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Abstract

Triangulation of the human, chimpanzee and Neanderthal genome sequences with respect to
44,348 disease-causing or disease-associated missense mutations and 1,712 putative regulatory
mutations listed in the Human Gene Mutation Database was employed to identify genetic
variants that are apparently pathogenic in humans but which may represent a ‘compensated’
wild-type state in at least one of the other two species. Of 122 such ‘potentially compensated
mutations’ (PCMs) identified, 88 were deemed ‘ancestral’ on the basis that the reported
wild-type Neanderthal nucleotide was identical to that of the chimpanzee. Another 33 PCMs
were deemed to be ‘derived’ in that the Neanderthal wild-type nucleotide matched the human
but not the chimpanzee wild-type. For the remaining PCM, all three wild-type states were found
to differ. Whereas a derived PCM would require compensation only in chimpanzee, ancestral
PCMs are useful as a means to identify sites of possible adaptive differences between modern
humans on the one hand, and Neanderthals and chimpanzees on the other. Ancestral PCMs
considered to be disease-causing in humans were identified in two Neanderthal genes (DUOX2,
MAMLDY]). Since the underlying mutations are known to give rise to recessive conditions in

human, it is possible that they may also have been of pathological significance in Neanderthals.

KEY WORDS: Human; chimpanzee; Neanderthal; genome sequence; potentially compensated

mutations; complex disease susceptibility
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Introduction
The comparison of the human genome sequence with that of our closest living relative, the
chimpanzee, has given us a broad overview of the spectrum of genetic changes that
accompanied human evolution over the last 5-6 Myrs since the divergence of the two species
[Kehrer-Sawatzki and Cooper, 2007; Marques-Bonet et al., 2009]. It is clear that both gross
karyotypic rearrangements and submicroscopic variation (involving deletions, duplications and
inversions) have made a significant contribution to the structural divergence of the two
genomes, which is at least three-fold greater than the sequence divergence due to nucleotide
substitution. This notwithstanding, detailed evaluation of the latter has served to identify many
genes that exhibit signatures of selective sweeps (i.e. periods of intense positive selection) and
which may therefore have been involved in the development of human lineage-specific traits
[Bakewell et al., 2007; Enard et al., 2010]. Since signals of selective sweeps are likely to
coincide with genetic variants that exert a significant effect on phenotypic variation in modern
humans, they could, at least in principle, also impact upon susceptibility to common disease [Di
Rienzo and Hudson, 2005; Nielsen et al., 2007]. In support of this assertion, there is a tendency
for genes that have been positively selected during mammalian evolution to be
disproportionately associated with human inherited disease [Clark et al., 2003; Vamathevan et
al., 2008; Corona et al., 2010].

Positively selected mutations may include ‘compensated’ mutations, i.e. variants that were
(actually or potentially) deleterious for a certain period of time, but which persisted long

enough in a given population or species to have become positively selected upon the

4

John Wiley & Sons, Inc.

Page 4 of 49



Page 5 of 49

©CoO~NOUTA,WNPE

Human Mutation

introduction of a ‘compensatory’ mutation [Di Rienzo and Hudson, 2005; Corona et al., 2010].
Suriano et al. (2007) provided a good example of the interplay of compensated and
compensating mutations in the context of a human disease. The human and chimpanzee OTC
amino acid sequences differ at only two positions, 125 and 135, where Thr was found to
represent both ancestral states. Replacements Thr135Ala and Thr125Met have occurred
respectively in the human and chimpanzee lineages since their divergence from their common
ancestor. However, whilst the wild-type combination of Met125 and Thr135 in chimpanzee
gives rise to an apparently normal phenotype, recurrence of Metl125 against the background of
the human-specific Alal35 residue results in a clinical phenotype (human neonatal
hyperammonemia). Suriano et al. (2007) demonstrated in vitro that human OTC bearing
Met125 is inactive whereas the chimpanzee version with Met at the same position possesses an
enzymatic activity comparable to wild-type human OTC. The presence of Thrl135 in
chimpanzee therefore rescues the otherwise deleterious effect of Metl125 through intra-locus
compensation.

The chimpanzee genome has been found to harbour several examples of such potentially
compensated mutations (PCMs), formally defined as human disease-causing or
disease-associated missense mutations for which the substituting amino acid is identical to the
wild-type amino acid residue at the orthologous position in chimpanzee [Mikkelsen et al., 2005;
Azevedo et al., 2006]. The absence of strongly deleterious consequences of a specific PCM in
chimpanzee would be explicable either by virtue of the very different (simian) environment or

by dint of hitherto unidentified variants (‘compensatory mutations’) in the chimpanzee genome
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that could have served to epistatically buffer the PCM [Azevedo et al., 2006]. It should be
noted, however, that a PCM may only have become disadvantageous in the human lineage as a
consequence of the acquisition of other lineage-specific genetic variants or due to changes in
the human environment and/or lifestyle [Di Rienzo and Hudson, 2005; Corona et al., 2010]. In
this case, it would not have been necessary for the chimpanzee PCM to be compensated for at
any time, which is why the qualifier ‘potentially’ is important when PCMs are defined on the
basis of current genetic and clinical data.

Although the chimpanzee is our closest living relative, our closest known relatives were the
now extinct Neanderthals (Homo neanderthalensis) from whom modern humans diverged
between 300,000 and 700,000 years ago [Noonan et al., 2006]. The Neanderthals finally
disappeared from the fossil record ~28,000 years ago [Mellars, 2004; Noonan, 2010], due to
either climate change [Tzedakis et al., 2007] or competitive exclusion by anatomically modern
humans [Banks et al., 2008]. Recently, a draft sequence (with ~1.3-fold coverage) of the
Neanderthal genome, comprising >4 billion nucleotides derived from three apparently unrelated
individuals, became available [Green et al., 2010]. Sequence differences between Neanderthals
and modern humans were identified that pinpointed genomic regions potentially affected by
positive selection [Green et al., 2010]. Furthermore, comparison of the Neanderthal and human
genome sequences revealed that Neanderthal genetic material is present at a low level (1-4%) in
those modern humans whose ancestors had probably migrated across Europe or Asia, but not in
the genomes of individuals from two extant African populations studied [Green et al., 2010].

In this study, we have compared 3,202,190 nucleotide positions at which the Neanderthal
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genome differs from either the human or the chimpanzee genome, or both, with a collection of
46,060 disease-causing or disease-associated mutations listed in the Human Gene Mutation
Database [HGMD; Stenson et al., 2009]. From this comparison, we identified 122 HGMD
mutations that apparently correspond to the wild-type allele in the Neanderthal or chimpanzee
genomes (Figure 1). These mutations were further analysed in an attempt to identify PCMs in
the Neanderthal genome that might in turn indicate sites of adaptive difference between modern

humans and Neanderthals.

Methods

HGMD dataset

A total of 46,060 disease-causing or disease-associated mutations were obtained from the Human
Gene Mutation Database [Stenson et al., 2009; http://www.hgmd.org] as of 13 May 2010. These
data comprised 44,348 missense mutations from within the coding regions of 2,628 genes, and
1,712 single base-pair substitutions from within the regulatory regions (5° and 3’
untranslated/flanking regions) of 807 genes. Some 42,595 of the mutations were disease-causing
(DM; 41,960 missense and 635 regulatory) whereas 3,465 represented disease-associated or
functional polymorphisms (2,388 missense and 1,077 regulatory) (Table 1). The latter were
further ascribed to three distinct sub-categories: (i) disease-associated polymorphisms (DP),
comprising variants reported to be in statistically significant association with a particular human
disease state (p<0.05) but lacking experimental evidence of functionality e.g. from expression

studies, (ii) disease-associated polymorphisms with experimental evidence of functionality
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(DFP) such as, for example, altered in vitro gene expression or protein function (iii) functional
polymorphisms (FP) that have been shown in vitro or in vivo to affect the structure, function or
expression of the gene or gene product, but for which no statistically significant disease
association has yet been reported (see http://www.hgmd.cf.ac.uk/docs/poly.html for further

information).

Search for potentially compensated mutations (PCMs)

Sequence data on a total of 3,202,190 nucleotide positions at which the Neanderthal genome
differs from either the human or chimpanzee genome (or both) were downloaded from the
European Bioinformatics Institute website (ftp://ftp.ebi.ac.uk/). These positions were originally
identified through mismatches between the human and chimpanzee genomes, followed by an
alignment of Neanderthal sequence reads against both other species [Green et al., 2010]. At a
total of 2,813,802 positions (87.9%), human and Neanderthal exhibited the same nucleotide, so
that the human-chimpanzee mismatch must have arisen before the divergence of modern
humans and Neanderthals (termed a ‘derived’ or ‘D’ state in the Neanderthal). A total of 38,228
positions (1.2%) displayed the same nucleotide in both Neanderthal and chimpanzee,
suggesting that the respective substitutions were human-specific (‘ancestral’ or ‘A’ state in the
Neanderthal). The remaining ~350,160 positions, which display different nucleotides in modern
humans, Neanderthals and chimpanzees, were termed ‘undefined’ (‘N’ state). Since most of the
N state positions overlapped with low quality Neanderthal sequencing reads, they were not

considered further in this analysis. Among the remaining 2,852,030 positions, constituting the
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‘Neanderthal nucleotide substitution dataset’, we identified 122 sites for which the apparent
wild-type nucleotide in either Neanderthal or chimpanzee was logged in HGMD as

disease-causing or disease-associated in humans (Figure 1).

Gene Ontology (GO) enrichment analysis

A Gene Ontology (GO) enrichment analysis of PCM-containing genes was performed using the
Cytoscape software (http://www.cytoscape.org; version 2.5.2) with Bingo plugin
(http://www.psb.ugent.be/cbd/papers/BiNGO/, version 2.3). The statistical significance of
particular GO terms was assessed using a hypergeometric distribution, adjusted for multiple
testing by consideration of the Benjamini-Hochberg False Discovery Rate [Benjamini and

Hochberg, 1995].

Calculation of Fsr

The fixation index, Fst, measures the proportion of genetic diversity in a sub-divided population
that is due to allele frequency differences between sub-populations. Pair-wise Fgr values may
also be used as a measure of genetic distance between populations. Here, allele frequencies of
polymorphic ancestral PCMs in selected populations were obtained from HapMap
(http://hapmap.ncbi.nlm.nih.gov/) and pair-wise Fsy values were estimated for each
polymorphism using the small sample estimate proposed by Weir and Hill [2002]. The
significance of individual Fsr values was then assessed by reference to the empirical

distribution of Fst among all SNPs in HapMap.
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Protein structure modeling and ligand-protein binding site prediction

Protein structure modeling was carried out for three different versions of the MAMLDI1 protein,
jointly defined by a PCM (V505A) and a second, apparently non-pathological
human-chimpanzee mismatch (I510M) in the MAMLDI1 amino acid sequence: chimpanzee
wild-type (p.A505 & p.M510), disease-causing in human, apparently wild-type in Neanderthal
(p-A505 & p.I510), and human wild-type (p.V505 & p.I1510). Since experimentally determined
structures were not available, all three protein structures and the predicted ligand-protein
binding sites had to be determined in silico using the I-TASSER server [Roy et al., 2010]. The
C-score is a confidence score that quantifies the presumed quality of a protein model predicted
by I-TASSER. C-scores are typically in the range of -5 to 2, where a higher C-score indicates a
greater degree of confidence in a given model. The models derived in the present analysis had

C-scores in the range of -1.46 to 0.99.

Results

Identification of PCMs in the Neanderthal and/or chimpanzee genome

A total of 44,348 missense mutations from 2,628 genes, logged in HGMD as being either
causative of, or associated with, a human inherited disease state, were cross-compared to the
corresponding nucleotide positions in the Neanderthal and chimpanzee genomes.
HGMD-derived mutations at sites where the apparent wild-type nucleotide in Neanderthal

and/or chimpanzee corresponded to the substituting nucleotide in humans (‘potentially
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compensated mutations’; PCMs) were selected for further study. Although PCMs are most
likely to be missense mutations, it nevertheless remains theoretically possible that PCMs also
occur in other gene regions. Indeed, Kondrashov et al. [2002] argued that regulatory mutations
may also be compensated for by the mediating effects of DNA- or RNA-binding proteins. For
this reason, an additional 1,712 single base-pair substitutions from within the regulatory regions
(5’ and 3’ untranslated/flanking regions) of 807 genes associated with human disease were
retrieved from HGMD and were also included in this analysis.

Of the 122 PCMs identified (Table 2), 62 were missense mutations (Supp. Table S1)
including five that were deemed to be disease-causing in humans (Table 3). Another 60 PCMs
were disease-associated regulatory polymorphisms (Supp. Table S2). A total of 88 PCMs
(72.1%) were ancestral, i.e. the Neanderthal and chimpanzee nucleotides were identical (‘A’
state), whereas 33 (27.0%) were derived, meaning that the Neanderthal nucleotide matched the
human wild-type and that the PCM was confined to chimpanzee (‘D’ state) (Figure 1). Since
being an A-state PCM implies that compensation, if any, must have occurred in both
Neanderthal and chimpanzee, the 88 A-state PCMs (including two DMs) may serve to identify
sites of adaptive difference between modern humans and Neanderthals. A D-state PCM,
however, would only have required compensation in chimpanzee. For one of the 122 PCMs,
namely a disease-associated functional polymorphism in the F7 gene promoter (G/T at
nucleotide -401; Supp. Table S2), the Neanderthal wild-type nucleotide matched the mutant
state (-401T) as logged in HGMD, but differed from both the chimpanzee and human wild-type

sequence [and hence constituted a third category (‘N’ state) in Table 2]. The -401T allele, which
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is rare in humans, is known to be associated with a reduced basal rate of transcription of the
human F7 gene in vitro and with reduced plasma concentrations of total FVII antigen and
activated FVII in vivo [van 't Hooft et al., 1999].

The number of A-state PCMs exceeded the number of D-state PCMs in every mutational
category (Table 2) despite the fact that, among the missense and promoter mutations included in
the Neanderthal nucleotide substitution dataset, the total numbers were 7,384 for state A and
47,391 for state D (data not shown). This discrepancy suggests that the vast majority of PCMs
identified via HGMD (which it should be noted are actually polymorphisms rather than rare or
private pathological mutations) have only acquired their phenotypic relevance fairly recently in

the lineage leading to modern humans.

Disease-causing PCMs in Neanderthal and/or chimpanzee?
A total of five disease-causing human missense mutations were identified as PCMs in that they
corresponded precisely to the alleles that were wild-type in Neanderthal and/or chimpanzee
(Table 3). Two of these [DUOX2 (MIM# 606759), MAMLD1 (MIM# 300120)] were A-state in
that the substituting residues in human matched the wild-type residues in both Neanderthal and
chimpanzee. The DUOX2 mutation (H678R) is associated with autosomal recessive
hypothyroidism whereas the MAMLDI mutation (p.V505A) is associated with X-linked
recessive hypospadias.

We next sought mutations in the DUOX2 and MAMLDI genes that might have served to

compensate for the deleterious effect of the respective PCM in chimpanzee and/or Neanderthal.
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Compensatory mutations appear to occur disproportionately in the vicinity of the sites of the
original deleterious (i.e. compensated) mutations [Davis et al., 2009]. However, only in
MAMLDI did pair-wise alignment reveal a potentially compensating chimpanzee amino acid
residue (p.M510) in the vicinity of the human disease-causing mutation (p.V505A). Residue
510 is a methionine not only in chimpanzee but also in all other primates investigated, with the
sole exceptions of human and Neanderthal where isoleucine is present at this location (Figure
2). Interestingly, protein structure modeling predicted that the combination of p.V505 and
p.I510 (i.e. the human wild-type) would introduce a novel nucleic acid-protein binding site
(Figure 2) that would not have been present in either chimpanzee or Neanderthal (and which
would have been abolished by the hypospadias-causing p.V505A mutation). These findings
suggest that the nucleotide substitutions giving rise to a valine at p.505 and an isoleucine at
p-510 may have exerted a cooperative effect which allowed both of them to become fixed
during human evolution.

One of the three disease-causing D-state PCMs (Table 3), the SLC5A1 (MIM# 182380)
H615Q substitution, is thought to be responsible for recessive glucose/galactose malabsorption
in human, and could represent an example of a clinically significant mutation that is present in
both modern humans and chimpanzees. The second D-state PCM, a mutation in /LI/2RBI
(MIM# 601604), is also associated with a recessive condition in humans (susceptibility to
mycobacterial infection). Intriguingly, the third D-state PCM, a mutation of the EXTI (MIM#
608177) gene, occurs in the only amino acid residue that differs between the wild-type

chimpanzee and human EXT1 proteins. Thus, this mutation cannot be a classic compensated
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mutation (i.e. accompanied by a compensatory mutation in the immediate vicinity), but it could
still conceivably be compensated for by non-allelic changes (between chimpanzee and human),
for example in a protein binding partner. Although, in all three cases, the disease-causing
mutation in human matches the wild-type residue in chimpanzees, the possible relevance to

chimpanzee pathophysiology remains unclear.

Pathophysiology of PCMs in modern humans and Neanderthals

Upon Gene Ontology (GO) enrichment analysis, genes that contained PCMs (both missense
and regulatory) in Neanderthal were found to be significantly enriched in functions related to
the immune system and stimulus response (Table 4). This finding is consistent with previous
reports of immune response genes having been subject to positive selection during primate
evolution [Nielsen et al., 2005; Vamathevan et al., 2008; Enard et al., 2010]. It is clearly not

possible, however, on the basis of this GO analysis, to extrapolate from human to Neanderthals.

Human variants with different population frequencies at sites of PCMs

Of the 86 ancestral polymorphic PCMs identified in our study (i.e. categories DP, FP and DFP
in Table 2), 19 were characterized by at least one nominally significant allele frequency
difference between extant African and non-African human populations (International HapMap
Consortium, 2007; Table 5). This represents a more than two-fold excess over random
expectation (2x0.05x86=8.6). We used Wright’s fixation index Fsr to quantify the degree of

genetic divergence between the different populations at these loci. Alleles that have been the
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target of localized positive selection tend to exhibit unusually high Fsr values [Thornton and
Jensen, 2007; Holsinger and Weir, 2009]. Therefore, we compared the Fsy values of the
ancestral polymorphic PCMs to the empirical Fsr distribution derived from all HapMap SNPs
[International HapMap Consortium, 2007] to assess the significance of individual Fgr values.
Previous analysis has shown that the average pair-wise Fsy for Africans and Asians is around
0.19, compared to 0.15 for Africans and Europeans [International HapMap Consortium, 2007].
The 19 PCMs mentioned above exhibited at least one pair-wise Fst value between Africans and
Asians or Europeans of 0.4 or higher, consistent with the differential action of recent positive
selection in these populations.

The highest Fgy values were observed for a disease-associated/functional polymorphism
(K121Q; AAG>CAG) in the ENPP1 (MIM# 173335) gene (Table 5; Supp. Table S2), that is
associated with insulin resistance and obesity in modern humans. This variant, which exhibited
particularly high pair-wise Fsr values in our comparison of African and non-African
populations (Table 5), occurs within a chromosomal region that has been subject to a selective
sweep in early humans [Green et al., 2010]. The A allele of the polymorphism is
human-specific and must have originated in the modern human lineage. Consistent with a
strong environmental influence upon its maintenance, the increased risk of type-2 diabetes
conferred by the alternative C (Q121) allele may be abolished by lifestyle intervention [Moore
et al., 2009]. The reported success of a clinical intervention in this context provides ample
retrospective justification for the identification and analysis of genetic susceptibility variants for

human disease, even if only statistically associated.
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Discussion

Previous studies have shown that humans and Neanderthals shared some key evolutionary
sequence changes (e.g. in the FOXP2 [MIM# 605317; Krause et al., 2007], CMAH [MIM#
603209; Chou et al., 2002] and AGAPI [MIM# 608651; Hiinemeier et al., 2010] genes) which
are absent from the chimpanzee genome. In addition, the two hominins have been shown to
have had polymorphisms in the ABO blood group [MIM# 110300; Lalueza-Fox et al., 2008],
MCPHI [MIM# 607117; Lari et al., 2010] and TAS2R38 taste receptor [MIM# 607751;
Lalueza-Fox et al., 2009] genes in common, testifying to their ancient origin. On the other
hand, a Neanderthal-specific variant in the melanocortin 1 receptor (MCIR; MIM# 155555)
gene has also been reported [Lalueza-Fox et al., 2007]. Having sequenced the Neanderthal
genome, Green et al. [2010] were able to identify a further 78 amino acid differences between
the two hominins, with the derived allele having become fixed in modern humans whilst
Neanderthals appear to have carried the ancestral (chimpanzee-like) allele.

The sequencing of the Neanderthal genome represents an outstanding scientific achievement
and provides us with an invaluable resource for comparative genomic studies involving
humans. However, when the resultant sequence data are employed in studies such as ours, there
are various caveats that need to be considered. Firstly, the possibility of cross-contamination
with modern human DNA is omnipresent [Wall and Kim, 2007]. Green et al. [2010] estimated
that the extent of DNA contamination by modern human males is about 0.6% in the combined

Neanderthal sequence data (with an upper 95% bound of 1.5%). Secondly, artefactual C>T and
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G>A substitutions, resulting from the time-dependent deamination of 5-methylcytosine post
mortem, may be quite frequent although it is unclear precisely how frequent [Briggs et al.,
2007; Briggs et al., 2010]. By contrast, other types of artefactual nucleotide substitution were
found to occur at significantly lower frequencies [Green et al., 2010]. Thus, for C>T and G>A
substitutions at CpG dinucleotides, it is very difficult to distinguish between bona fide germline
mutations that occurred recurrently in both lineages and artefactual mutations that steadily
accumulated in the DNA samples post mortem. One way in which post mortem CG>TG, CA
mutations could have inadvertently altered our conclusions would have been if bona fide
D-state sites had been mis-scored as A-state sites (i.e. false positives), thereby artificially
inflating the number of A-state PCMs identified. To assess the potential for such a source of
error, we compared the frequency of CpG-located C>T and G>A substitutions among A-state
PCMs (10/88; 0.11) with that in the HGMD missense and regulatory mutation dataset
(8812/46060; 0.19). Owing to the nearly two-fold excess seen in HGMD, we may conclude that
the Neanderthal genome sequence data reported by Green et al. [2010] are unlikely to have
been compromised by any excess CpG mutations originating post mortem. The above
notwithstanding, it should be appreciated that the attribution of an A-state has the potential to be
somewhat misleading for mutations occurring within CpG sites because identical C>T or G>A
transitions may have occurred quite independently in the Neanderthal and chimpanzee lineages
as a consequence of high frequency methylation-mediated deamination of 5-methylcytosine in
Vivo.

We know comparatively little about health and disease in Neanderthals, who appear to have
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suffered from various systemic infections [Ember and Ember, 2004] and for whom both a
natural kyphosis of the lumbar spine [Weber and Pusch, 2008] and osteochondromas/ exostoses
[Trinkhaus, 2008] have been inferred from skeletal remains..Neanderthals and modern humans
differed quite markedly in terms of craniofacial features; although Neanderthal brain size was
similar at birth to that of modern humans, brain growth rates during early infancy may have
been higher [Ponce de Leén and Zollikofer, 2001; Ponce de Ledn et al., 2008]. With the above
in mind, the A761V amino acid sequence polymorphism (associated with cranial volume)
identified as a PCM in the MCPHI (MIM# 607117) gene is intriguing, as is the V5371
polymorphism (associated with osteochondromas/exostoses) identified as a PCM in the EXT1
gene (Supp. Table S1). It may also be pertinent to note that, of the 60 regulatory PCMs in
Neanderthal or chimpanzee (listed in Supp. Table S2), four are associated with body fat/obesity,
five are associated with lipid metabolism, five are associated with insulin resistance/diabetes,
three are associated with asthma, and two are associated with resistance to infection.

Green et al. [2010] identified a number of genetic regions that were involved in gene flow
from Neanderthals to non-African modern humans. One of these regions harbours the
abovementioned SLC5AI H>Q mutation, responsible for the disease phenotype
‘glucose/galactose malabsorption’. However, since there is no difference in allele frequency
between Africans and non-Africans (a finding which could also be explicable in terms of
balancing selection), this lesion would appear not to have originated via gene-flow from
Neanderthals.

The idea that two individually deleterious mutations might be capable of restoring normal
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fitness when they occur in combination can be traced back to Kimura [1985] who suggested
that ‘compensatory neutral mutations’ might play an important role in evolution. More recently,
Kondrashov et al. [2002] compared pathological missense mutations in 32 human proteins to
the amino acid substitutions that occurred during the course of evolution of these same proteins,
and estimated that ~10% of all amino acid sequence differences between a human protein and a
non-human (mammalian) orthologue could represent what they termed ‘compensated
pathogenic deviations’ (CPDs), essentially equivalent to the PCMs discussed here. Since CPDs
would be pathogenic in humans, Kondrashov et al. [2002] surmised that the normal functioning
of a CPD-containing protein in the non-human species must be due to other (compensatory)
amino acid sequence deviations from the human sequence. In other words, as many as 10% of
all the amino acid substitutions that become fixed in an evolving protein may be dependent
upon compensatory substitutions to be benign. It is assumed that the compensatory mutations
serve to neutralize the potential detrimental effect of the compensated mutation on the structure
and stability of the protein [Ferrer-Costa et al., 2007].

With the sequencing of the genomes of various model organisms, numerous examples have
emerged of compensated mutations i.e. human pathological missense mutations where the
substituting amino acid has been found to be identical to the wild-type amino acid residue at the
orthologous position in mouse [Gao and Zhang 2003], macaque [Gibbs et al., 2007] or
chimpanzee [Mikkelsen et al., 2005; Azevedo et al., 2006]. This apparent paradox is potentially
explicable in terms of the ‘compensatory mutation hypothesis’ which holds that the absence of

strongly deleterious effects in other mammalian species is due to the buffering effect of epistatic
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interactions between the mutation which causes disease in human (the ‘compensated mutation’)
and other mutational changes that compensate in some way for the functional alteration in the
mammalian protein (the ‘compensatory mutations’). In principle, these compensatory changes
could be either allelic to the compensated mutation or non-allelic. It is assumed that the
compensatory mutations, present in the non-human protein, serve to neutralize the potential
detrimental effect of the compensated mutation on the structure of the protein [Ferrer-Costa et
al., 2007]. In evolution, compensatory mutations are unlikely to occur singly; indeed, Poon et
al. [2005] have suggested that an average of 11.8 compensatory mutations may interact
epistatically with a given deleterious mutation so as to restore wild-type levels of fitness. CPDs
tend to be less severe in terms of the physicochemical difference between the substituted and
substituting amino acids than normally pathological mutations [Ferrer-Costa et al., 2007,
Baresi¢ et al., 2010]. BareSi¢ et al. [2010] have also shown that amino acid residues
surrounding the compensated residue in the folded protein are mutated more often than residues
surrounding an uncompensated mutation, consistent with the view that compensation relies
upon structurally local mutations.

Consistent with the idea that common disease susceptibility may be the result of long-term
human adaptation to a steady ancient environment, a number of the alleles that increase the risk
of common diseases are indeed ancient [Di Rienzo & Hudson 2005; Corona et al., 2010]. In
this framework, the newly acquired allele confers protection against the disease. The human
risk alleles could correspond to either persistent (i.e. ancient) or recurring mutations that

represent the recapitulation of ancestral states that may once have been protective, but which
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now result in adverse consequences for human health. If compensated mutations are more likely
to be fixed by positive selection than by drift [Corona et al., 2010], then these variants could
indeed represent adaptive differences.

Here we have performed triangulation of human, chimpanzee and Neanderthal genome
sequence data and cross-compared the chromosomal coordinates of the recognized sequence
differences with known human disease-related mutations. A total of 122 mutations were
identified (62 of which were missense mutations including five deemed to be disease-causing in
humans) that were potentially compensated in chimpanzee or Neanderthal. Of these 122 human
mutations, termed PCMs, 88 were ‘ancestral’ in that the PCM matched the wild-type in both
non-human species whereas 33 were ‘derived’ in that the Neanderthal wild-type matched the
human wild-type (i.e. the PCM was confined to chimpanzee). The 88 ancestral PCMs could
potentially be indicative of genomic regions that harbour adaptive differences between modern
humans and Neanderthals. ‘Ancestral’ PCMs that are disease-causing in humans were identified
in two human genes (DUOX2, MAMLDI). These pathological lesions could thus provide
examples of compensated mutations in Neanderthal but, since all these mutations give rise to
recessively inherited conditions in humans, it is also possible that they could have been
associated with disease causation/susceptibility in Neanderthals. Intriguingly, we identified 19
PCMs in both Neanderthals and chimpanzees that are polymorphic in human and that exhibit
nominally significant frequency differences between the African and at least one non-African
population. These PCMs represent major candidates for recent population-specific selection,

consistent with different alleles having exhibited differential functional importance in different
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environments.
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Figure legends

Figure 1: Potential compensated mutations (PCMs) identified by genomic triangulation.

(A) 88 PCMs were ancestral, i.e. the Neanderthal and chimpanzee nucleotides were identical
(ancestral state). (B) 33 PCMs were derived, denoting that the Neanderthal nucleotide matched
the human wild-type nucleotide and that the PCM was confined to chimpanzee (derived state).

An ancestral PCM should be compensated for in both Neanderthal and chimpanzee. By
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contrast, a derived PCM would only have required compensation in chimpanzee.

Figure 2: A potential example of a compensating amino acid residue (p.M510) in the
chimpanzee MAMLDI1 protein in the vicinity of the PCM at amino acid residue p.A505. (A)
Multiple alignment of the orthologous regions of the MAMLDI1 protein for a variety of primate
species. In human wild-type MAMLDI, the combination of p.V505 and p.I510 is predicted by
protein modelling to introduce a novel human-specific ligand-protein binding site (which would
be abolished by the hypospadias-causing p.V505A mutation). (B) Predicted protein-ligand
complex. MAMLDI1 residues that interact with the ligand are coloured yellow. The p.V505 and

p-I510 residues are shown in red with green highlighting.
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Table 1. Missense and regulatory mutations from HGMD used in this study,
categorised by mutation type and putative role in disease aetiology

Mutation/ Type and putative role in disease aetiology
polymorphism type DM DP DFP FP Total
Missense 41,960 942 295 1,151 44,348
Regulatory 635 340 391 346 1,712
Total 42,595 1,282 686 1,497 46,060

DM: disease-causing mutation; DP: disease-associated polymorphism lacking functional
evidence; DFP: disease-associated polymorphism with functional evidence; FP:
polymorphism with functional evidence, but lacking a reported disease association as yet.
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Table 2. HGMD-derived mutations identified as potentially compensated mutations

Human Mutation

(PCMs) in the Neanderthal and/or chimpanzee genome

Mutation/ Mutation type and basis of disease aetiology Neanderthal
polymorphism substitutions
type PCM state | DM | DP | FP DFP | Total
Missense A 2 25 6 14 47 3,703

D 3 9 2 1 15 21,655

Total 5 34 8 15 62 25,358
Regulatory A 0 20 10 11 41 3,681

D 0 9 6 3 18 25,736

Total 0 29 16 15 60 29,471

A: ancestral (i.e.

Neanderthal nucleotide identical to both the chimpanzee wild-type
nucleotide and the human disease-causing/disease-associated mutation, but not the human
wild-type nucleotide); D: derived (i.e. Neanderthal nucleotide identical to the human
wild-type but not the chimpanzee wild-type nucleotide, which is identical to the human
disease-causing/disease-associated mutation); N: Neanderthal wild-type identical to the
human disease-causing/disease-associated mutation, but not to the chimpanzee or the

human wild-type nucleotide. For further details, see legend to Table 1.

John Wiley & Sons, Inc.
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Gene

Mutation

HGVS nomenclature
(cDNA)HGVS nomencla
(protein)

PCM
state

Disease phenotype

Table 3. Human disease-causing mutations (DMs) identified as PCMs in chimpanzee and/or
Neanderthal

©CoO~NOUTA,WNPE

SLC5A1

C=>G:CG

NM_000343.1:c.1845C>G

NP_000334.1:p.H615Q

Glucose/galactose
malabsorption

11 EXTI

G=>A:GA

NM_000127.2:c.1609G>A

NP_000118.2:p.V5371

Multiple osteochondromas

12 ILI2RBI

A=>G:AG

NM_005535.1:c.641A>G

NP_005526.1:p.Q214R

Mycobacterial infection,
susceptibility to

14 DUOX2

A=>G:GG

NM_014080.4:c.2033A>G

NP_054799.4:p.H678R

Hypothyroidism

MAMLDI1

T=>C:CC

NM_005491.2:¢.1514T>C

NP_005482.2:p.V505A

>|»>| O |9 T

Hypospadias

18 Mutations are given in the format human wild-type => human mutation: Neanderthal nucleotide,

19 chimpanzee nucleotide. HGVS (cDNA) and HGVS (protein) represent mutation descriptions according to
20 HGVS guidelines (www.hgvs.org/mutnomen) at the cDNA and protein levels, respectively. HGVS (cDNA)
nomenclature provides cDNA numbering with +1 corresponding to the A of the ATG translational initiation
codon in the corresponding reference sequence. HGVS (protein) nomenclature provides numbering relative
24 to the reference protein sequence with the translational initiation codon = 1. NM & NP denote NCBI

25 RefSeq & RefProt accession numbers respectively [http://www.ncbi.nlm.nih.gov/RefSeqg/key.html]. For

26 further details, see legends to Tables 1 and 2.

John Wiley & Sons, Inc.
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Table 4. GO term enrichment for genes with potential compensatory mutations (in relation to
Neanderthal) occurring specifically in modern humans

GO ID GO term GO class P

G0:0002520 immune system development BP 0.0034
G0:0048583 regulation of response to stimulus BP 0.0040
G0:0002376 immune system process BP 0.0040
G0:0002682 regulation of immune system process BP 0.0220
G0:0005624 membrane fraction CC 0.0220
GO0:0050896 response to stimulus BP 0.0220
GO0:0000267 cell fraction CC 0.0314
G0:0030225 macrophage differentiation BP 0.0342
G0:0048534 hemopoietic or lymphoid organ development | BP 0.0342
G0:0002521 leukocyte differentiation BP 0.0367
GO0:0006955 immune response BP 0.0367
G0:0010743 regulation of foam cell differentiation BP 0.0416
G0:0030097 hemopoiesis BP 0.0469

BP: Biological process. CC: Cellular component. P: p-value from a hypergeometric distribution,
adjusted for test multiplicity by consideration of the false discovery rate.

John Wiley & Sons, Inc.
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Table 5. Ancestral polymorphic PCMs with significantly different genotype frequencies

in different HapMap populations (http://hapmap.ncbi.nlm.nih.gov/)

Gene rs number HGMD Nucleotide Asian European African Pair-wise Fsr (p value)
Accession Number WT | PCM | fwr n fwr n fwr n Asian-African | European-African
ENPPI rs1044498 CM993455 A C 092 | 340 | 0.88 | 402 | 0.15 | 692 | 0.729 (0.0046) | 0.690 (0.0033)
WRAPS53 152287499 CMO077855 C G 0.72 | 176 | 0.84 | 120 | 0.08 | 120 | 0.575(0.0192) | 0.733 (0.0020)
TP53BP1 rs560191 CMO067475 C G 0.52 | 178 | 0.69 | 120 | 0.00 | 120 | 0.472 (0.0414) | 0.687 (0.0034)
GHRHR* 1s2302019 CR066667 C T 0.69 | 340 | 0.55 | 402 | 0.06 | 692 | 0.646 (0.0105) | 0.486 (0.0239)
LPL* rs1800590 CR971950 T G 1.00 | 176 | 098 | 120 | 048 | 114 | 0.576 (0.0190) | 0.483 (0.0245)
TP53BP1 rs2602141 CM067476 A C 0.59 | 340 | 0.67 | 400 | 0.09 | 692 | 0.480 (0.0391) | 0.558 (0.0129)
THPO* 156141 CR014438 G A 0.53 | 340 | 042 | 402 | 0.01 | 586 | 0.580 (0.0184) | 0.443 (0.0337)
LTF rs1126478 CM096382 A G 0.37 | 340 | 0.68 | 402 | 0.06 | 692 | 0.279 (0.1397) | 0.619 (0.0072)
UGTIAI* 154124874 CR025220 T G 0.68 | 340 | 0.56 | 402 | 0.12 | 690 | 0.517 (0.0300) | 0.371 (0.0566)
ABCBI1 152032582 CMO033585 T G 0.57 | 340 | 045 | 402 | 0.05 | 464 | 0.507 (0.0323) | 0.362 (0.0603)
SLC6A4* rs1042173 CR084012 T G 0.17 | 340 | 0.53 | 402 | 0.84 | 692 | 0.622 (0.0130) | 0.217 (0.1599)
VNN1 154897612 CR075274 T G 0.63 | 340 | 0.68 | 400 | 0.17 | 692 | 0.382 (0.0753) | 0.430 (0.0370)
ARGI* 152781666 CR073540 G T 0.68 | 340 | 0.74 | 290 | 0.22 | 292 | 0.349 (0.0922) | 0.427 (0.0380)
SFTPD 152243639 CMO067461 A G 026 | 340 | 043 | 402 | 0.02 | 584 | 0.261 (0.1557) | 0.431 (0.0368)
ENPPI* 157754561 CR052970 A G 0.41 | 340 | 0.72 | 402 | 0.15 | 692 | 0.173 (0.2568) | 0.507 (0.0201)
TLRI rs4833095 CM094340 A G 032 | 336 | 0.70 | 402 | 0.12 | 690 | 0.110 (0.3634) | 0.532(0.0162)
Cl701f53 15227584 CM093418 A C 0.26 | 340 | 0.70 | 400 | 0.12 | 690 | 0.068 (0.4612) | 0.535 (0.0158)
BCR rs140504 CMO057927 A G 0.49 | 340 | 0.12 | 402 | 0.03 | 692 | 0.494 (0.0355) | 0.055 (0.4664)
AGT 15699 CM920010 T C 0.19 | 340 | 0.58 | 402 | 0.11 | 692 | 0.020 (0.6231) | 0.415 (0.0416)

WT: wild-type nucleotide in (non-African) human populations; PCM: potentially compensated mutation
in the Neanderthal and chimpanzee genome; fwr: frequency of the human wild-type allele in the

respective population; n: sample size (number of chromosomes) in HapMap; Fsr: small sample estimate of

Wright’s fixation index; p value: as obtained by reference to the overall distribution of SNP-based pair-
wise Fgr values in HapMap. Disease-associated/functional polymorphisms in gene regulatory regions are
denoted by *.

John Wiley & Sons, Inc.
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11 Human
Neanderthal

12 Chimpanzee
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16 Bushbaby

Human Mutation
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Supp. Table S1. Potential compensated missense mutations in the Neanderthal and/or chimpanzee genome

HGMD
Acc. No.

CMO067656

CMO073141

CM084632

CM100611

CM920010

CM980072

CM066604

CMO073086

CMO087379

CMO065290
CMO066581

CMO096382
CM941277
CMO031390
CMO094340
CMO060415

CMO072043

Chromosomal

location

chrl:156491643:+

chrl:67457975:+

chrl:205366693:+

chrl:12005513:+

chrl:228912417:-

chrl:21767322:+

chr2:230758959:-

chr2:85634047:-

chr2:100957736:+

chr3:187925712:+
chr3:126109714:-

chr3:46476217:-
chr3:172214994:-
chr4:141708518:-

chr4:38476105:-
chr6:150156438:+

chr6:160462998:+

Mutation

C=>G:.CG

T=>C:CC

G=>A:GA

A=>G:GG

T=>C:CC

T=>C:CC

C=>T.TC

G=>A:GA

A=>G:GG

T=>C:CC
A=>C:CC

A=>G:GG
C=>T:CT
G=>A:AA
A=>G:GG
A=>G:GA

C=>T.CT

State

>

o » » U »

Tag

DP

DP

DFP

DFP

DP

DFP

DP

DP

FP

DP
DP

DFP
DP
DP

DFP
FP

FP

Human_disease_state
Guillain-Barre syndrome, reduced risk,
association with?

Psoriasis, increased risk, association
with

Haemolytic uraemic syndrome,
atypical, assoc. with

Breast cancer, reduced risk, association
with

Hypertension, association with
Hypophosphatasia, association with
Tuberculosis, reduced susceptibility,
association with

Higher body mass index, association
with

Higher testosterone levels, association
with

Nephropathy, reduced risk, association
with

Ulcerative colitis, association with
Periodontitis, aggressive, association
with

Diabetes, NIDDM, association with
Waist-to-hip ratio, association with
Leprosy, association with

Reduced stability, association with
Reduced metformin uptake,

association with

John Wiley & Sons, Inc.

pmid

16820217

17236132

18424762

20103646

1394429

9781036

16803959

17029979

18990770

17065357
17058067

18973542
8063045
12756473
19456232
9343375

17476361

Gene

CD1A

IL23R

C4BPA

MIIP

AGT

ALPL

SP110

GGCX

NPAS2

KNG1
MUC13

LTF
SLC2A2
UCP1
TLR1
PCMT1

SLC22A1

CpG

2

zZ2 2 < Zz Z

dbsnp id.

rs2269715

rs7530511

rs45574833

rs2295283

rs699

rs3200254

rs3948464

rs699664

rs2305160

rs1656922
rs1127233

rs1126478
rs5400
rs45539933
rs4833095
rs4816

rs34447885

HGVS (cDNA)

nomenclature

NM_001763.2:c.204C>G

NM_144701.2:¢.929T>C

NM_000715.3:c.719G>A

NM_021933.2:c.499A>G

NM_000029.2:¢.803T>C

NM_000478.3:c.787T>C

NM_004509.2:¢.1274C>T

NM_000821.3:c.974G>A

NM_002518.3:c.1180A>G

NM_001102416.1:¢.533T>

C

NM_033049.2:¢c.1506A>C

NM_002343.2:c.140A>G

NM_000340.1:¢.329C>T

NM_021833.3:¢.190G>A

NM_003263.3:c.743A>G

NM_005389.1:c.358A>G

NM_003057.2:c.41C>T

HGVS (protein)

nomenclature

NP_001754.2:p.C68W

NP_653302.2:p.L310P

NP_000706.1:p.R240H

NP_068752.2:p.K167E

NP_000020.1:p.M268T

NP_000469.3:p.Y263H

NP_004500.2:p.S425L

NP_000812.2:p.R325Q

NP_002509.2:p.T394A

NP_001095886.1:p.M178T
NP_149038.2:p.R502S

NP_002334.2:p.K47R
NP_000331.1:p.T110I
NP_068605.1:p.A64T
NP_003254.2:p.N248S
NP_005380.1:p.1120V

NP_003048.1:p.S14F
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2

HGMD
Acc. No.

CM074911

CM993455

CM031368

CM031370

CM033585

CM930596

CM024569

CM081694

CM081761

CM099178

CM950017

CM940804

CM990005

CM067461

CMO074765

CM025891

CM080415

CM033453

Chromosomal

location

chr6:39433056:-

chr6:132214061:+

chr7:141319814:-

chr7:141319073:-

chr7:86998554:-

chr7:94775382:-

chr8:18124476:+

chr8:6466450:+

chr8:143758933:+

chr8:118899878:-

chr8:37942955:-

chr9:34639442:+

chr9:106626574:-

chr10:81691702:-

chr10:67710331:-

chr11:74585230:+

chr11:113308238:+

chr12:107542027:-

Mutation

T=>C:CC

A=>C:CC

G=>C:CC

A=>G:GG

T=>G:GG

A=>G:GG

T=>G:GG

C=>T:TT

C=>T:TT

G=>A:GA

T=>C:CC

A=>G:GG

A=>G:GG

A=>G:GG

G=>A:GA

C=>T:TT

A=>C:CC

G=>A:AA

State

> >» >» >

> » O »

Tag

DP

DFP

DP

DP

DP

DFP

FP

DP

DFP

DM

DFP

DFP

FP

DP

DP

FP

FP

DFP

Human_disease_state
Coronary heart disease, association
with
Insulin resistance/obesity,
association with
Phenylthiocarbamide taste sensitivity,
association
Phenylthiocarbamide taste sensitivity,
association with
Inflammatory bowel disease,
association with
Longevity, association with
Increased activity, association with
Cranial volume, association with
Gastric cancer, diffuse-type,
association with
Multiple osteochondromas
Hyperinsulinaemia, association with
Galactosaemia, Duarte variant
Higher plasma HDL cholesterol,
association with
Lung cancer, susceptibility to,
association with
Alzheimer disease, increased risk,

association with?

Decreased enzyme activity, association

with

Altered receptor function, association
with

Incident coronary heart disease,

decreased risk in African Americans,

John Wiley & Sons, Inc.

pmid

18073581

10480624

12595690

12595690

14610718

15050299

12172214

18204051

18488030

19810120

7487991

8198125

10431237

16741161

17209133

12130747

18184810

17420019

Gene

KIF6

ENPP1

TAS2R38

TAS2R38

ABCB1

PON1

NAT1

MCPH1

PSCA

EXT1

ADRB3

GALT

ABCAl

SFTPD

CTNNA3

SLCO2B1

HTR3B

SELPLG

CpG

N

< Z2 Z2 Z

z zZz < <

dbsnp id.

rs20455

rs1044498

rs713598

rs10246939

rs2032582

rs662

rs4986783

rs1057090

rs2294008

rs4994
rs2070074

rs2066714

rs2243639

rs4548513

rs2306168

r1s1176744

rs2228315

HGVS (cDNA)

nomenclature

NM_145027.4:¢.2155T>C

NM_006208.1:¢.361A>C

NM_176817.2:¢.145G>C

NM_176817.2:c.886A>G

NM_000927.3:¢.2677T>G

NM_000446.3:¢.575A>G

NM_000662.4:c.640T>G

NM_024596.2:¢.2282C>T

NM_005672.3:c.2C>T

NM_000127.2:¢.1609G>A

NM_000025.1:¢.190T>C

NM_000155.2:¢.940A>G

NM_005502.2:¢.2649A>

G

NM_003019.4:¢.538A>G

NM_013266.1:c.1787G>A

NM_007256.2:¢.1457C>T

NM_006028.3:¢.386A>C

NM_003006.3:¢c.186G>A

HGVS (protein)

nomenclature
NP_659464.3:p.W719R
NP_006199.1:p.K121Q
NP_789787.2:p.A49P
NP_789787.2:p.1296V
NP_000918.2:p.S893A
NP_000437.3:p.Q192R
NP_000653.3:p.S214A
NP_078872.2:p.A761V
NP_005663.1:p.T1M
NP_000118.2:p.V537I
NP_000016.1:p.W64R
NP_000146.2:p.N314D
NP_005493.2:p.1883M
NP_003010.4:p.T180A
NP_037398.1:p.S596N
NP_009187.1:p.S486F

NP_006019.1:p.Y129S

NP_002997.1:p.M62I
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3

1

2 HGMD
3 Acc. No.
4

5

6

7 CM085048
8

9

10 CM950862
11

12 CM994637
13

14

15 CMO022034
16

17

18 CMO033777
19 CMO070246
20

21

22 CMO067475
23

24 CMO067476
25

26 CMO085365
27 CM983400
28

29

30 CMO030773
31

32 CMO032397
33

34

35 CMO057933
36

37

38 CMO077855
39

40 CM087381
41

42

43 CM093418
44

45

46

47

48

N
o]

Chromosomal

location

chr12:78539038:-

chr12:5473868:+

chrl2:6327323:-

chrl3:32526193:+

chrl4:24170122:-
chr14:60993992:+

chr15:41555066:-

chr15:41511938:-

chr15:43185730:-

chrl6:27263704:+

chrl7:19753133:-

chrl7:41432502:+

chrl7:4585312:-

chrl7:7532893:+

chrl7:7987497:-

chrl7:39581073:+

Mutation

T=>G:GG

G=>A:GA

A=>G:GG

G=>C:GC

T=>C:CC
G=>A:AA

C=>G:GG

A=>C:CC

A=>G:GG

A=>G:GG

A=>G:GG

A=>G:AG

C=>T.CT

C=>G:GG

G=>C:CC

A=>C:CC

State

Tag

DP

DP

DFP

DP

DP
DFP

DP

DP

DM

DFP

DP

DP

DP

DP

FP

DP

Human_disease_state

association with

Schizophrenia in females, association

with

Schizophrenia, severe, increased risk,

association with

Hypertension, reduced risk, association

with

Age-related phenotypes, association

with
Apoptosis, unable to induce,

association with

Cerebral infarction, association with

Lung cancer, susceptibility to,
association with

Lung cancer, susceptibility to,
association with

Hypothyroidism

Asthma, atopic, association with
Cardiac disease, susceptibility to,
association

Progressive supranuclear palsy,

association with

Atherosclerotic stenosis, increased

severity, association with

Breast cancer, ER negative, association

with?
Increased sex hormone-binding

globulin levels, association with

Hip bone mineral density, association

with?

John Wiley & Sons, Inc.

pmid

18281137

7733919

10523338

11792841

12594335
17206144

16741161

16741161

18765513

9620765

12646697

12913211

15836657

17683073

18990770

19079262

Gene

PAWR

NTF3

SCNN1A

KL

GZMB
PRKCH

TP53BP1

TP53BP1

DUOX2

IL4R

AKAP10

STH

CXCL16

WRAPS53

PER1

C170rf53

CpG

dbsnp id.

rs1805149

rs2228576

rs9527025

rs2236338
rs2230500

rs560191

rs2602141

rs1805010

rs203462

rs62063857

rs2277680

rs2287499

rs2585405

rs227584

HGVS (cDNA)

nomenclature

NM_002583.2:¢.597T>G

NM_002527.4:¢.227G>A

NM_001038.4:¢c.1987A>G

NM_004795.2:¢.1109G>C

NM_004131.3:¢c.739T>C
NM_006255.3:¢.1120G>A

NM_005657.1:¢.1059C>G

NM_005657.1:¢.3406A>C

NM_014080.4:¢c.2033A>G

NM_000418.2:¢.223A>G

NM_007202.2:¢c.1936A>G

NM_001007532.1:c.20A>

G

NM_022059.2:¢.599C>T

NM_018081.1:¢.202C>G

NM_002616.1:¢c.2884G>C

NM_024032.2:¢.376A>C

HGVS (prgtein)
nomenclature
NP_002574.2:p.1199M
NP_002518.1:p.G76E
NP_001029.1:p.T663A
NP_004786.2:p.C370S

NP_004122.1:p.Y247H
NP_006246.2:p.V3741

NP_005648.1:p.D353E
NP_005648.1:p.K1136Q
NP_054799.4:p.H678R
NP_000409.1:p.175V
NP_009133.2:p.1646V
NP_001007533.1:p.Q7R
NP_071342.2:p.A200V
NP_060551.1:p.R68G

NP_002607.1:p.A962P

NP_076937.2:p.T126P
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HGMD
Acc. No.

CM004814
CM984025

CM014824
CM064121

CMO025479

CMO057711
CM057927

CM096696
CM910052
CM961339
CM085353

Mutation:

Chromosomal
location Mutation
chr19:50546759:- A=>C:CC
chr19:18047618:- A=>G:AG
chr20:4653718:+ C=>T.TT
chr20:44075813:+ G=>C:CC

chr21:44534334:+ C=>G:GG
chr21:33536125:+ T=>G:GG
chr22:21957369:+ A=>G:GG
chr22:35792882:- T=>C:.CC
chr22:49410905:- C=>G:GG
chr22:30836050:+ C=>G:CG

chrX:149390017:+ T=>C:CC

State

> >

> O >» >

Tag

DFP
DM

DP
DP

DP

DP
DP

DP
DP
DM
DM

Human_disease_state pmid

Basal cell carcinoma, reduced risk,

association with

Mycobacterial infection

9950243
9603732

Creutzfeldt-Jakob disease, association

with

Leukemia, risk, association with

11702213
16574953

Alopecia universalis, association

with

12542742

Multiple sclerosis, susceptibility to,

association with

Bipolar disorder, association with?

15885318
15866548

Iron status and erythrocyte volume,

association with

Phenotype modifier, association with?

Glucose/galactose malabsorption

Hypospadias

19820699
11941485
8563765
18635673

Gene

ERCC2
IL12RB1

PRND
MMP9

AIRE

IFNAR2
BCR

TMPRSS6
ARSA
SLC5A1
MAMLD1

CpG

N

2

zZ 2 Z2 Z

dbsnp id.

rs13181
rs11575934

rs2245220
rs2250889

rs1800520

rs1051393
rs140504

rs855791
rs743616
rs33954001

HGVS (cDNA)

nomenclature

NM_000400.2:c.2251A>C
NM_005535.1:c.641A>G

NM_012409.2:c.521C>T
NM_004994.2:¢.1721G>C

NM_000383.2:¢.834C>G

NM_207585.1:¢.28T>G
NM_004327.3:¢c.2387A>G

NM_153609.2:¢.2207T>C
NM_000487.4:¢.1172C>G
NM_000343.1:¢.1845C>G
NM_005491.2:¢c.1514T>C

HGVS (protein)

nomenclature

NP_000391.1:p.K751Q
NP_005526.1:p.Q214R

NP_036541.2:p.T174M
NP_004985.2:p.R574P

NP_000374.1:p.S278R

NP_997468.1:p.F10V
NP_004318.3:p.N796S

NP_705837.1:p.V736A
NP_000478.2:p.T391S
NP_000334.1:p.H615Q
NP_005482.2:p.V505A

human normal =>human mutation: Neanderthal genotype, chimpanzee genotype. HGMD: Human Gene Mutation Database. A: Ancestral, D:

Derived. DM: disease-causing mutation; DFP: disease-associated functional polymorphism; DP: disease-associated polymorphism; FP: functional

polymorphism. CpG column provides information as to whether the corresponding mutation occurred in a CpG dinucleotide in human and was either a C>T or
G>A transition compatible with methylation-mediated deamination of 5-methylcytosine (Y denotes yes, N denotes no). HGVS (cDNA) nomenclature provides
cDNA numbering with +1 corresponding to the A of the ATG translational initiation codon in the corresponding reference sequence. HGVS (protein)
nomenclature provides humbering with respect to the corresponding reference protein sequence, with the translational initiation codon being codon 1. Entries

marked in bold type were previously identified as ‘compensated mutations’ by Mikkelsen et al. (2005). These are putative disease-causing/disease-associated

variants in human that correspond to the wild-type in chimpanzee.

John Wiley & Sons, Inc.
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2 Supp. Table S2. Potential compensated regulatory mutations in the Neanderthal and/or chimpanzee genome

3

g HGMD Chromosomal

6 Acc. No. location Mutation State Tag Human_disease_state pmid Gene CpG dbsnp

7 CR060579  chrl1:111020443:- A=>G:GA D DP Low insulin sensitivity, association with 16317062 KCNA3 N rs2821557:A>G
g CR043164  chrl1:43575707:+ C=>A:AA A DP Platelet count, association with? 15307100 MPL N rs839993:C>A
10 CRO57791 chrl:111571946:+ G=>T:TG D FP Increased promoter activity, association with 16251966 CHI3L2 N rs755467:G>T
11 CR025943  chr1:228917021:- C=>T.CT D DP Increased angiotensinogen levels, association with? 12404103 AGT N rs5046:C>T
ig CR025220 chr2:234330398:+ T=>G:GG A DFP  Hyperbilirubinaemia, association with 11906189 UGT1A1 N rs4124874:7>G
14 CR033690 chr2:227372145:-  G=>A:AA A DP Diabetes, NIDDM, association with 14633864 IRS1 N rs13306465:G>A
15 CR086331 chr2:234291987:+ C=>T.CT D FP Reduced expression, association with 18433817 UGT1A4 N rs3732219:C>T
i? CR066664 chr3:129680794:- C=>T:CT D DP Coronary artery disease, association with 16934006 GATA2 Y rs2713579:C>T
18 CR032439  chr3:12328198:+ C=>G:GG A DFP  Increased height/lipid metabolism, association with 12588773 PPARG N rs10865710:C>G
19 CR014438 chr3:185572960:- G=>A:AA A DP Myocardial infarction, association with 11257273 THPO Y rs6141:G>A
32 CR025435 chr4:111053559:+  A=>G:GG A DFP  Malignant melanoma, association with 11844511 EGF N rs4444903:A>G
22 CR004797  chr4:26101320:- G=>T.GT D DP Higher percent body fat, association with 10682840 CCKAR N rs1800908:G>T
23 CR045948  chr4:69995928:+ G=>A:AA A FP Promoter activity, association with 15001974 UGT2B7 Y rs7438135:G>A
gg’ CRO71281 chr4:156348632:+ C=>T:TT A DP Obesity, association with 17235527 NPY2R Y rs6857715:C>T
26 CR035513 chr5:131436741:+  A=>C:CC A DP Reduced severity in atopic dermatitis, association with 13679820 CSF2 N rs4124874:7>G
27 CR057231  chr5:71047268:+ T=>C:CC A DP Obesity, association with? 15823203 CARTPT N rs4703647:T>C
gg CR071289  chr5:1499389:- T=>C:CC A DP Attention-deficit hyperactivity disorder, association with 17044101 SLC6A3 N rs2652511:T>C
30 CR052970 chr6:132254387:+  A=>G:GG A DP Obesity, association with 16025115 ENPP1 N rs7754561:A>G
31 CR082018  chr6:78227843:- G=>A:GA D DFP  Aggressive behaviour, association with 18283276 HTR1B Y rs13212041:G>A
gg CRO77383 chr6:154401054:+  A=>G:GG A FP Increased promoter activity, association with 16843022 OPRM1 N rs17174629:A>G
34 CR075274 chr6:133077018:- T=>G:GG A DP HDL cholesterol concentration, association with 17873875 VNN1 N rs4897612:17>G
35 CR075243  chr6:132314950:- G=>C:CG D DFP  Systemic sclerosis, association with 17881752 CTGF N rs6918698:G>C
g? CR073540 chr6:131935252:+ G=>T:TT A DP Myocardial infarction, association with 17369504 ARG1 N rs2781666:G>T
38 CR012231  chr6:32260420:- T=>C:CC A DFP  Diabetic retinopathy, association with 11375354 AGER N rs1800625:T>C
39 CR092300 chr7:111902894:+ C=>T:TT A DFP  Severity in cystic fibrosis, association with 19242412 IFRD1 N rs7817:C>T
jg CR068449 chr7:128381961:+ C=>T:TT A DP Systemic lupus erythematosus, association with? 16642019 IRF5 Y rs2280714:C>T
42 CR066667  chr7:30969948:+ C=>T:TT A DP Breast cancer, decreased risk, association with 16606630 GHRHR Y rs2302019:C>T
43 CR971950  chr8:19840951:+ T=>G:GG A FP Lower plasma triglyceride level, association with 9017514 LPL N rs1800590:T>G
44

45

46 John Wiley & Sons, Inc.
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HGMD Chromosomal B
Acc. No. location Mutation State Tag Human_disease_state pmid Gene CpG dbsnp
CR034594 ¢chr9:124172343:+  A=>G:GG A FP Inhibition of prostaglandin H2 formation, association with? 12545150 PTGS1 N rs10306114:A>G
CR102176 chr9:100952292:+  A=>G:GG A DFP  Breast cancer, association with 20332227 TGFBR1 N rs334348:A>G
CR091269 chr9:116608587:- T=>C:CC A DFP  Crohn's disease, susceptibility to, association with 19124533 TNFSF15 N rs6478109:T>C
CR054255 chr9:127043845:-  A=>G:GG A DP Bipolar disorder, association with? 16168956 HSPA5 N rs391957:A>G
CR045560 chr9:106730659:- G=>C:CC A FP Reduced plasma HDL cholesterol, association with 15262183 ABCA1 N rs2246293:G>C
CR072313 chr10:94452862:+ C=>T:CT D DP Diabetes, type 2, association with? 17293876 HHEX N rs1111875:C>T
CR942079 chr10:104587142:- T=>C:CC A DP Polycystic ovaries, association with 7849715 CYP17A1 N rs743572:T>C
CR102882 chr10:64279946:- G=>A:GA D DFP  Systemic lupus erythematosus, association with 20194224 EGR2 N rs1412554:G>A
CR094845 chr11:74539529:+  G=>A:AA A FP Increased mRNA expression, association with 19620935 SLCO2B1 N rs2712807:G>A
CR096333  chr11:85546288:-  A=>G:GG A DP Alzheimer disease, association with? 19734902 PICALM N rs3851179:A>G
CR035965 chrl1:45863406:+ A=>G:GG A DFP  Alzheimer disease, association with 12740599 MAPKB8IP1 N rs1554338:A>G
CR025510 ¢hr11:102331749:- G=>A:GA D FP Increased transcriptional activity, association with 12392760 MMP13 N rs2252070:G>A
CR082031 chr12:55796928:- G=>A:AA A DP Schistosomiasis infection, association with 18273035 STAT6 N rs324013:G>A
CR031478  chr12:10203556:- C=>T.CT D DP Alzheimer disease, reduced risk, association with 12807963 OLR1 N rs1050283:C>T
CR080758 chr13:45577313:- A=>G:AG D FP Increased promoter activity, association with 17855631 CPB2 N rs11574980:A>G
CR994765 chr13:112807756:+ G=>T:TC N DFP  Reduced plasma F7 levels, association with 10233895 F7 N Rs510335:G>T
CR045986 chr14:51803734:+ T=>C:CC A DFP  Asthma, association with 15496624 PTGDR N rs8004654:T>C
CR993820 chr15:72828970:+  C=>A:AA A DFP  Increased activity in smokers, association with 10233211 CYP1A2 N rs762551:C>A
CR066661 chr15:49336891:- C=>TTT A DP Alzheimer's, in APOE4 carriers, increased risk, association with 16882736 CYP19A1 Y rs1008805:C>T
CR002154 chr15:56511231:+ G=>A:GA D DP Dyslipidaemia and insulin resistance, association 10894818 LIPC N rs2070895:G>A
CR994768 chrl7:41327398:+ G=>C:CG D DP Supranuclear palsy, progressive, association with 10580705 MAPT N rs62056778:G>C
CR084012 chrl7:25549137:- T=>G:GG A FP Increased expression, association with 18445138 SLC6A4 N rs1042173:T>G
CR052976 chrl7:43163827:+ T=>C:CC A DP Asthma, aspirin-induced, association with 15806396 TBX21 N rs4794067:T>C
CR078280 chrl7:35323475:-  G=>A:GA D DP Asthma, increased risk, association with? 17611496 GSDMB Y rs7216389:G>A
CR090198 chr17:38531642:- A=>G:GG A FP Promoter activity, association with 18782836 BRCA1 N rs799906:A>G
CR010588 chr19:60077416:+  T=>C:CC A DP 1gA nephropathy, association with 11281451 FCAR N rs3816051:T>C
CR051707  chr19:7718733:- T=>C:CC A DFP  Dengue disease, prot. against, association with 15838506 CD209 N rs4804803:T>C
CR050427 chr19:46188969:+  T=>C:CC A FP CYP2B6 expression, association with 15722458 CYP2B6 N rs34223104:T>C
CR075263 ¢chr20:17370063:+ T=>C:CC A DP Diabetes, type 2, association with 17618154 PCSK2 N rs2021785:T>C
CR054260 chr21:38590628:+  T=>G:TG D FP Promoter activity, association with 16086313 KCNJ15 N rs2236606:T>G

John Wiley & Sons, Inc.
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HGMD Chromosomal

Acc. No. location Mutation State Tag Human_disease_state pmid Gene CpG dbsnp
CR063398 chrX:135554616:+ A=>G:GG A FP Increased soluble CD40L levels, association with 16627810 CD40LG N rs3092952:A>G
CRO77381 chrX:113724838:+ G=>C:GC D FP Reduced promoter activity, association with 17376412 HTR2C N rs518147:G>C

Mutation: human normal =>human mutation: Neanderthal genotype, chimpanzee genotype. HGMD: Human Gene Mutation Database. A: Ancestral, D:

©CoO~NOUTA,WNPE

10 Derived. DM: disease-causing mutation; DFP: disease-associated functional polymorphism; DP: disease-associated polymorphism; FP: functional
11 polymorphism. CpG column provides information as to whether the corresponding (human) mutation occurred in a CpG dinucleotide and was either a C>T or
G>A transition compatible with methylation-mediated deamination of 5-methylcytosine (Y denotes yes, N denotes no). The dbSNP column refers to the doSNP
14 identifier and base change (dbSNP:wildtype>mutant).

46 John Wiley & Sons, Inc.



