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By impairing both function and survival, the severe reduction in
oxygen availability associated with high-altitude environments is
likely to act as an agent of natural selection. We used genomic and
candidate gene approaches to search for evidence of such genetic
selection. First, a genome-wide allelic differentiation scan (GWADS)
comparing indigenous highlanders of the Tibetan Plateau (3,200–
3,500 m) with closely related lowland Han revealed a genome-wide
significantdivergenceacrosseightSNPs locatednearEPAS1. Thisgene
encodes the transcription factor HIF2α, which stimulates production
of red blood cells and thus increases the concentration of hemoglobin
in blood. Second, in a separate cohort of Tibetans residing at 4,200m,
we identified 31 EPAS1 SNPs in high linkage disequilibrium that
correlated significantly with hemoglobin concentration. The sex-ad-
justed hemoglobin concentration was, on average, 0.8 g/dL lower in
the major allele homozygotes compared with the heterozygotes.
These findings were replicated in a third cohort of Tibetans residing
at 4,300m. The alleles associatingwith lower hemoglobin concentra-
tions were correlated with the signal from the GWADS study and
were observed at greatly elevated frequencies in the Tibetan cohorts
comparedwith the Han. High hemoglobin concentrations are a cardi-
nal feature of chronicmountain sickness offering oneplausiblemech-
anism for selection. Alternatively, as EPAS1 is pleiotropic in its effects,
selectionmay have operated on someother aspect of the phenotype.
Whichever of these explanations is correct, the evidence for genetic
selection at the EPAS1 locus from the GWADS study is supported by
the replicated studies associating function with the allelic variants.
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The high plateaus of Central Asia and the Andes were among
the last areas occupied as Homo sapiens spread across the

globe during the past 100,000–200,000 y. In the case of the Ti-
betan plateau, early visitors appearedmore than 30,000 y ago, and
the plateau has been colonized for more than 10,000 y (1, 2). The
low partial pressure of oxygen resulting from the extreme altitude
would have presented a formidable biological challenge to such
colonists. Individuals from low-altitude populations (European
and Han) who move to live at high altitude suffer from a number
of potentially lethal diseases specifically related to the low levels
of oxygen (3–5) and struggle to reproduce at these altitudes (6–9).
The hypoxia of altitude (hypobaric hypoxia) would thus have
exerted substantial evolutionary selection pressure.

The classic disease associated with long term residence at high
altitude is chronic mountain sickness, or Monge’s disease, after
Carlos Monge-Medrano who first identified the condition among
Andean highlanders (10). The cardinal feature is a very high
concentration of the oxygen-carrying pigment, hemoglobin, in the
blood, caused by an overproduction of red blood cells (excessive
erythrocytosis). Tibetan highlanders are particularly resistant to
developing chronic mountain sickness (4, 11), and exhibit little or
no increase in hemoglobin concentration with increasing altitude,
even at 4,000 m (13,200 ft) and only moderate increases beyond
(12, 13). Typically, Tibetans average at least 1 g/dL and as much
as approximately 3.5 gm/dL (i.e. approximately 10–20%) lower
hemoglobin concentration in comparison with their Andean
counterparts (14–16) or acclimatized lowlanders, such as the Han
who have moved to altitudes above 2,500 m (4, 17–23). This sug-
gests that Tibetans have evolved a blunted erythropoietic response
to high-altitude hypoxia. The induction of erythrocytosis by hyp-
oxia involves the hypoxia-inducible factor (HIF) family of tran-
scription factors and, in particular, EPAS1 (or HIF2α) (24, 25).
Three independent studies, but with mutually reinforcing

results, were performedby groups that have since come together to
form a consortium with the aim of reporting on the findings. The
first study was a genome-wide allelic differentiation scan that
compared SNP frequencies of a Yunnan Tibetan population re-
siding at 3,200–3,500 m with the HapMap Phase III Han sample.
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Mitochondrial, Y chromosome, and autosomal DNA evidence all
suggest a northor eastAsianorigin formodernTibetans (1, 26–28).
Thus, theHan comprise a lowlandpopulation that is closely related
to the Tibetans but which has not undergone selection for high-
altitude adaptation. From this study, a signal of selection close to
EPAS1 was identified at a genome-wide level of significance. The
second study comprised a candidate gene analysis of EPAS1 in
a separate sample of Tibetans from 4,200m on theTibetan plateau
and identified a significant association between genotype and he-
moglobin concentration, with the major alleles associating with
the lower hemoglobin levels. These alleles were present at low
frequency in the Han. The third study replicated the hemoglobin
association in an independent sample of Tibetans from 4,300 m.

Results
Genome-Wide Allelic Differentiation Scan. A genome-wide allelic
differentiation scan (GWADS) was used to compare a cohort of
Tibetan residents (n=35) sampled from four townships at altitudes
of 3,200–3,500 m in Yunnan Province, China, with HapMap Phase
III Han individuals (n = 84). We postulated that any marked
differences in SNP frequencies between the Yunnan Tibetan and
the HapMap Han populations could reflect a history of divergent
selection on functional variation that contributes to increased sur-
vival at high altitude. (See SI Materials and Methods for detailed
methodology.) Of the 502,722 SNPs that were included in the
analysis, eight SNPs emerged as having genome-wide significance
(P values ranging from 2.81× 10−7 to 1.49× 10−9), all locatedwithin
235 kb on chromosome 2 (Fig. 1 and Table S1).
All eight GWADS significant SNPs were in high pairwise

linkage disequilibrium in the Yunnan sample (0.23< r2 < 0.82),
forming an extended haplotype with a frequency of 46% in the
Yunnan Tibetan sample but only 2% in the Han sample [esti-
mated via an expectation-maximization algorithm using Haplo-
view software (29, 30)]. The SNPs lie between 366 bp and 235 kb
downstream of EPAS1 but, as we show below, the region of high
linkage disequilibrium extends into EPAS1 itself. In addition to
this genome-wide significant finding relating to EPAS1, evidence
for other signals of selection was also found. Regions of sub-
genome wide significance were in close proximity to other genes
of the HIF pathway and present intriguing targets for follow-up
studies (see SI Text for further details).

Candidate Gene Study for EPAS1. Independent of the GWADS
study, a candidate gene study (based on the pathway linking
hypoxia, EPAS1, and erythropoietin) addressed the functional
consequence of EPAS1 variants by testing for association with

hemoglobin concentration in a sample of 70 Tibetans residing at
4,200 m in Mag Xiang, Xigatse Prefecture in the Tibet Autono-
mous Region, China (Table S2). One hundred and three non-
coding SNPs across theEPAS1 gene were selected for genotyping.
Of these, 49 had a minor allele frequency ≥5%, and were thus
amenable to regression analysis (Materials and Methods) that
identified 31 SNP sites significantly associated with hemoglobin
concentration (Fig. 2 and Table S3). The major (most frequent)
allele of every significant SNP was associated with lower hemo-
globin concentration. After adjusting for sex differences, indi-
viduals who were homozygous for the major allele had an average
hemoglobin concentration that was 0.8 ± 0.15 g/dL (range from
0.3 to 1.0 g/dL) lower than individuals who were heterozygous for
the major allele. Conditional linear regression analyses showed
that once the most significant SNP (rs4953354) was included, no
significant improvement in fit was obtained after Bonferroni
correction by adding any other SNP, consistent with a single
causal variant model. Many of the SNP sites were in high linkage
disequilibrium (Fig. 2). Genotypes for the eight GWADS signif-
icant SNPs were available on 29 of the 70 individuals in the Mag
Xiang cohort, too few to show statistical association with hemo-
globin concentration. However, all eight GWADS SNPs were
highly correlated (0.54 < r2 ≤ 1) with variants associating with
hemoglobin concentration in the complete Mag Xiang cohort
(Table S4). Thus, the genome-wide and the candidate-gene
analyses can be linked, with the latter study demonstrating that
there is a phenotype associated with the signal of selection.

Replication of Candidate Gene Study for EPAS1. We replicated the
association of EPAS1 SNPs with hemoglobin concentration in
another sample of 91 Tibetans residing at 4,300 m in Zhaxizong
Xiang, Xigatse Prefecture, China (Table S2). Of the 49 Mag
Xiang SNPs with a minor allele frequency ≥5%, 48 were suc-
cessfully genotyped in the Zhaxizong Xiang sample. Of these,
45 sites had a minor allele frequency ≥5% and 32 sites were
significantly associated with hemoglobin concentration. After
adjusting for sex differences, individuals who were homozygous
for the major allele had an average hemoglobin concentration
that was 1.0 ± 0.14 g/dL (range from 0.5 to 1.2 g/dL) lower than
individuals who were heterozygous for the major allele (Fig. 3 and
Table S3). Twenty-six SNPs were associated with hemoglobin
concentration in both samples and the direction of the effect was
the same. Conditional linear regression again found that, after
including the most significant SNP (rs13419896), no further SNPs
were significant after Bonferroni correction. This was also the
case if the most significant SNP from the Mag Xiang sample

Fig. 1. A genome-wide allelic differentiation scan that compares Tibetan residents at 3,200–3,500 m in Yunnan Province, China with HapMap Han samples.
Eight SNPs near one another and EPAS1 have genome-wide significance. The horizontal axis is genomic position with colors indicating chromosomes. The
vertical axis is the negative log of SNP-by-SNP P values generated from the Yunnan Tibetan vs. HapMap Han comparison. The red line indicates the threshold
for genome-wide significance used (P = 5 × 10−7). Values are shown after correction for background population stratification using genomic control.
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(rs4953354) was used instead of rs13419896. Genotypes for the
eight GWADS significant SNPs were available on 89 samples
from the Zhaxizong Xiang cohort. Three of these SNPs correlated
significantly with hemoglobin concentration (Table S4), thus sup-
porting the association of a phenotype with the signal of selection
that has been obtained from this area of the genome.
Comparing allelic frequencies between the two Tibetan samples

and the HapMap Han sample, we note that the largest allele
frequency differences occur at the EPAS1 SNP sites that are as-
sociated with low hemoglobin concentration (Fig. 4). Linkage dis-
equilibrium (LD) among these 26 SNP sites was also elevated in
the twoTibetan cohorts compared with theHapMapHan (SI Text).

Discussion
The results from the GWADS study revealed a level of allele
frequency differentiation near EPAS1 that far exceeds the ge-
nome-wide average (Fig. 1). The association studies demonstrated
that the SNP variants that were at higher frequencies within the
Tibetan population were associated with lower hemoglobin con-
centrations. As large genome-wide association studies of the
determinants of hemoglobin concentration in other populations at
low altitude have failed to detect a signal associated with EPAS1
(31–34), our results suggest either that there is a genetic variant
that is quite specific to the Tibetan population or that the variant is
quite specific to moderating hemoglobin concentration only under

conditions of high altitude. Such specificity of effect in relation to
Tibetan highlanders is in keeping with a model of selection pres-
sure on EPAS1 under the stress of high-altitude hypoxia. In-
terestingly, a comparison between the HapMap Han and Andean
highlanders—both of whom have a vigorous erythropoietic re-
sponse (15)—did not detect selection at the EPAS1 locus (35). It
should be noted, however, that the Andean study (35) applied
a different array of methodologies to detect selection and over-
lapping results are not necessarily expected, given the differing
nature of the selection signals that particular techniques are
powered to detect. It is also possible that the Andean and Tibetan
populations have developed different genetic adaptations to the
hypoxia of high altitude given the differences in physiology that
are known to exist between these populations (13).
The association studies revealed that genetic variation across

EPAS1 accounts for a large proportion of the variation in he-
moglobin concentration in these populations. After controlling
for sex, the average difference in hemoglobin concentration be-
tween major allele homozygotes and heterozygotes was 53% of
one SD in theMagXiang sample and 50% in the ZhaxizongXiang
sample. In absolute terms, these differences were several fold
larger than for any of the determinants of hemoglobin concen-
tration in populations residing at low altitude (31–34). Our find-
ings are, however, consistent with previous high estimates of
heritability (h2) for hemoglobin concentration of 0.66 among

Fig. 2. Sex-adjusted hemoglobin concentrations and allelic variation in EPAS1 SNPs in a Tibetan sample from Mag Xiang (4,200 m), Tibet Autonomous
Region, China. Values were, on average, 0.8 g/dL lower for individuals who were homozygous for the major alleles compared with those who were het-
erozygous. (Top) The results of testing variants at 49 SNPs with a minor allele frequency ≥5% for genotypic association with sex-adjusted hemoglobin
concentration. (Middle) The estimated hemoglobin concentration difference (mean ± 95% confidence interval) between the major allele homozygote and
heterozygote genotypes at each SNP. Filled circles represent SNPs detected as having a significant association with hemoglobin concentration, with the false
discovery rate controlled at <0.05 across the EPAS1 locus. Open diamonds represent SNPs without significant association. (Bottom) The pairwise linkage
disequilibrium measured as r2 between SNPs.
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Tibetans at 4,850–5,450 m (36) and of 0.86 among Tibetans at
3,800–4,065 m (15). These values estimate the proportion of
additive genetic variation relative to total phenotypic variance.
The combined findings of our association and conditional linear
regression analysis are consistent with a model in which a single
causal variant at the EPAS1 locus accounts for a substantial
proportion of the heritability. Under this model, hemoglobin-
associating SNPs should be interpreted as markers and are pre-
sumed to have differentiated because they are closely linked to an
as yet to be identified causal variant. Functional studies will be
required to identify how this variation works to restrain the
hematopoietic response.
We have described a signal of natural selection on or near

EPAS1 that is associated with a blunting of the normal erythro-
poietic response to hypoxia. As EPAS1 is pleiotropic, other res-
ponses to hypoxia may be similarly affected. Some insight into
these may be given by studies of a few individuals/families, living
at low altitudes, who have been reported to have gain of function
mutations inEPAS1 (37–40). As expected, these individuals exhibit
excessive erythrocytosis, but they also appear to be particularly
susceptible to thrombotic events and to developing pulmonary
hypertension—although the total number of cases reported is
small. A larger number of cases have been reported for the slightly
less specific genetic disorder of Chuvash Polycythemia, where ho-
mozygosity for hypomorphic alleles for VHL results in elevated

levels of both HIF1α and EPAS1/HIF2α (41). The phenotype for
Chuvash Polycythemia appears very similar to that for the specific
EPAS1 gain of function mutations, with excessive erythrocytosis,
an excess risk of thrombotic events at a young age, and pulmonary
hypertension (42–45). In both conditions, the excessive eryth-
rocytosis is generally managed by venesection in the belief that this
may reduce the incidence of thrombotic events.
The clinical similarity between the phenotypes of these genetic

disorders and chronic mountain sickness is striking. Indeed, it
caused one group of investigators to observe in respect of the
EPAS1 gain of function mutations that “it raises the possibility
that polymorphic variation in HIF2α [EPAS1] contributes to the
marked differential susceptibility to erythrocytosis, reduced
plasma volume and pulmonary hypertension in humans at high
altitude” (39). Chronic mountain sickness occurs among Tibetans
at a lower prevalence than Han lowlanders (1.2% compared with
5.6%) living in the Tibet Autonomous Region (4, 46). Chronic
mountain sickness remains at that low level throughout adulthood
among Tibetans but, in Peruvians, prevalence increases with age
from approximately 13% in 20 to 39 y olds to approximately 36%
in 55 to 69 y olds at 4,300 m (47). In Andeans, excessive eryth-
rocytosis at high altitude has been associated with significant
pulmonary hypertension (48), an increased risk of stroke (49), and
also an increased risk of poor outcome in pregnancy (stillbirth,
preterm birth, or small for gestational age at birth) (50). These

Fig. 3. Sex-adjusted hemoglobin concentrations and allelic variation in EPAS1 SNPs in a Tibetan sample from Zhaxizong Xiang (4,300 m), Tibet Autonomous
Region, China. Values were, on average, 1.0 g/dL lower for individuals who were homozygous for the major alleles compared with those who were het-
erozygous (Top) The results of testing variants at 45 SNPs with a minor allele frequency ≥5% for genotypic association with sex-adjusted hemoglobin
concentration. (Middle) The estimated hemoglobin concentration difference (mean ± 95% confidence interval) between the major allele homozygote and
heterozygote genotypes at each SNP. Filled circles represent SNP detected as having a significant association with hemoglobin concentration with the false
discovery rate controlled at <0.05 across the EPAS1 locus. Open diamonds represent SNP without significant association. (Bottom) The pairwise linkage
disequilibrium measured as r2 between SNPs.
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findings provide insight into some of the sources of elevated
morbidity and mortality on which selection may have operated to
influence allelic frequencies for EPAS1 among the early colo-
nizers of the Tibetan plateau.
Although the similarity between chronic mountain sickness

and the EPAS1 gain of function phenotype in lowlanders is
striking, there nevertheless may be other aspects to the pheno-
type that are not revealed at low altitude but are only revealed at
high altitude, when oxygen availability is also limited. In partic-
ular, EPAS1 plays very important, if still poorly understood, roles
in both placental and embryonic development (51–54) and pos-
sibly also in the pathogenesis of fetal growth restriction (55). It is
well recognized that reproductive success is more difficult at high
altitude than at low altitude, and more difficult for nonnatives
than natives (6). For example, pre- and postnatal mortality are
threefold higher in the Han than in the Tibetans, and birth
weight is significantly lower (56). This may relate in part to the
presence of greater uterine arterial blood flow and lower he-
moglobin concentration in the Tibetans (9, 57). As such, natural
selection on EPAS1 may also have operated via effects during
pregnancy that affect both pre- and postnatal mortality.
In conclusion, this study provides evidence for natural selection

in Tibetan highlanders at a specific human gene locus. The finding
is further supported by a demonstration, in two independent
samples, that genetic variation at this locus has an associated
phenotype. The known physiological roles associated with this
gene locus provide insight into some of the factors that are likely
to have influenced human adaptation and survival following col-
onization of the Tibetan Plateau.

Materials and Methods
Human Volunteers. Ethics and consent. This study was approved by the ethics
committees of the Yunnan Population and Family Planning Institute
(Kunming, China); the Beijing Genomics Institute at Shenzhen (Shenzhen,
China); the Beijing Institute of Genomics, Chinese Academy of Sciences (Bei-
jing, China)and Case Western University (Cleveland, OH). All work was con-
ducted in accordance with the principles of the Declaration of Helsinki. All
participants were recruited after obtaining informed consent.
Sample collection. SamplingwasconductedinthreegeographicregionsofChina
approximately 2,400 kilometers apart. Theywere (i) theNorthWestern region
of Yunnan province (28°26’N 98°52’E), (ii) Mag Xiang, Xigatse Prefecture,
Tibet Autonomous Region (29°15’N 88°53’E), and (iii) Zhaxizong Xiang,

Xigatse Prefecture, Tibet Autonomous Region (28°34’N 86°38’E). Genotypic
data from the HapMap Phase III Han population were also included in this
analysis. Further details on sample collection are given in the SI Materials
and Methods.
Genotyping. All genotyping was conducted at the Beijing Institute of Geno-
mics. The whole genome genotyping was conducted using the Illumina
Veracode platform and 610-Quad high throughput genotyping chips. Gen-
otyping within EPAS1 was conducted using a customer-designed Illumina
GoldenGate assay (384 SNP plex) for all samples from Mag Xiang and some
of the samples from Zhaxizong Xiang. The remainder of the samples from
Zhaxizong Xiang were genotyped using MassARRAY assays. Further details
of these and the quality control procedures are given in the SI Materials
and Methods.
Phenotyping. Hemoglobin concentration was measured in duplicate imme-
diately after provision of a venipuncture blood sample by individuals in the
Mag Xiang sample (58). Individuals were screened with the aim of including
only healthy, native residents. Excluded were individuals who had anemia
(men and women with hemoglobin concentrations below 13.7 g/dL and 12
g/dL, respectively), hypertension, fever, poor lung function, extreme hyp-
oxemia, or who were currently or recently pregnant, or who had symptoms
or medication indicative of heart or lung disease. The Zhaxizong Xiang
sample was obtained in the course of a health survey and included all vol-
unteers who were native residents.

Statistical Analysis. GWADS. To identify variation between the Yunnan Ti-
betan and the HapMap Han populations, we calculated SNP-by-SNP χ2 sta-
tistics for allele frequencies and corrected for background population
stratification through a genomic control procedure (30). This approach
allows genome-wide significant signals of allele frequency differentiation to
be readily declared by examining genomic distributions of χ2 values in the
sample of approximately 500,000 SNPs. A threshold of genome-wide sig-
nificance was set at 5 × 10−7 (59). A full description of the method, including
a simulation for two populations with a degree of genomic divergence
equal to that between the Yunnan Tibetan and HapMap Han populations, is
given in the SI Text.
Candidate gene studies. Candidate gene association analysis of EPAS1 SNP
genotype with hemoglobin concentration phenotype was performed sepa-
rately in the two Tibet Autonomous Region samples. Mean characteristics for
these populations are given in Table S2. For each SNP, a linear additive genetic
model was fitted with hemoglobin concentration as the response variable,
the SNP as the predictive variable (entered as a numerical variable—1, 2, 3—
corresponding to the three genotypes sorted by descending allelic frequency)
and with gender as a covariate. The P values of the likelihood ratio test were
obtained from a comparison with the null model (i.e., only gender in the
model). The estimated difference stands for the increase in the sex-adjusted
mean with the addition of one copy of the minor allele taking the most
frequent homozygous genotypes as the reference. Unless otherwise stated,
an adjustment for multiple comparisons was implemented by controlling the
false discovery rate at less than 0.05 across the EPAS1 gene. The R language
and environment (R Project for Statistical Computing, http://www.r-project.
org) was used for all related analysis and graphics. Conditional linear analyses
were undertaken by including a specified SNP as an additional covariate in
the model and were implemented using plink (http://pngu.mgh.harvard.edu/
~purcell/plink/).
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Fig. 4. Differences in allelic frequency at SNPs within EPAS1 between the
HapMap Han, Mag Xiang and Zhaxizong Xiang cohorts. The horizontal axis
is SNP position according to build 36.1. The vertical axis is allelic frequency,
with the allele selected for display as the one occurring most frequently in
the Mag Xiang cohort. Squares denote data for HapMap Han; circles denote
data for Mag Xiang Tibetans; triangles denote data for Zhaxizong Xiang
Tibetans. Filled symbols denote those SNPs having significant associations
with hemoglobin in both Mag Xiang and Zhaxizong Xiang cohorts; open
symbols denote those SNPs without both such associations.
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