples that is
heterozygous in the Altai Neanderthal (chr7:114288583) and
nine fixed differences compared to the PanMap chimps (Table
S1). Interestingly, this region includes rs114972925, the SNP
identified in Maricic et al. (2013).

As there are relatively high false negative and false positive
error rates in next-generation sequencing data (Bobo et al.,
2016), we validated SNPs in the ROI with Sanger sequencing.
Specifically, we Sanger sequenced a 2,749 bp region including
the ROI with seven primers spanning both directions from DNA
extracted from 40 HGPD-CEPH individuals (Cann et al., 2002)
and seven South African #Khomani San individuals (Uren
et al.,, 2016) (STAR Methods). Three additional SNPs were
detected in the KhoeSan at high frequency that were not found
in the HGDP NGS data, one of which (rs577428580) had an
exceptional GERP score (4.89).

Of the eight SNPs we identify with a GERP score > 3, none is
fully fixed among human populations. rs114972925 was high-
lighted in Maricic et al. (2013) as an altered transcription factor
binding site (TFBS) and a potential target for a selective sweep.
However, we find that the ancestral allele segregates at 43%,
17%, and 7% frequency in the =Khomani San, Namibian San,
and Kenyan Luhya, respectively. This pattern of variation is

4 Cell 174, 1-12, September 6, 2018

inconsistent with a selective sweep in the human ancestral pop-
ulation, and likely reflects the general pattern of declining south
to north effective population size within Africans (Henn et al.,
2011). We do not observe any homozygotes for rs114972925
in the 1000G, although given the low frequency of the SNPs,
the lack of homozygotes does not significantly depart from
Hardy-Weinberg expectations. The KhoeSan contain other
common SNPs with remarkably high GERP scores, includin:
rs191654848, rs560859215, and rs577428580, which vary from
GERPs of ~4 to 6 (Table 2). GERP SNPs > 4 generally have a
large demonstrable biological effect and are subject to purifying
selection (Henn et al., 2016). In summary, the constrained, hu-
man-specific sites are common and include a site previously
suggested to affect FOXP2 function.

To assess whether detecting so many extremely high-scoring
GERP SNPs in a region of this size was exceptional, we calcu-
lated the average GERP score for SNPs located in contiguous,
partially overlapping windows with same base pair width as the
ROI throughout the genic regions of the autosomes (STAR
Methods). After removing singletons to minimize bias resulting
from sequencing error, the average GERP score for SNPs in
the ROI is 4.677 in the HGDP dataset and 4.828 in 1000G,
both highly significant compared to the background distribution
averages of —0.070 and —0.474 (p < 0.001) (Figures 2A and 2B).
The extreme values for the GERP and PhyloP conservation
scores are visualized in Figure 2C. To assess how unusual it is
to find a region of this size with multiple tightly constrained
SNPs, we conducted a similar scan tallying the counts of high-
GERP scoring SNPs (GERP > 3), again requiring allele count to
be greater than 1 to reduce inflation by sequencing error. We
find that the number of observed constrained SNPs in the ROI
is statistically significantly larger than the genic background for
windows of the same size. The ROl is thus also an outlier consid-
ering the frequency of conserved SNPs in the window (Figures
S1H and S1l). We underscore that the ROl remains a statistical
outlier when we partition the data in multiple ways (Figures 2,
S1H, and S1l). It is thus unlikely to randomly detect this many
polymorphisms (seven in HGDP; six in 1000G) clustered together
at such a highly conserved locus (Table 2).

Haplotype Networks Do Not Bear Signatures of a Recent
Selective Sweep

To examine the distribution of genetic variation in the FOXP2
area from a haplotype perspective, we created median-joining
haplotype networks for the ROI for the 1000G dataset and
Sanger sequencing data, as well as for the entire FOXP2 region
in the HGDP genomes (Figures 3A, 3B, and S3A). In the 1000G
network, most haplotypes from Europeans, Asians, and Ameri-
cans cluster as a closely related set. The European and American
haplotypes tend to cluster more closely relative to Asian and
African haplotypes. There are also a number of divergent
Yoruba, Luhya and African-American haplotypes distinct from
the main global cluster. Given that 1000G is impoverished for
African diversity, we also examined a global HGDP dataset
supplemented with additional Sanger sequencing of southern
African KhoeSan. Representatives from all populations are pre-
sent in the central frequent haplotype, but we also observe
numerous divergent haplotypes in the KhoeSan, Mbuti, and
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Table 2. High GERP SNPs and Their Derived Allele Frequencies in the 1000 Genomes and HGDP Genomes Datasets

POS ID DER ANC NeanA NeanV Deni GERP NSan (%) KSan(%) Mbuti(%) LWK (%) OoA (%) CEU (%)
114288164 rs115978361 C T  C € C 448 92 na 100 93 92 100
114289621 rs191654848 A G G G G 39 8 42 0 2 0 0
114289641 rs114972925 T A A A A 587 83 57 100 92 100 100
114289880 rs560859215 T G G G G 608 17 0 0 0 0 0
114289918 rs116557180 G~ A A A A 578 0 0 0 3 0 0
114289934 rs577428580 T C C € C 489 8 42 0 0 0 0
114290213 rs7795372 A T T T T 332 50 64 86 74 95 9
114290415 rs7782412 C T T T T 433 25 14 7 30 9 44

The ancestral and derived states of all alleles is presented alongside the versions found in three archaic hominins: the Altai and Vindija Cave
Neanderthals (“Nean A” and “Nean V”) and the Denisovan (“Deni”). The Namibian KhoeSan (“N San”) and Mbuti are African HGDP populations;
“OoA” are HGDP non-African populations; CEU (European) and LWK (African) are from the 1000G; and “K San” are #Khomani San individuals
representing an additional population from South Africa. HGDP and #Khomani San allele frequencies have been corrected based on site validation

with Sanger sequencing. na, not applicable.
See also Table S1.

Mozabites (i.e., Africans) and the Pathan from Pakistan. Gener-
ally, a complete selective sweep is expected to result in one
primary haplotype and a “star” shape. Our haplotype networks
do not bear signatures of a classical sweep in the ancestors of
all humans.

The Intronic ROl Is Expressed in Human Brain Cells and
Resembles an Enhancer Element

To directly investigate a potential function of the ROI, we exam-
ined this region for evidence of expression in relevant cell types,
beginning with human brain cells in culture. Using U87-MG
immortalized brain cells, which are a human glioma cell line,
we isolated total RNA and performed RT-PCR using primers
targeting the ROI. We detected expression of this region using
a primer set specific to the ROl (Figures 4A and 4B). We
confirmed the identity of the amplified cDNA as identical the
ROI using Sanger sequencing and BLAT analysis (Figure 4C)
(Kent, 2002; Kent et al., 2002).

To determine whether the ROl was a FOXP2 exon that is
spliced to the adjacent exons 8 and 9, we designed primer pairs
to detect this splicing event (exon 8/ROI and ROIl/exon 9). Inter-
estingly, although we could detect spliced FOXP2 using control
primers, we did not observe amplification using either exon/ROI
primer set (Figure 4D). Thus, it is unlikely that the ROI functions
as a novel FOXP2 exon spliced to adjacent exons, at least in
this cell type. Notably, amplification of the intronic region flanking
the RO, as well as intron-exon junctions, also could be detected
by RT-PCR (Figure S4). Thus, it possible that either unspliced
FOXP2 is detected in this assay, or the ROl is expressed as a
transcript independent of FOXP2, such as an enhancer RNA or
other noncoding RNA.

To complement our in vitro work on immortalized human brain
cells with in vivo data from relevant areas of human brains, we
performed transcript-agnostic mapping of raw data from an
RNA-seq dataset from fresh human dorsolateral prefrontal cere-
bral cortex tissue (Scheckel et al., 2016) (STAR Methods). We
observed that some sequencing reads consistently mapped to
the ROI (Figures 4A and S5A), indicating at least a low level of
expression of this region in human prefrontal cortex. Importantly,

while paired-end reads mapping to coding exons of FOXP2 had
mate pairs in other exons, none of the reads in the ROl had mates
in FOXP2 exons. Thus, consistent with our RT-PCR findings, it is
unlikely that the ROl encodes a novel exon of FOXP2, though the
depth of coverage was too shallow for reliable de novo isoform
assembly or quantification.

To further investigate whether there is any evidence for a role
of the ROI as an alternative exon, we conducted two in silico
tests. First, we computationally predicted the functional effect
of SNPs in the ROI to see whether any would be predicted to
affect splicing (Cingolani et al., 2012). We did not find any
SNPs predicted to affecting splicing in the ROI in either the full
1000G or the HGDP genomes datasets. Second, we scanned
for open reading frames across the ROI to assess whether a
potentially functional protein could be generated from this re-
gion. We found that translation of the ROI using any reading
frame would only produce very short peptides due to the pres-
ence of multiple stop codons (Figure S5B). Therefore, both of
these computational analyses do not support a hypothesis of
the ROI being a novel exon.

We also explored the possibility that the ROI functions as an
enhancer regulatory region. Enhancers are DNA elements that
function at a distance, and can be located upstream or down-
stream of genes, or within introns. These regions are bound by
specific transcription factors, are marked by covalent histone
and DNA modifications, and can be expressed at low levels.
We asked whether the ROl met these three criteria using publicly
available data (Figure S6). First, we found that this region has
been previously identified as a chromatin regulatory region in
ORegAnno, a literature-curated database identifying potential
regulatory regions; displays DNase accessibility; and can be
methylated (Griffith et al., 2008; Montgomery et al., 2006). Sec-
ond, we observed that the ROI contains consensus binding sites
for a number of transcription factors, including three binding site
for POU3F2 (also known as BRN2), which has been previously
suggested to regulate FOXP2 (Maricic et al., 2013). Third and
finally, we interrogated the Sestan Lab Human Brain Atlas, which
includes microarray expression data from 13 different brain re-
gions in the human (Kang et al., 2011). Interestingly, we found
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Figure 2. The ROI Is a GERP Outlier
(A and B) The average GERP score for SNPs in the
ROI in FOXP2 (red line) is a significant outlier
compared to other autosomal genic areas in both
the HGDP (A) and the 1000G (B) genomes data-
sets. Average GERP scores were calculated for all
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that expression of the ROI could be detected in the Brain Atlas,
with the strongest enrichment in striatum, thalamus, and cere-
bellum. This expression pattern is consistent with previously
published analysis of FOXP2 expression in humans (Lai et al.,
2003). Altogether, these data are consistent with the ROI histor-
ically functioning as a putative enhancer to regulate the expres-
sion of FOXP2.

DISCUSSION

No Evidence for a Selective Sweep at FOXP2 in the Time
Frame Relevant for Language Evolution

Our primary goal in this study was to critically assess evidence
for a selective sweep targeting FOXP2 exon 7 in current, larger
datasets and to account for the effect of recent human demo-
graphic history on patterns of variation in this region. Consid-
ering two large next-generation genome datasets, we do
not find evidence for a selective sweep in or near FOXP2’s
exon 7. However, when we curate our datasets such that they
consist of individuals with the same ancestry composition as
originally tested in Enard et al. (2002) (predominantly individuals
whose ancestors underwent the OoA expansion), we replicate a
significant negative value for Tajima’s D in both the HGDP and
1000 genomes datasets (FOXP2’s D is in the lower 5% tail of
the empirical genic null distribution of each pooled dataset).
Notably, testing for D in the African individuals separately
from those who underwent the out-of-Africa (OoA) expansion
erases such a signal (Figures 1A and 1B; Table 1) when
compared to background distributions of D representing the
values expected for these datasets as influenced only by pop-
ulation history.

It has been demonstrated that unbalanced sample sizes within
structured populations will result in a negative D (Wakeley, 2008).
This is due to inflation in £; and &,,_4, the singleton classes in the
unfolded site frequency spectrum, in the Tajima’s D equation:

D= m— S/ai/ Va\r[w — S/a4], the numerator of which deter-
mines the sign of D where = is the average number of pairwise

6 Cell 174, 1-12, September 6, 2018

6.17 _ GERP, I ian Alignments
o N | ll‘lf“,ﬁhllle\jlmw 100

PRI W '

the red bar. The GERP conservation score for
mammalian alignments is shown in black, whereas
the PhyloP conservation score for vertebrates is
plotted in navy.

See also Figure S1.

differences between samples in the dataset, S is the number of
segregating sites, a; = 27;11//, and n is the sample size. The
numerator can be expanded to /-1 (2i(n— i)/n(n— 1)—
1/2}’;}1//)2;’,, where £; is the number of polymorphic sites that
have i copies of the mutant base. Including mostly individuals
whose ancestors underwent the OoA migration—a severe
bottleneck (Henn et al., 2012, 2016)—led to individuals who
are genetically similar to one another (less pairwise difference
between sites, decreased ). After the bottleneck, the popula-
tions expanded, and each subsequent new mutation resulted
in a new segregating site. We therefore expect to find a negative
value for D in most genes, simply because of the OoA demo-
graphic event. Indeed, the average values for the background
distributions in all subsets of the data are below 0 (Figures 1A
and 1B; Table 1). Including a small number of African individuals
in the analysis introduces many new segregating sites (further
inflating S) because of African individuals’ high level of genetic
diversity not found in OoA groups. However, the addition of
African samples does not drastically affect =, as the average
pairwise difference is less affected by including only a few
such individuals. D will thus become more negative due solely
to the pooled sample composition and the nature of these
populations’ demographic histories rather than supporting an
argument relevant to natural selection acting on the DNA
sequence in this area.

Table 1 compares the FOXP2 D values we obtained to their
respective genomic background distributions. First, as
described above, there is a negative average D for all subsets
of the data, highlighting the importance of controlling for the
genome-wide expectation in each particular dataset rather
than simply using the historical D threshold of zero. Second,
accounting for gross population substructure (i.e., whether an
individual’s ancestors underwent the OoA migration and
expansion) dramatically changes the empirical expectation for
D. And third, when African and non-African populations are
analyzed separately, the significantly negative D signal on the
FOXP2 gene area is lost. Therefore, our reanalysis does not
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support a recent sweep in FOXP2 and, instead, suggests that
the prior findings could have been an unintended consequence
of the sampling strategy, specifically the lower number of indi-
viduals of African descent in the analysis, and the pooling
together of individuals with different ancestral demographic
histories.

Insufficiently Calibrated Selection Scans Can Have
Misleading Results

The complications in interpreting window-based screens of nat-
ural selection like Tajima’s D are further highlighted by calcula-
tions run on the same genomic region at different scales (Figures
1C-1F). The size of the window employed for analysis has a
major effect on D, and the correct window size is often not
obvious. FOXP2 is a large gene (over 600 kb including the 5’
UTR), which makes analysis of the gene as one unit challenging
to interpret. Different portions of the gene could be undergoing
different selective processes, so treating them as one functional
unit would modify the site frequency spectrum in ways that
would be impossible to predict without prior knowledge. This
raises an additional concern for the hypothesis of a sweep at
exon 7, namely, the treatment in the earlier analysis of noncon-
tiguous areas of the gene as one unit (combining the three
introns preceding exon 7). These three introns might be
selectively distinct from one another, resulting in unpredictable
D results when combined, as we note in Table 1. Though it
has been argued that there is strong LD across FOXP2 (Ptak
et al., 2009), there are several recombination peaks within the
gene in the combined HapMap recombination map and African
American recombination maps (Hinch et al., 2011; International
HapMap Consortium, 2005) (Figure S3B). Our work serves as a
cautionary tale for careful data treatment in the context selection
summary statistics.

Figure 3. Haplotype Networks Are Not
Reflective of a Recent Selective Sweep at
the Locus

(A and B) Median-joining haplotype networks for
the intron 9 buffered ROI in (A) the 1000G dataset
and (B) our Sanger sequencing dataset including
40 HGDP individuals and 7 additional #Khomani
San. Edge lengths are proportionate to mutations;
node sizes are proportionate to the number of
haplotypes. Nodes are colored by the population of
the individual, with African individuals represented
in shades of red (red, pink). Other colors represent
o OoA and admixed populations.

See also Figures S2 and S3.

Haplotype Networks, Too, Are Not
Reflective of a Recent Selective
® Sweep at the Locus

We additionally used other approaches

to comprehensively check for putative

selection at the FOXP2 locus. First, we

visualized the haplotypic diversity across

FOXP2 with haplotype networks from

newly generated Sanger sequencing

data (consisting of 40 global human
HGDP individuals and seven additional #Khomani San individ-
uals) and nonadmixed 1000G African and OoA populations (Fig-
ures 3 and S3A; STAR Methods). These networks indicate
several major haplogroups for FOXP2 segregating across popu-
lations, including at least one exclusively maintained within
Africa. Generally, a complete selective sweep is expected to
result in one primary haplotype representing linkage between
the selected allele and hitchhiking mutations nearby, resulting
in a star-like shape after the introduction of new mutations.
Therefore, our haplotype networks do not reflect a classical
sweep in the ancestors of all humans. Instead, the presence of
one primary node for OoA individuals likely reflects the major
OoA event which carried a subset of the genetic variation within
Africa to the rest of the world. A haplotype network for the entire
FOXP2 gene region in the HGDP genomes (Figure S3A)
possessed long internal branches, which are sometimes inter-
preted as indications of balancing selection; however, explicitly
testing for balancing selection using ancestral recombination
graphs did not provide evidence for this type of selection, either
(Figure S2).

An Intronic Area in FOXP2 Is Enriched for Common,
Tightly Constrained, and Human-Specific SNPs

To investigate FOXP2 from another angle, we next looked at a
site-based metric of DNA sequence evolution: the GERP score
(Cooper et al., 2005). GERP scores estimate site-wise DNA
sequence conservation across multiple species alignments
and reflect the level of evolutionary constraint on a DNA element
as determined by the number of rejected substitutions; i.e., mu-
tations removed by purifying selection. Regions with high
GERP scores, i.e., conserved, are therefore interpreted to be
functionally important. We found that a region in intron 9 harbors
a significant number of extreme GERP SNPs compared to the
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Figure 4. The Intronic ROl Is Expressed in Human Brain Cells

(A) Schematic representing the location of the ROI, regions amplified by RT-PCR, and RNA-seq read pileup in the ROIl. RNA-seq data are from fresh human
prefrontal cortex (Scheckel et al., 2016). Sequencing coverage at each position for the first individual (SRR2422918) is indicated with the red bar graph. Individual
reads are represented as gray segments below the coverage plot.

(B) RT-PCR analysis of the FOXP2 ROl in U87-MG immortalized human brain cells indicates that the ROl is expressed, but not spliced, by flanking exons in this cell
type. Expression of the ROl was detected using primers within four section of the ROI (ROI-1 to 4). PCR product was amplified using combinations of primers from
the ROI and surrounding exons (Exon 8/ROI or ROI/Exon 9). Positive control (Ctl) is a 101-bp amplicon spanning exons 7-8 of FOXP2, upstream of the ROI. +
and —indicate RT conditions with and without RT, respectively (+RT). Expected PCR amplicon sizes if splicing occurs from either exon 8 or exon 9 to the ROl are
shown on the right.

(C) Sanger sequencing analysis of the ROl amplified in (B) confirms amplification of the expected ROI sequence.

(D) RT-PCR analysis showing amplicons produced using four independent primer sets within the ROI.

See also Figures S4, S5, and S6.

remainder of the genome (Figure 2). The high-GERP SNPs seen  site is present in three other archaic hominin genomes (the Alai

in the ROI are at common frequencies in at least one human pop-
ulation surveyed in our datasets and, in all cases but one, are
uniquely derived in humans as compared to other primates
and archaic hominins (Table 2). No SNPs are present across
the entire ROl in the 10 PanMap chimps and only 1 heterozygous
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and Vindija Cave Neanderthals and the Denisovan) (Table S1).
Sanger sequencing the ROI further elucidated three additional
SNPs that previously have not been called in NGS data for the
1000G or HGDP datasets. These three sites (rs577428580,
rs563023653, and rs7799652) are at common frequency in
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KhoeSan individuals and are seen in Sanger data in some of the
same individuals present in the NGS datasets. This highlights the
need for careful evaluation of low-frequency variation in NGS
data given the tendency of pipelines to generate a high false-
negative rate in order to minimize false positives (Bobo et al.,
2016). To summarize, we see an unexpectedly large number of
common, derived SNPs in the human lineage as compared to
chimps and the Neanderthal in the ROI. High evolutionary
constraint among taxa but variability within Homo sapiens is
compatible with a modified functional role for this locus in hu-
mans, such as a recent loss of function.

The Intronic ROI Is Expressed in Human Brain Cells and
Resembles an Enhancer Element

Finally, we followed up on the FOXP2 ROI using in vitro and in vivo
experiments to investigate its potential current or past functional
role in the human brain. Using RNA-seq and RT-PCR, we were
able to detect RNA transcribed from the ROl in human prefrontal
cortex and in human brain cells in culture (Figures 4, S4, and
S5A). However, we did not find evidence that the ROl encodes
a novel exon of FOXP2 (Figure S5B). Our assays cannot rule
out that detection of amplicons in RT-PCR experiments and
reads in RNA-seq data result from an unspliced FOXP2 tran-
script. It is also possible that the element is expressed at higher
levels at specific developmental stages.

The potential former function of the ROl remains unclear, but
several possibilities exist. One possibility is that the ROl codes
for a long noncoding RNA (IncRNA). IncRNAs have been
implicated in a variety of biological processes, including devel-
opmental patterning, behavior, and synaptic plasticity. Mecha-
nistically, IncRNAs have been shown to affect chromatin states
through cis- and trans-acting mechanisms, thereby functioning
to fine-tune gene expression or modulate transcription factor
activity (Kung et al., 2013). Interestingly, it has been estimated
that at least 50% of INcRNAs are expressed in the nervous sys-
tem, and many exhibit cell-type-specific patterns of neuronal
expression (Quan et al., 2017; Qureshi and Mehler, 2013).

It is also possible that the ROI is an enhancer region that is
transcribed at low levels, termed “enhancer RNA” (eRNA).
eRNAs were initially discovered in neurons and are transcribed
by RNA polymerase Il (Kim et al., 2010, 2015). Functionally, these
regions promote activation of their target genes. Consistent with
this possibility, the ROl houses many transcription factor binding
sites and hallmarks of regulatory regions (Figure S6), which may
suggest a regulatory function. A particularly noteworthy binding
site in the ROl is for POU3F2 (at rs114972925), which has been
suggested to regulate the expression of FOXP2 (Maricic et al.,
2013), where the derived allele in humans has reduced binding
affinity compared to the ancestral allele. Notably, since
enhancers can act at a distance, we cannot rule out that this
putative enhancer region is controlling expression of a different
gene. However, given that the nearest gene (MDFIC) is over
250 kb away and there is no evidence supporting this mode of
regulation, this possibility is unlikely. Here, we find that
rs114972925 is polymorphic in southern African human popula-
tions. Therefore, this SNP must not be necessary for language
function as both alleles persist at high frequency in modern hu-
man populations. Though perhaps obvious, it is important to

note that there is no evidence of differences in language ability
across human populations.

Conclusions

In conclusion, we do not find evidence that the FOXP2 locus or
any previously implicated site within FOXP2 is associated with
recent positive selection in humans. Specifically, we demon-
strate that there is no evidence that the original two amino-
acid substitutions were targeted by a recent sweep limited to
modern humans <200 kya as suggested by Enard et al. (2002).
It is possible that these two substitutions were the targets of
an ancient selective sweep, though an examination of ancient
selection on this region did not reach significance here. We
also do not find consistent evidence to argue that the intronic
SNP rs114972925, previously discussed in Maricic et al.
(20183), is responsible for the selective sweep, as we do not
see evidence for recent selection targeting this region, either.
Rather, we find that the ancestral allele persists at high frequency
in some modern African populations. This intronic ROI contain-
ing rs114972925 is unusual in having so many tightly constrained
sites that are variable within humans compared to other species,
which is suggestive of a loss of function. Any modified function of
the ROI does not appear to be related to language, however, as
modern southern African populations tolerate high minor allele
frequencies with no apparent consequences to language faculty.
We do not dispute the extensive functional evidence supporting
FOXP2's important role in the neurological processes related to
language production (Lai et al., 2001; MacDermot et al., 2005;
Torres-Ruiz et al., 2016). However, we show that recent natural
selection in the ancestral Homo sapiens population cannot be
attributed to the FOXP2 locus and thus Homo sapiens’ develop-
ment of spoken language. We hypothesize that the ROI contains
an enhancer element, which, although strongly conserved in
other species, has recently experienced a loss of function in
humans, consistent with low expression of the ROI in brain-
related tissues.
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Gene Codes Corporation
O’Connell et al., 2014
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http://mathgen.stats.ox.ac.uk/
genetics_software/shapeit/shapeit.html

SNPeff Cingolani et al., 2012 http://snpeff.sourceforge.net/

The Human Genome Browser at UCSC Kent et al., 2002 https://genome.ucsc.edu/index.html
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Other
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Elizabeth
Atkinson (eatkinso@broadinstitute.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Datasets

The human sequences used for population genetic analyses are 53 adult human genomes from global human populations sequenced
as part of the Human Genome Diversity Panel (HGDP) (Henn et al., 2016) and a subset of representative individuals from the 1000
Genomes Project phase 1 (1000 Genomes Project Consortium et al., 2012). The populations represented by HGDP include two
from Africa (KhoeSan, Mbuti) and four populations whose ancestors underwent the Out-of-Africa (OoA) expansion (Maya, Yakut,
Cambodian, Mozabite). The subset of individuals from the 1000 Genomes Project used in comparisons includes individuals from
the following populations: GBR, JPT, CHB, TSI, PEL, MXL (OoA) and the YRI and LWK (African). Subject details, including age
and sex where available, for all HGDP individuals can be found at http://hagsc.org/hgdp/files.html and 1000G individuals can be
found at http://www.internationalgenome.org/. We did not treat males and females or different aged individuals differently across
computational analyses in this article as we are only interested in autosomal DNA sequence variation unrelated to individual
phenotypes.

The chimpanzees used as an outgroup were a population of 10 individuals from the PanMap dataset (Auton et al., 2012). Three
ancient hominin genomes were included for comparison with modern genomes: the Altai Neanderthal (Prufer et al., 2014), which
is a composite genome of several individuals with an average of 52x coverage, the Vindija Cave Neanderthal (Prufer et al., 2017)
and the Denisovan (Meyer et al., 2012).

Cell cultue for RT-PCR
U87-MG immortalized cells were purchased from ATCC and cultured in DMEM with 10% fetal bovine serum (Invitrogen) and 1%
penicillin/streptomycin/glutamine. U87-MG cells are derived from brain tissue of an adult male.

Sanger sequencing of HGDP-CEPH individuals

Sanger sequencing of the ROl was conducted on DNA from 40 HGDP-CEPH immortalized lymphoblastoid cell lines derived from
global adult human samples (Cann et al., 2002), including both African and non-African individuals and all those in whom we had
detected the alternate allele in the ROI. This was done in order to verify the presence of the SNPs we observed using next-generation
sequencing data. We did not treat males and females differently, as sex should not affect the sequence of this autosomal region.
Extracted DNA from the HGDP-CEPH cell lines was purchased from Foundation Jean Dausset-CEPH (Paris, France). DNA samples
are distributed dissolved in TE (10:1) at a concentration of ~60ng/uL, with ~5 ug of DNA per well. The specific cell lines/individuals
that we Sanger sequenced are as follows:

Individual ID Population Sex
HGDPO00712 Cambodian F
HGDP00713 Cambodian F
HGDPO00716 Cambodian M
HGDP00719 Cambodian F

(Continued on next page)
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Continued

Individual ID Population Sex
HGDPO00720 Cambodian M
HGDP00721 Cambodian F
HGDP00987 HGDP San M
HGDP00991 HGDP San M
HGDP00992 HGDP San M
HGDPO01029 HGDP San M
HGDP01032 HGDP San M
HGDP01036 HGDP San M
SA007 Khomani San F
SA017 Khomani San F
SA036 Khomani San F
SA043 Khomani San F
SA053 Khomani San M
SA055 Khomani San M
SA057 Khomani San M
HGDP00449 Mbuti M
HGDP00456 Mbuti M
HGDP00462 Mbuti M
HGDP00471 Mbuti F
HGDP00474 Mbuti M
HGDP00476 Mbuti F
HGDP01081 Mbuti M
HGDP01258 Mozabite M
HGDPO01259 Mozabite M
HGDP01262 Mozabite M
HGDPO01264 Mozabite M
HGDP01267 Mozabite F
HGDPO01274 Mozabite F
HGDPO01275 Mozabite F
HGDP01277 Mozabite F
HGDP00213 Pathan M
HGDP00222 Pathan M
HGDP00232 Pathan F
HGDP00237 Pathan F
HGDP00239 Pathan F
HGDP00243 Pathan M
HGDP00247 Pathan F
HGDP00258 Pathan M
HGDP00950 Yakut M
HGDP00955 Yakut F
HGDP00960 Yakut M
HGDP00963 Yakut F
HGDP00964 Yakut M

METHOD DETAILS

Reverse Transcription and PCR

Total RNA was isolated using the RNeasy RNA Purification (QIAGEN) with an on-column DNase digestion (QIAGEN). Total RNA (1 ug)
was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufac-
turer’s protocol. After reverse transcription, cDNA was diluted 1:5 dH20 and 1.9ul was used for PCR on the BioRad C1000 Touch
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Thermal Cycler using PowerUp SYBR Green Master Mix (BioRad) according to the manufacturer’s protocol. Primers were designed
using Primer3 software (Koressaar and Remm, 2007). ROl primers were designed in the intronic region of chr7:
114,288,164-114,290,415 (hg19 coordinates). To determine the length of the expressed product in the ROI, the ROl was separated
into approximate 500 bp sections. Primers were designed within those sections, RT-PCR was performed, and then analyzed on an
agarose gel. Other FOXP2 isoform primers and primers for the exons surrounding the ROI were designed to span one intron. We
highlight that the RT reactions were primed with random primers and that we used total RNA, eliminating any concern that we would
only be isolating polyA RNA and thus missing enhancer RNAs or long non-coding RNAs that are not polyadenylated in these tests.
Primer Sets Used for RT-PCR (all primers listed 5’ to 3'):

FOXP2-Ctl-F CATCATTCCATAGTGAATGGACAG
FOXP2-Ctl-R CCATGGCCATAGAGAGTGTG
FOXP2-ROI1-F AGGCAGCATGGCTACAAAAT
FOXP2-ROI1-R GATGCCTTAGTTTTCAGAGATGG
FOXP2-ROI2-F CTTTCTGAAGGCACCCTTTG
FOXP2-ROI2-R AGAGCAAAGCAAGCTCTGGA
FOXP2-ROI3-F CCACTTGGTCCTTTTGAAGC
FOXP2-ROI3-R ATGTCCCTTGCAGGAAGTTG
FOXP2-ROI4-F AAGCAGTAAACAAGTGTAGAAAATCA
FOXP2-ROI4-R AGGGTGTAAATGCAGGAAGC
FOXP2-Int1-F TTTTTCACATTACATCTCAAACAAAC
FOXP2-Int1-R ATGTGTTATACATAAGCAACTGTCCT
FOXP2-Int2-F TTGAGCCCACTTGGGTAAAT
FOXP2-Int2-R ATGGGCAAAGTAAGGCAACA
FOXP2-Exon8-Intron F GGCTGTGAAAGCATTTGTGA
FOXP2-Exon8-Intron R AATGTGCCTAAAATGCCCATA
FOXP2-Exon9-Intron F GCCTATGCCACTAAGATCGAC
FOXP2-Exon9-Intron R ATTTGCACTCGACACTGAGC

Purification and Sequencing of cDNA

Amplified cDNA was run on a 2% agarose and the 130 bp product corresponding to the ROI was isolated and then purified with the
QIlAquick Gel Extraction Kit (QIAGEN). The purified product was then prepped for sequencing according to Genewiz specifications.
Sequencing results were confirmed by comparison to GRCh37 with BLAT (Kent, 2002; Kent et al. 2002).

Sanger sequencing of HGDP-CEPH individuals

Seven overlapping forward (F) and reverse (R) sequencing primers were designed to fully capture the ROI in the 40 HGDP-CEPH
and #Khomani San individuals with at least a several hundred bp buffer on either end. Raw output files were processed and manually
inspected in Sequencher (Sequencher version 5.4.6 DNA sequence analysis software, Gene Codes Corporation, Ann Arbor, MI.
http://www.genecodes.com/). All polymorphic sites observed in the HGDP NGS genomes were manually validated across the
individuals passing Sanger QC. The allele frequencies reported in Table 2 reflect the corrected frequencies of all SNPs post-Sanger
validation of these sites. Primer sequences are as follows:

Primer Name Probe Sequence

PCR F primer AGAAAGGCAGGATGGCTAGT

PCR R primer TGTGAACCTGTGAGGAGGAT

Seq Primer 1 F TGAAGAGCAATAGAAAACAGTGGA
Seq Primer 2 R GCTGCTTCAAAAGGACCAAG

Seq Primer 3 F CCAGAGCTTGCTTTGCTCTT

Seq Primer 4 R TGAACTCTTGGGGAACACAA

Seq Primer 5 R AATGATGTGGTCGACTGACG

Seq Primer 6 R CCAGAGCTGCCACTTTCTTT

Seq Primer 7 F AGGGAGATGTGGCAGAGGTA
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QUANTIFICATION AND STATISTICAL ANALYSIS

Tajima’s D analyses

As every dataset will have variation in the range of Tajima’s D values that can be expected based on the component individuals’
population history, we designed a test to control for background D values in each dataset/subpopulation separately and provide
a means to visualize an exceptional value. To build a distribution of expectations throughout the autosomes in each individual
dataset, we calculated D for contiguous non-overlapping windows of the autosomes of the same bp length as the FOXP2
gene (773,205 bp). These estimates provide the background range of D values in a given dataset, and thus represent the neutral
expectations for D and a dataset/population-specific way to assess deviations from “normal” values. To ensure accurate calculation
of D, we excluded windows that contained fewer than 5 SNPs, as these could produce unreliable estimates. For population subset-
specific calculations (i.e., African, OoA), new background distributions were created for the relevant subset of individuals for direct
comparison of D in FOXP2 to those individuals’ expected background values. This provides an indirect means to control for the
population history of a particular group of interest. All calculations were conducted using VCFtools (Danecek et al., 2011). A signif-
icantly exceptional D value for FOXP2 is represented by the value lying in a 5% tail of the empirical distribution of genome-wide
Tajima’s D values for each dataset.

We additionally carried out a “gene crawl” analysis across the length of FOXP2 to visualize variation in the value of D across the
gene as a factor of window size. For this, we calculated D in windows of 1500 bp and 6kb in both the HGDP genomes and 1000G
datasets, again filtering for only regions that contained at least 5 SNPs so as not to bias results. In each dataset, we again calculated
D in the full population, and subsequently in African and OoA individuals seperately.

Tajima’s D value stratified by exon content and gene-level constraint

There is evidence that different genomic elements will produce different values of D (Rech et al., 2014). In order to compare D in
FOXP2 against genic regions under similar levels of selective constraint, we conducted two sets of null tests. First, we ran an
additional batch of population-stratified selection tests in both HGDP and 1000G to create a background distribution of D values
based on genes with similar percent exon sequence to FOXP2. Our goal with this test was to assess whether FOXP2 shows an
exceptional signal of selection when compared to other genes that are similar in exonic content (and thereby potentially subject
to similar selection pressures), while controlling for population structure as in our previous analyses. The FOXP2 canonical transcript
is 2.311% exonic. We thus considered comparable genes to be those in which exons represented 1%-4% of the total sequence
length in the canonical transcript. Of all UCSC knownGene canonical transcripts, 3166 other genes exist in this comparable class,
and we refer to these genes as “exon content-matched genes.” We do not find evidence for selection at FOXP2 in any data subset
when comparing to exon content-matched genes (Figures S1A-S1F).

We additionally checked to see if FOXP2 experienced an aberrant amount of gene-level constraint compared to other autosomal
genes, which could also skew D values. To check for the direct possibility of gene-level constraint affecting results, we compared the
average gene-level GERP value of FOXP2 to the average genic GERP scores for all autosomal genes. We obtained gene-level scores
by averaging the site-wise GERP value of all variants present within the canonical gene boundaries in the HGDP dataset. FOXP2 does
not appear exceptional compared to the background distribution of gene-level GERP scores for autosomal genes (considering only
genes that contain at least 5 SNPs) (Figure S1G). Therefore, we do not believe that overall gene-level constraint is exerting a biasing
influence over our estimate of Tajima’s D in FOXP2.

Fay and Wu’s H

Tests for Fay and Wu’s H were conducted using the DnaSP software program (Librado and Rozas, 2009). H was calculated on
the entire FOXP2 gene region in the HGDP genomes (containing 2512 SNPs) using comparable population subsets to tests of
D. Specifically, H was calculated for the entire pooled HGDP population, African and OoA subsets. When calculating H on the pooled
sample, a strongly negative value was obtained (H = —2.993), traditionally interpreted as evidence for a a selective sweep. When
calculated on only the OoA individuals, H remained negative but still non-significant (H = —0.571). When calculated on the African
individuals only, H was positive (H = 5.983). We used the 1000 genomes human ancestor sequence generated by 6 primate species
EPO alignments to orient HGDP variants to derived versus ancestral state.

Selection at Different Timescales

The ability for statistical methods to detect the signatures of natural selection in modern human genomes depends on several factors,
including the depth in time of the selective event, the strength of the event, and the starting allele frequency of the variant(s) in ques-
tion. Tajima’s D is most powerful for strong, complete or near-complete sweeps, with power to detect selection decreasing with
increased elapsed since the sweep. Under very strong selection (s = 0.1), D has been demonstrated to perform best at a time-frame
of ~700-2000 generations ago (Ronen et al., 2013) and for weaker selective scenarios (s = 0.01) to be best powered at
~1700 generations ago (~50 kya). Fay and Wu’s H can detect events slightly deeper back in time; it performs well under medium
strength selective regimes at ~2000 generations ago, ~60 kya in humans, as it is not affected by the inflation of low-frequency alleles
that accumulate after fixation. The power of both statistics tapers off by ~3000 generations, ~90 kya. As can be noted from these time
frames, both of these analyses are equipped to detect recent selection, meaning a selective sweep occurring after the Homo sapiens
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populations diverge. We employed these statistics to replicate the original FOXP2 work and assess whether there is evidence of
recent selection at FOXP2 in the modern human lineage, which is how the canonical hypothesis for FOXP2 stood.

The McDonald-Kreitman test is designed to detect selection between species, and therefore can be used to examine whether
there is evidence instead for ancient selection (> 200 kya) on FOXP2. The MK test compares the number of variable sites that are
polymorphic within a species versus fixed between species for the classes of nonsynonymous versus synonymous in order to
estimate the proportion of substitutions that experienced positive selection between species. We ran the McDonald-Kreitman
test on the FOXP2 coding sequence comparing the HGDP genomes to a population of 10 chimpanzees (Auton et al., 2012). We found
11 fixed synonymous substitutions, 16 polymorphic synonymous sites, 2 fixed non-synonymous substitutions, and 6 polymorphic
non-synonymous sites. This results in a non-significant (p = 0.68) McDonald-Kreitman value of —1.0625. A negative test result is often
interpreted to suggest positive selection, though it did not reach significance in this case.

Haplotype Networks
For genomic data, the program Shapeit2 (O’Connell et al., 2014) was used to phase chromosome 7 of the HGDP and 1000G datasets,
informed by the HapMap combined b37 recombination map. Phased files were trimmed to include only the FOXP2 region of interest
and converted to FASTA format for manual inspection in the program DNA Alignment (Fluxus technologies). We generated median-
joining haplotype networks (which allows for multi-allelic sites) for the HGDP and 1000G datasets and for varying segments of the
gene, retaining branch lengths proportionate to mutational differences and node size proportionate to the number of haplotype
samples, in the program Network 4.6.1.1 (Fluxus Technologies).

For Sanger sequencing data, we aligned individual fasta files to each other with Clustal Omega (Li et al., 2015) and phased them
using the PHASE program (Stephens et al., 2001) with formatting scripts implemented with segPhase (Flot, 2010). Haplotype
visualization then followed the same pipeline as for genomic data.

GERP score analysis

GERP scores provide a measure of functional constraint based on DNA sequence conservation across a multi-species alignment.
Higher GERP scores imply greater DNA sequence conservation. The average GERP score for the human autosomes is —0.04
(Davydov et al., 2010), and values greater than 3 are generally considered to be evolutionarily exceptional. Constraint intensity at
each individual alignment position in our datasets was quantified and annotated in the VCF file using SNPeff (Cingolani et al.,
2012) in terms of a “rejected substitutions” (RS) score, defined as the number of substitutions expected under neutrality minus
the number of substitutions observed at the position. These scores are equivalent in their interpretation to GERP scores. We used
a standard threshold of RS > 3 as indicative of a significantly high GERP score; in other words, a strongly conserved stretch of
DNA sequence.

Examining FOXP2 with GERP scores in mind, we discovered a 2251 bp area in intron 9 that contains a cluster of extremely highly
conserved SNPs (6 SNPs with GERP > 3 in the 1000G and 7 SNPs in HGDP). We next assessed both whether it is unusual for an area
of this size to have SNPs with so high an average GERP score and if it is unusual to find an area of this size containing this many
high-GERP scoring SNPs. To do this, we tabulated the total number of SNPs, the number of high-GERP SNPs (RS > 3), and the
average GERP score of SNPs in windows of the same size as the ROI (2251 bp), sliding 100bp along the genic-masked autosomes
for each new window start site. Since functional constraint is expected to differ between genic and intergenic regions, we placed a
“genic” mask on the datasets using the hg19 start and stop positions of annotated genes. We retained introns, as our region of in-
terest in FOXP2 is itself in an intron. We excluded SNPs that were defined by singletons to remove the potential influence of
sequencing error. The results of these analyses, similar to the Tajima’s D tests, provide a means to visualize the expected distribution
of GERP scores across the genic regions in each individual dataset as compared to the values obtained from the ROI. The high-GERP
SNP count and average GERP score in each relevant region can be compared to the background distribution and are deemed
significant if they reside in a 5% tail (Figures 2 and S4).

Balancing Selection Testing

The Sequential Markov Coalescent (SMC) model is an approximation of the ancestral recombination graph that traces the ancestry of
samples along the genome. SMC models recombination explicitly by allowing genealogies to change along the length of the
sequences. ARGweaver (Rasmussen et al., 2014) implements the SMC model to sample a sequence of local genealogies along a
chromosomal segment from the posterior distribution. To test the TMRCA obtained from the FOXP2 region to the background values,
we ran ARGweaver on FOXP2 and two comparison 5Mb chromosomal areas in chromosomes 6 and 7 using a set of genomes from
seven African individuals (NA21302, NA19240, HG03428, HG02799, HG03108, HGDP01029 and HGDP00456). These samples were
fosmid pool sequenced and phase resolved (n = 14 haplotypes) (Song et al., 2016). Fosmid-phasing obtains phase directly from DNA
sequences without the need for extensive statistical phasing, which can have high error rates that affect the calculation of the TMRCA
in coalescent simulations.

For our analysis, we assumed a recombination rate of 1.125x10~8, a mutation rate of 1.5x1078 bp per generation and effective
population size of 15,000. We ran ARGweaver for 1000 iterations and thinned every 100 for a total of 100 samples. An ARGweaver
sample of 2 Mb included 1956 local genealogies on average. To generate Figure S2, we estimated the posterior mean by the average
TMRCA across the 100 ARGweaver posterior samples and the 95% Bayesian credible intervals (BCI) at every 200 bp. The posterior
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mean TMRCA for these samples across the chr7 5 Mb background region is ~46,400 ya with a 95% credible interval of (15,400;
124,400) and the chr6 posterior mean is ~66,000 ya with a 95% credible interval of (27,400; 156,500). The posterior mean TMRCA
across FOXP2 is ~38,200 years ago with a 95% credible interval of (7,900; 97,400).

Human Brain RNA-seq

RNA-seq analysis was conducted on the 8 control individuals from the publicly-available GEO dataset PRINA232669 (Scheckel
et al., 2016). We processed raw paired FASTQ files with FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) using standard
trimming and quality filters (minimum length = 20, minimum quality score = 20, minimum percent bases meeting quality score = 50).
We mapped reads to the human reference genome build GRCh37 using HISAT2 (Kim et al., 2015) with all parameters left at their
default as of version 2.1.0. Visualization of low-depth read pile-up in the ROl was made using the Integrated Genomics Viewer
(Robinson et al., 2011) for a representative example individual in Figures 4A and for all 8 individuals in Figure S5A.

Open Reading Frame Analysis

The ExPASYy Translate tool was utilized to translate the ROl sequence to possible protein products, checking all three possible
reading frames (Gasteiger et al., 2003). We included the FOXP2 intron 9 ROI with a small buffer for open reading frame analysis, using
hg19 coordinates chr7:114288114-114290465.

DATA AND SOFTWARE AVAILABILITY
Sanger individual FASTA files and primer sequences for the FOXP2 ROI can be downloaded from GenBank: MH234124-MH234217.
FOXP2 ROI Genotype calls from our Sanger sequencing are freely available for download at https://gist.github.com/eatkinson/

512c0f1a512e72fd184dd0001023a838. Other related scripts can be found on GitHub at https://github.com/eatkinson or acquired
by emailing the Lead Contact, Elizabeth Atkinson (eatkinso@broadinstitute.org).
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Figure S1. FOXP2’s Tajima’s D Value Is Not an Outlier When Compared to Constraint-Matched Genes, but the ROl Does Contain More Highly
Constrained SNPs than Expected, Related to Figures 1 and 2

(A-F) Gray histograms contain the D values for the 3166 autosomal genes that have exon contents comparable to that of FOXP2 (1%-4% of total canonical gene
sequence is exons; the FOXP2 canonical transcript is 2.311% exons). Vertical light gray lines are at 2 standard deviations from the mean. Vertical colored lines
indicate the FOXP2 value in each data subset, color-coded in the same manner as the main text: purple represents the entire pooled dataset, red represents only
African individuals, and blue represents only OoA individuals. HGDP results lie across (A)-(C), 1000G across (D)—(F).

(G) FOXP2 is not significantly different from the average gene-level GERP score across autosomal genes. The background distribution includes the 16,803
autosomal genes that contain at least 5 SNPs in the canonical gene boundaries in the HGDP genomes dataset. Vertical gray lines are at 2 standard deviations
from the mean. The average GERP score for FOXP2 is represented with a black vertical line.

(H and I) The ROI contains more high-GERP SNPs than expected. The aqua background histograms represent genic ROI-sized windows (2251bp) with a given
number of SNPs with GERP scores above 3 in the (H) HGDP genomes and (l) 1000G datasets. High GERP counts were calculated for all non-singleton SNPs
located in windows of the same size as the RO, sliding every 100 bp across the genic regions of the autosomes. The ROl in FOXP2 is marked with a dashed red
line. The gray lines indicate 2 standard deviations.
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Figure S2. The TMRCA for FOXP2 Is Not Significantly Different from the Background Distribution, Related to Figure 3

The TMRCA generated from ARGweaver runs over various chromosomal areas, in years.

(A and B) The black curve shows the posterior mean of the TMRCA and shaded areas represent the 95% credible intervals of the TMRCA at every 200 bp. The
horizontal dashed line represents the mean TMRCA of the 1 MB region including FOXP2 (~41,400 years). Vertical dotted lines indicate the ROI. (A) TMRCA along
the 1Mb region of chr7 encompassing FOXP2 for perspective on relative peak height within the gene. (B) TMRCA along the FOXP2 gene region.

(C) Boxplots of the posterior TMRCA in years across the ROI, FOXP2 broader area, a 5 Mb region of chromosome 7 (excluding FOXP2), and a second 5Mb
comparison region in chromosome 6.
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Figure S3. Investigating the Haplotype Structure of FOXP2, Related to Figure 3

(A) Median-joining haplotype network for the FOXP2 gene in the HGDP genomes dataset. Edge lengths are proportionate to genetic differences; node sizes are
proportionate to the number of haplotypes. Nodes are colored by the population of the individual. As in the main text, African individuals are represented in shades
of red (red, pink). Other colors represent OoA populations. The Mozabite people (yellow) are thought to descent primarily from a back-to-Africa migration from the
Near East (Henn et al., 2012).

(B) There are recombination peaks in FOXP2. Recombination map of the FOXP2 gene area from the combined HapMap recombination map and African American
recombination map (Hinch et al., 2011; International HapMap Consortium, 2005).
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Figure S4. Amplification of the Intronic Region Flanking the ROl Can Be Detected by RT-PCR, Related to Figure 4

(A) Schematic of the ROl and surrounding regions in the FOXP2 locus showing the position of intronic regions amplified by RT-PCR (Int-1/2) and other primers

used for amplification.
(B) RT-PCR analysis showing amplicons in flanking intronic regions surrounding the ROI.

(C) RT-PCR analysis shows product when primer sets were used to amplify regions that are located at the exon/intron junction directly upstream and downstream

of the ROI.
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Figure S5. RNA-Seq and Open Reading Frame Analysis of the ROI, Related to Figure 4

(A) RNA-seq read pileup in the intronic ROI (hg19 chr7:114288164-114290415) within FOXP2 in 8 human individuals’ fresh postmortem prefrontal cortex. The
depth of coverage is presented as bar plots, color-coded by individual. The individual IDs are shown on the right side of the graphs. All but one individual
(SRR2422919) show reads mapping to this region. SRR2422919, however, was found to have sub-optimal read counts genome-wide and not limited to this
region.

(B) Open reading frames for all three potential reading frames in the 5’ to 3’ direction (the direction relevant to exon splicing here) are highlighted in pink. Note the
presence of many stop codons (“Stop” in bold text) in all three reading frames.
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Figure S6. Examination of the FOXP2 Locus at the ROl Reveals Hallmarks of Epigenetic Regulation and Active Transcription/Expression,
Related to Figure 4

(A) UCSC tracks showing evidence of DNA and histone methylation, previous identification as a potential regulatory element (ORegAnno), and DNase hyper-
sensitive clusters within the ROI.

(B) A number of conserved transcription factor binding sites are present within the ROI, including POU3F2/BRN2 binding sites (red).

(C) Tissue specific microarray data from the Sestan Lab Human Brain Atlas indicates expression of the ROl in multiple brain regions, with the highest enrichment in
the thalamus, cerebellum and striatum. The PhyloP conservation score, the peaks of which demarcates the ROI, is presented at the bottom of each panel.
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