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Living the high life: high-altitude adaptation

Laura B Scheinfeldt' and Sarah A Tishkoff'#*

Abstract

Genome-wide scans demonstrate that genetic variants
associated with high-altitude adaptation in Tibetans
and Andeans arose independently as a result of
convergent adaptation.

There is widespread interest in the identification of
human genes subject to positive selection, in part because
they may elucidate the biological basis of human
adaptation to novel environments and, therefore, may
lead to the identification of genes and variants that play a
role in disease susceptibility. To this end, a number of
computational approaches have been developed to
perform scans for positive selection. Unlike demographic
processes such as migration, population expansion and
bottlenecks, which affect whole-genome patterns of
variation, positive selection shapes variation in a locus-
specific manner.

Furthermore, populations in divergent environments
with distinct selective pressures may be subject to local
adaptation. Genetic variants that are targets of positive
selection in locally adapted populations are expected to
show higher levels of population differentiation (that is,
differences between populations) and, in some cases,
extended regions of allelic association or linkage disequi-
librium. Thus, genome-wide scans for selection often
identify outliers in the empirical distribution of summary
statistics that characterize population differentiation,
linkage disequilibrium or some combination of the two,
and these outliers are enriched for loci that have been
subject to positive selection (reviewed in [1]).

Physiological adaptations to high-altitude

One of the classic examples of adaptation to a novel
environment is adaptation to high-altitude. At high-
altitude, differences in barometric pressure result in
insufficient oxygen in the air, thereby causing hypoxia
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(that is, reduced oxygen levels in the blood). People at
high-altitude for short periods of time, who are not
adapted to that environment, are at increased risk for
acute altitude sickness involving pulmonary and cerebral
edema, and after extended periods of time at high-
altitude, for chronic altitude sickness involving pulmo-
nary hypertension and related complications. Moreover,
pregnant women living in high-altitude environments
are at increased risk for intrauterine growth restriction
and pre-eclampsia, which can lead to more serious
complications, including perinatal death [2]. Therefore,
individuals possessing physiological traits that offset the
effects of hypoxia have a higher fitness in high-altitude
environments. For example, Tibetan women with high
oxygen saturation of hemoglobin have more than twice
the number of surviving children as those with low
oxygen saturation of hemoglobin [3], indicating a very
strong selective force on the physiological response to
high altitude.

Studies of hypoxia-related physiological traits among
high-altitude populations suggest that adaptive pheno-
types have arisen independently in these populations.
Populations in Asia, Africa and America each have sets of
physiological traits that are distinct from each other. For
example, hemoglobin concentrations are elevated in
high-altitude populations living in the Andes relative to
Tibetan and Ethiopian high-altitude populations, and
oxygen saturation of arterial hemoglobin is reduced in
high-altitude Tibetan and Andean populations relative to
high-altitude Ethiopian populations [4]. Moreover,
estimates of heritability, or the proportion of phenotypic
variation that is attributed to genotypic variation (/?), for
these traits vary among high-altitude populations. Hemo-
globin concentration is estimated to have a strong herita-
bility in both Tibetan and Andean populations (#? = 0.65
and 0.89, respectively), but oxygen saturation of hemo-
globin is only significantly heritable (4 = 0.40) in
Tibetans [4].

The genetic basis of high-altitude adaptation

A growing body of work is focused on the genetic basis of
high-altitude adaptation. Moore et al. [2] reported one of
the first genome-wide scans for selection in high-altitude
populations. The authors looked for a signal of positive
selection in the genomes of high-altitude Andeans using
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a set of more than 11,000 genome-wide single nucleotide
polymorphisms (SNPs). Specifically, the authors calcu-
lated two summary statistics that identify the subset of
variants that are highly differentiated between high- and
low-altitude populations and may be involved in
regionally restricted adaptation to high altitude. From
this list of structured SNPs, they identified a subset of
SNPs located in genes involved in the HIF (hypoxia
inducible factor) pathway, which plays a role in the
response to hypoxia by aiding the survival of cells during
oxygen depletion as well as the restoration of normal
oxygen levels [5]. Using this approach, the authors identi-
fied four HIF pathway genes that are candidate targets of
positive selection in the high-altitude Andean population
(NOS2A (nitric oxide synthase 2), ADRAIb (alpha-1B-
adrenergic receptor), EDN1 (endothelin 1) and PHD3
(HIF-prolyl hydroxylase 3)).

More recently, Bigham et al. [6] extended the analysis
of Moore et al. [2] by using an expanded set of approxi-
mately 500,000 SNPs in a panel of high-altitude Native
American populations (Andeans, N = 50) and low-
altitude Native Americans (N = 55). The authors utilized
four summary statistics to generate lists of candidate
genes for high-altitude adaptation, including methods for
identifying regions of the genome that are highly
structured between high- and low-altitude populations
and methods for identifying regions with unusual
patterns of linkage disequilibrium in Andean highlanders.
The authors further refined their analysis by excluding
candidates that were shared between high- and low-
altitude populations to enrich for candidates specifically
related to high-altitude adaptation. Several candidate
genes were identified by at least two summary statistics,
including a subset of genes that are in the HIF pathway
(VEGF (vascular endothelial growth factor), TNC (tenascin
C), CDHI (cadherin 1), EDNRA (endothelin receptor A),
PRKAAI (protein kinase, AMP-activated, alpha 1 catalytic
subunit), NOS2A (nitric oxide synthase 2), ELF2 (E74-like
factor 2), and PIK3CA (phosphoinositide-3-kinase, cata-
lytic, alpha polypeptide)), but several additional candi-
dates were identified with a single summary statistic,
including the enzyme EGLNI (which catalyzes the post-
transcriptional formation of 4-hydroxyproline). EGLN1
downregulates HIF targets, including EPO (erythro-
poietin), which is involved in red blood cell production.

Two recent studies [7,8] have identified candidate
regions that may play a role in adaptation to high altitude
in highland Tibetan populations. Simonson et al. [7] first
used tests of neutrality based on extended haplotype
homozygosity (iHS), which is useful for identifying
intermediate frequency variants within a population, and
XP-EHH (cross-population extended haplotype homo-
zygosity test), which is useful for identifying fixed or
nearly fixed variants that differ between populations, to
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identify candidate regions that may have been targets of
selection in the Tibetans (N = 31) (and excluded regions
that were also candidate regions in closely related low-
altitude Asians). The authors then narrowed their results
to genes involved in candidate pathways for high-altitude
adaptation, including genes involved with the HIF
pathway and genes in Gene Ontology categories related
to high-altitude physiology. The results of this analysis
include six candidate loci that were identified with the
XP-EHH test (EPASI (endothelial PAS domain protein 1),
CYP2E] (a cytochrome P450 enzyme), EDNRA, ANGPTL4
(angiopoietin-like 4), CAMK2D (calcium/calmodulin-
dependent protein kinase II delta) and EGLNI), five loci
that were identified with the iHS test (EGLN1, HMOX?2
(heme oxygenase 2), CYPI7AI (a cytochrome P450
enzyme), PPARA (peroxisome proliferator-activated
receptor alpha) and PTEN (a phosphatase)), and one
locus that was identified with both tests (EGLNI). Only
the five genes identified with the iHS test were useful for
phenotypic association studies because this test is
designed to identify regions that are variable within a
population. Three phenotypes were included in the
analysis: hemoglobin concentrations, hematocrit values
and oxygen saturation. The authors used haplotypes, or
sets of associated SNPs, with extended haplotype homo-
zygosity (that is, that appear to be a target of selection),
to test for association between genotypic and phenotypic
variation, and report significant additive associations
between hemoglobin concentrations and two haplotypes.
These haplotypes overlap two candidate genes, EGLNI
and PPARA. As noted earlier, EGLN1 downregulates HIF
targets. PPARA is a transcription factor that is not in the
HIF pathway but is classified as one of the genes in the
Gene Ontology biological process ‘response to hypoxia’
[9]. This analysis shows that combining information from
candidate pathways and genome-wide scans for selection
increases the power to detect genotype-phenotype asso-
ciations, especially those with effects that are too modest
to reach genome-wide significance.

Similarly, Beall et al. [8] identified a signal of positive
selection in a sample of high-altitude Tibetans at the
EPASI locus. More specifically, the authors identified an
extended haplotype (that overlaps EPASI) present at high
frequency (46%) in the Tibetans (N = 35) and low fre-
quency (2%) in a closely related sample of Han Chinese
(N = 84). Furthermore, additional studies were carried
out that demonstrate a significant association between
EPASI SNPs and hemoglobin concentrations in two
separate samples of high-altitude Tibetans (N = 70,
N = 91). While the function of EPASI is not completely
understood, it is a HIF pathway gene that is involved in
embryonic development; therefore, it is not clear whether
selection has acted on hemoglobin levels in adults,
perinatal physiology or some combination of physiological
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traits [8]. Nevertheless, these new studies [7,8], which
combine scans for selection with candidate gene pheno-
type analyses, are the first to successfully identify a
significant association between a hypoxia-related physio-
logical trait and variation at particular candidate genes
for selection. The next obvious step would be to
resequence all three genes (EGLN1, PPARA and EPASI)
in the Tibetans to identify specific functional variants
that affect hemoglobin concentrations, including poten-
tial regulatory variants. The authors also note that future
work involving functional analyses is necessary to better
elucidate the roles of these genes in high-altitude
adaptation [7,8].

Even more recently, Bigham et al. [10] carried out an
extensive scan for adaptation in high-altitude Tibetan
(N = 49) and Andean (N = 49) populations with a dense
genotyping array including over 900,000 SNPs. The
authors performed several scans for selection in each
high-altitude population and identified 38 and 14 candi-
date regions in the Andeans and Tibetans, respectively.
Interestingly, there is no overlap in candidate regions
identified in the two populations. When the authors
restrict their analysis to candidate genes and pathways
involved in high-altitude physiology, PRKAAI and
NOS2A are the best-supported candidates in the Andeans
and EPASI is the best candidate in the Tibetans. There is
one HIF pathway gene that is a candidate in both high-
altitude populations, EGLNI; however, the authors
identified population-specific EGLNI haplotypes. These
combined results indicate that the genetic variants asso-
ciated with high-altitude adaptation in Tibetans and
Andeans arose independently due to convergent adaptation.

The studies described above, which use population
genomic approaches, have furthered our understanding
of the genetic basis of adaptation to high altitude. It is
interesting that one of the genes that is a target of
selection and associated with hemoglobin concentrations
in Tibetans, EGLN1 [7], was also identified as a candidate
for involvement in high-altitude adaptation in Andean
populations [6,10]. EPASI, on the other hand, was only
identified in the Tibetan populations, and PPARA was
not considered with the HIF pathway genes in the
Andean analysis, so it remains to be seen whether this
gene is involved in high-altitude adaptation in popula-
tions other than the Tibetans. Future work that includes
the characterization of sequence variation in coding
regions will identify any protein altering variants involved
in high-altitude adapted physiology. In addition, analyses
of gene-expression variation will contribute to the
identification of regulatory variants (that is, expression
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quantitative trait loci, eQTLs) that play a role in
adaptation to high altitude. Both these approaches will be
facilitated by the increased accessibility of next-genera-
tion sequencing and functional assays.

Note added in proof

Since this research highlight was written and in proof, an additional
publication by Yi et al. (2010, Science, 329:75-78) reported a study of sequence
variation in exomes and flanking regions in high-altitude Tibetans and
identified a candidate intronic SNP in EPAST that is significantly associated with
hemoglobin levels and with erythrocyte count.
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