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Abstract

Human high-altitude (HA) adaptation or mal-adaptation is explored to understand the physiology, pathophysiology,
and molecular mechanisms that underlie long-term exposure to hypoxia. Here, we report the results of an analysis of the
largest whole-genome-sequencing of Chronic Mountain Sickness (CMS) and nonCMS individuals, identified candidate
genes and functionally validated these candidates in a genetic model system (Drosophila). We used PreCIOSS algorithm
that uses Haplotype Allele Frequency score to separate haplotypes carrying the favored allele from the noncarriers and
accordingly, prioritize genes associated with the CMS or nonCMS phenotype. Haplotypes in eleven candidate regions,
with SNPs mostly in nonexonic regions, were significantly different between CMS and nonCMS subjects. Closer exam-
ination of individual genes in these regions revealed the involvement of previously identified candidates (e.g., SENP1) and
also unreported ones SGK3, COPS5, PRDM1, and IFT122 in CMS. Remarkably, in addition to genes like SENP1, SGK3, and
COPS5 which are HIF-dependent, our study reveals for the first time HIF-independent gene PRDM1, indicating an
involvement of wider, nonHIF pathways in HA adaptation. Finally, we observed that down-regulating orthologs of these
genes in Drosophila significantly enhanced their hypoxia tolerance. Taken together, the PreCIOSS algorithm, applied on a
large number of genomes, identifies the involvement of both new and previously reported genes in selection sweeps,
highlighting the involvement of multiple hypoxia response systems. Since the overwhelming majority of SNPs are in
nonexonic (and possibly regulatory) regions, we speculate that adaptation to HA necessitates greater genetic flexibility
allowing for transcript variability in response to graded levels of hypoxia.

Key words: adaptation, Chronic Mountain Sickness, selection sweep, high-altitude, hypoxia, Monge’s disease.

Introduction

Reports to date have shown that over 83 million people
permanently reside at altitudes above 2,500 m (Beall
2014). Assuming an average global population growth-
rate of 1.2%, the present estimate of people living above
2,500 m would be potentially>100 million, about a third
of the entire US population. The real numbers could be
higher if we take into account the progress made in the
healthcare system of these remote areas and the job-
related population influx.

The major problem that high-altitude (HA) population
faces is the drop in partial pressure of oxygen with alti-
tude, for example, at 2,500 m it is 25% less than at sea
level. A constant exposure to hypoxia at HA often leads to
a variety of environmentally-related clinical conditions
and Chronic Mountain Sickness (CMS, also called
Monge’s disease; Monge 1942) mostly affecting male
highlanders. An international consensus on chronic and
subacute HA diseases defined CMS as multifactorial
(Leon-Velarde et al. 2005) and primarily characterized
by excessive erythrocytosis. Its prevalence varies with
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both altitude and region. For example, CMS incidence is
high in Andeans (�18%), lesser in Tibetans (1–11%), and
absent from the Ethiopian population (Monge et al. 1989; Xing
et al. 2008), further mystifying this disease pathogenesis.
Therefore, a clear understanding of its pathophysiology would
be beneficial to the large HA population at risk of developing
this syndrome. It would also provide insights in understanding
many disease pathophysiologies where hypoxia plays a major
role, at sea level, for example, stroke, cardiac ischemia, obstruc-
tive sleep apnea, sickle cell disease.

The search for better understanding of HA adaptation
has led to multiple studies primarily focusing on three
major HA human populations, that is, Andean, Tibetan,
and Ethiopians (Beall et al. 2010; Bigham et al. 2010;
Simonson et al. 2010; Alkorta-Aranburu et al. 2012;
Scheinfeldt et al. 2012; Udpa et al. 2014). The long history
of their settlement at HA has led to the recognition that
these populations are genetically adapted to the selection
pressure, and certain regions in their genomes would dis-
play signatures of “selective sweeps”. However, CMS indi-
viduals in these populations might not have adapted to
HA, and may lack alleles that are favored by selection.
Various methods have been proposed for effective detec-
tion of selective sweeps, including differences in allele
frequency spectrum and conservation of haplotypes car-
rying the favored allele (Sabeti et al. 2007). Selection pres-
sure leaves its signature on large regions (�200 kbp) of
the genome, making detection possible even with low
sample sizes, as long as the regions are densely genotyped
(Zhou et al. 2013; Udpa et al. 2014). In our recent effort to
understand the basis of adaptation or mal-adaptation to
HA, we analyzed whole genomes of individuals from HA
populations for genetic variation (Zhou et al. 2013; Udpa
et al. 2014). Using robust selection detection methods, we
were able to discover several regions in the genomes that
were significantly associated with altitude adaptation.
Instead of relying solely on statistical association, we
went further and functionally validated few of these genes
in a model system (Zhou et al. 2013; Udpa et al. 2014;
Stobdan et al. 2015; Azad et al. 2016).

Our previous results suggested that many genes medi-
ating the adaptation to HA remain to be discovered. In
this paper, we extend the research to a significantly larger
sample of 94 deeply sequenced whole genomes. We used
multiple tests to detect positive selection signature in the
genomes, and we identified a large number of putative
candidates. To prioritize the candidates, we utilized an
algorithm, PreCIOSS (Predicting Carriers of Ongoing
Selective Sweeps) that we recently developed (Ronen
et al. 2015). PreCIOSS utilizes the Haplotype Allele
Frequency (HAF) score to separate haplotypes carrying
the favored allele from the noncarriers, and allows us to
prioritize genes that have a significant association be-
tween CMS/nonCMS status and the carrier/noncarrier
status. Finally, in order to functionally validate the role
of the prioritized genes in CMS, we used a fly model to
test if the downregulation of ortholog genes would have
an impact on the eclosion rate under hypoxic conditions.

Results

Genetic Ancestry of Andean HA Population
This study involves the largest whole genome sequencing
investigation of CMS and nonCMS subjects from the town
of Cerro de Pasco, in Peru (N¼ 94, Altitude>4,300 m, fig.
1A). This includes whole-genome-sequence of 20 individuals
(10 CMS and 10 nonCMS) from our previous study, denoted
as “Pasco1” (Zhou et al. 2013) and 74 new subjects (CMS¼ 40
and nonCMS¼ 34) denoted as “Pasco2”. To understand the
genetic composition of the Andean individuals, we applied
ADMIXTURE using three reference populations, AFR (150
individuals), EUR (150 individuals), and a Native American
population, NATAM (100 individuals; Reich et al. 2012), as
well as the MXL population (a lowland control population
from 1000 Genomes project) for comparison. The analysis
(fig. 1B, supplementary fig. S1, Supplementary Material online)
showed the expected result that both MXL and the Andean
populations have a significant NATAM ancestry. However,
MXL has higher European ancestry compared with the
Andeans. A statistical test for difference between European
ancestry in CMS versus nonCMS could not reject the null
hypothesis (P-value¼ 0.89). Moreover, AFR ancestry is negli-
gible in the Andeans. Importantly, CMS and nonCMS pop-
ulations have the same genetic composition. An analysis
using principal components also suggested that CMS and
nonCMS cluster together, and are genetically closest to
NATAM (fig. 1C and D and supplementary fig. S1,
Supplementary Material online).

Since excessive erythrocytosis is a significant phenotype
among CMS patients, there was a clear distinction in hemat-
ocrit levels between CMS and nonCMS individuals (fig. 1E,
supplementary fig. S2, Supplementary Material online). In or-
der to merge the scores from two CMS scoring systems, we
normalized the newer scores to have the same mean and
variance as the old scores (fig. 1F).

Genomic Regions under HA Selective Sweeps
We first selected 60 (30 CMS, 30 nonCMS) of 94 individuals
with the most extreme phenotypes, that is, for the CMS
group a CMS-score¼ 20.1 6 2.8 and for nonCMS a CMS-
score¼ 5.5 6 1.7. This step was aimed at getting the stron-
gest signals of selection from comparisons between the most
severe CMS patients (CMS-score¼ 20.1 6 2.8) and the con-
trols (CMS-score¼ 5.5 6 1.7). Among this cohort, 20þ 20
(CMSþ nonCMS) individuals were from Pasco2, and
10þ 10 (CMSþ nonCMS) from Pasco1. While Pasco1
(fig. 2) and Pasco2 (supplementary fig. S3, Supplementary
Material online) are samples from the same location, the
individuals were sequenced at different time in different
locations, using slightly different technologies. Out of an
abundance of caution, we decided to separate the two in
our cross-population tests. To determine which DNA region
is under positive selection, we applied multiple tests of selec-
tion and a robust method to prioritize regions that we
deemed important and termed “candidate regions”. A de-
tailed account of selection criteria is provided in the
Materials and Methods section. Briefly, for within population
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selection tests, that is, Tajima’s D, Fay & Wu’s H and iHS, both
CMS and nonCMS individuals were combined together. The
results of the ADMIXTURE and PC analysis show them largely
as identical populations. Therefore, a selection in CMS sub-
jects is anticipated to be similar to that of the nonCMS but
with a lower frequency of the favored allele (fig. 2, and sup
plementary fig. S3, Supplementary Material online). In cross-
population selection scans, we first compared nonCMS to
CMS from Pasco1 and subsequently nonCMS (Pasco1) to
MXL, a lowland control population from 1000 Genomes proj-
ect (fig. 2). A similar test was also performed for Pasco2 (sup
plementary fig. S3, Supplementary Material online). We then
excluded 313 gap regions, such as in short arms, centromeres,
telomeres, heterochromatin, clones, and contigs, as anno-
tated on GRCh37/hg19 (UCSC Genome Browser). These
gap regions covered 196 Mbp out of a total of 2,881 Mbp in
the 22 autosomes, representing only�6.8% of the autosomal
genome (supplementary table S1, Supplementary Material

online). We then applied selection scans on the autosomal
chromosomes of CMS and nonCMS subjects. We retained
only regions that had scores in the top 0.1% for at least one of
the test statistics in both cohorts—the Pasco1 (fig. 2), and
Pasco2 (supplementary fig. S3, Supplementary Material on-
line). We also retained regions having transcripts (using
RefSeq release 59 coordinates) within 50 kbp upstream or
downstream of the signal resulting in 129 regions.

For the final prioritization step, we used the PreCIOSS algo-
rithm (Ronen et al. 2015), that uses the HAF score, on the entire
cohort (N¼ 94, 20 from Pasco1 and 74 from Pasco2) to char-
acterize and differentiate carriers of the favored mutation from
noncarriers in an ongoing selective sweep, without knowledge
of the favored mutation. Each haplotype in the entire cohort
was assigned a carrier/noncarrier status by PreCIOSS. We hy-
pothesized that nonCMS individuals would be enriched with
“carrier haplotypes”, and the reverse would apply to CMS indi-
viduals. For each of the 129 regions previously prioritized, we

FIG. 1. Geographic locations, genetic admixture, and phenotypic characterization of samples collected. (A) Location of the studied population
(altitude>4,300 m asl, Cerro de Pasco) in Andean Altiplano of South America. Inset: Map locations of Peru. (B) ADMIXTURE analysis (Chr. 19)
using three reference populations, AFR (150 individuals), EUR (150 individuals), both from 1000 Genomes project and a Native American
population, NATAM (100 individuals) from Reich et al. (2012). Although MXL (a lowland control population from 1000 Genomes project)
and the Andean populations (CMS and nonCMS) have a significant NATAM ancestry; however, MXL has higher European ancestry compared with
the Andeans. (C) PCA plots of the Andean (CMS and nonCMS) population projected on MXL controls and the reference populations and (D) PCA
plot of CMS versus nonCMS suggested that both CMS and nonCMS cluster together, and are genetically closest to NATAM (E) Hematocrit (%)
level versus the CMS score. High hematocrit is the major phenotypic characteristic for the high CMS score. (C) Adjusted CMS score (as mentioned
in Results and Methods) further demarcate CMS from nonCMS subjects.
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applied a two-tailed Fisher Exact test with the null hypothesis of
no correlation between carrier haplotypes and nonCMS status.
We thus identified 11 regions containing 38 genes that were
significant (P< 0.05; figs. 2 and 3, table 1, supplementary fig. S3,
Supplementary Material online). Here, we describe each prior-
itized region based on their functional assessment.

Candidate Region Containing SGK3 to COPS5
At the top of the prioritized candidate regions was a 600 kb
region on chromosome 8 (chr8: 67,620,607–68,221,368).

Interestingly, this region was identified in one of our previous
studies (supplementary table S5, Supplementary Material on-
line in Zhou et al. 2013). This region had a significant enrich-
ment of the favored allele among nonCMS subjects. As
depicted in figure 4A, both carrier and noncarrier haplotypes
were concentrated in a few bins (HAF score of noncarriers
haplotype was smaller than that in the carriers). Of the total
188 haplotypes, 37 were carriers and their frequency distribu-
tion in nonCMS was 28.4% (25/88) which was more than
double that of CMS’s 12% (12/100), P¼ 0.006 (table 1, fig.
4B). Furthermore, the CMS group and only one population,

FIG. 2. Genome-wide scan, for “Pasco1” (Pasco2 in supplementary material, Supplementary Material online), to detect genomic regions under
selective sweep detected using individual statistical tests indicated on right Y-axis. We applied seven tests in sliding windows of 50 kbp (step size
2 kbp) along the entire genome. These tests detect either deviation from the neutral allele frequency spectrum or the frequency of carrier
haplotypes. The horizontal dotted lines depict the 0.1% threshold. The prioritized candidate regions (n¼ 11) from PreCIOSS are highlighted with
different colors at their respective genomic position.
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that is, PEL (Peruvians from Lima, Peru), had a frequency of
�12%, while the frequency in the global populations was
<10% (fig. 3).

This region has a large number of genes (n¼ 12, see table 1)
with>97% of SNVs located in nonexonic regions. Some genes
are of limited relevance. For example, PTTG3P is reportedly a
pseudogene, C8orf44 an open reading frame and C8orf44-
SGK3 a read-through transcript that produces a protein
that shares sequence identity with the downstream gene
product SGK3. Both SNHG6 and SNORD87 are genes encod-
ing small nucleolar RNA. Therefore, the plausible protein cod-
ing candidate genes includes, 1) SGK3 (serum/glucocorticoid
regulated kinase family member 3), a hypoxia response gene
(Hou et al. 2015; Minchenko et al. 2016), 2) TCF24 (transcrip-
tion factor 24), 3) MCMDC2 (mini-chromosome maintenance
domain containing 2), 4) PPP1R42 (Protein Phosphatase 1
Regulatory Subunit 42) known to be involved in meiotic re-
combination and centrosome activities, 5) COPS5 (also
known as JAB1 or CSN5), a hypoxia-inducible factor (HIF)
stabilizing gene (Bemis et al. 2004), and 6) CSPP1
(Centrosome and Spindle Pole Associated Protein 1), a can-
didate gene of Joubert syndrome-21 (MIM# 615636; Akizu
et al. 2014). Interestingly, COPS5 was reported earlier as a
candidate gene for HA adaptation in the Andean as well as
Tibetan population (Bigham et al. 2009, 2010). Additionally, a
large number of SNPs of the carrier haplotype overlap with
known ENCODE regulatory regions that is, histone mark,
transcription factor binding sites (TFBS) and DNaseI hyper-
sensitive sites (fig. 5A). Interestingly, some of these genes such
as SGK3, COPS5, and CSPP1, SNPs overlap with their promoter

regions that have a large number of TFBS (>10 TFBS, orange
highlighted in fig. 5A).

Other Candidate Regions
The frequency distribution of other candidate regions and the
respective genes within each region are provided in table 1
and figure 3. Briefly, ANTXRLP1 (Anthrax Toxin Receptor-
Like) is a pseudogene with little known about it. PRDM1 is
a single gene on the chromosome 6 candidate region. The
gene is highly conserved and, in mammals, it acts as a tran-
scriptional suppressor. It is known to play a role as a mediator
of HIF-independent hypoxia response in Caenorhabditis ele-
gans (Padmanabha et al. 2015). IFT122 (intraflagellar transport
122) on chromosome 3 encodes a 140-kDa protein and is,
coincidently, expressed highly in the pituitary gland and testis
(Gross et al. 2001). Although the IFT family is reported to be
essential for mammalian spermiogenesis (San Agustin et al.
2015), studies on the specific role of IFT122 are lacking.
Interestingly, the 50 region’s SNPs of both PRDM1 and
IFT122 overlap with a large number of TFBS (orange and
blue highlighted in fig. 5B and C). In addition to these new
genes, the two genomic regions on chromosome 12 that we
also reported in our previous analysis (Zhou et al. 2013) were
replicated in new cohorts (Cole et al. 2014) and functionally
validated (Azad et al. 2016). Like PRDM1, MC2R (melanocor-
tin 2 receptor), also known as adrenocorticotropic hormone
receptor (ACTHR), is also a single gene on chromosome 18
candidate region. This region appears interesting because of
(1) the stark difference in haplotype frequency, where the

FIG. 3. Haplotype Allele Frequency distribution of 11 prioritized regions in CMS and nonCMS compare with the other populations from the 1000
genome project. CHB, Han Chinese in Bejing, China; JPT, Japanese in Tokyo, Japan; CHS, Southern Han Chinese; CDX, Chinese Dai in
Xishuangbanna, China; KHV, Kinh in Ho Chi Minh City, Vietnam; CEU, Utah Residents (CEPH) with Northern and Western European
Ancestry; TSI, Toscani in Italia; FIN, Finnish in Finland; GBR, British in England and Scotland; IBS, Iberian Population in Spain; YRI, Yoruba in
Ibadan, Nigeria; LWK, Luhya in Webuye, Kenya; GWD, Gambian in Western Divisions in the Gambia; MSL, Mende in Sierra Leone; ESN, Esan in
Nigeria; ASW, Americans of African Ancestry in SW USA; ACB, African Caribbeans in Barbados; MXL, Mexican Ancestry from Los Angeles USA;
PUR, Puerto Ricans from Puerto Rico; CLM, Colombians from Medellin, Colombia; PEL, Peruvians from Lima, Peru; GIH, Gujarati Indian
from Houston, Texas; PJL, Punjabi from Lahore, Pakistan; BEB, Bengali from Bangladesh; STU, Sri Lankan Tamil from the UK; ITU, Indian
Telugu from the UK.
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SNPs are overlapping with TFBS and histone mark (fig. 5D),
between CMS and nonCMS and (2) the regulatory role that
MC2R may play in processing the signals of hormonal changes
at HA. However, a comparable haplotype frequencies of the
nonCMS group with its genetically closer population from
the 1000 genome project (AMR in general and particularly
MXL, P> 0.05; fig. 3) would not support the hypothesis of a
strong positive selection sweep in this region. Further, the lack
of a Drosophila ortholog to functionally assess its role further
dampens our interest in MC2R as a priority gene.

Experimental Validation in Drosophila
From the whole genome sequencing of our subjects of HA,
we identified 11 candidate regions, each consisting of a few to
several genes (n¼ 38, table 1). One way of functionally vali-
dating the role of these candidate genes in HA adaptation is
to test the function of their orthologs in regulating hypoxia
tolerance in Drosophila melanogaster, a model system. We
have previously developed a robust hypoxia tolerance assay in
flies (Materials and Methods) and successfully used this assay
to validate human ortholog candidate genes (Zhou et al.
2013; Udpa et al. 2014).

Using this approach, we first identified the fly-orthologs as
mentioned in Materials and Methods (supplementary

table S2, Supplementary Material online). We tested nine
genes that are distributed over four candidate regions
(table 2). Under normoxia, the eclosion rate was>95% for
all the controls (w1118, y1v1 and da-Gal4), RNAi lines and
most of the experimental crosses (UAS-RNAi� da-Gal4) ex-
cept for two, Akt1 (SGK3) and CSN5 (COPS5). The Akt1-
RNAi� da-Gal4 was lethal, and for CSN5-RNAi� da-Gal4
the eclosion was<25%. Both results were verified using two
different RNAi lines for each gene. Under hypoxic (5% O2)
environments, the eclosion rates of the background controls
and all the RNAi lines were <40%. Among the experimental
crosses (i.e., da-Gal4� RNAi) targeting CG8726 and SNx16
(human ortholog C8orf44-SGK3 and SGK3) and HLH54F (hu-
man ortholog TCF24) genes, the eclosion rates were signifi-
cantly higher compared with all of their corresponding
controls in hypoxia (P< 0.05, fig. 6A). Similar to what we
observed in normoxia, Akt1-RNAi� da-Gal4 was lethal (fig.
6A) and of the two lines tested for S6k-RNAi� da-Gal4, one
was significant and the other was not. The eclosion rate for
CSN5-RNAi� da-Gal4 were �50% in both RNAi lines (fig.
6A), which was surprisingly higher than what we observed
in normoxia (fig. 6A).

The other candidate gene that was validated in Drosophila
was PRDM1 on chromosome 6 (fly ortholog Blimp-1).

FIG. 4. HAF score distribution in the chromosome 8 candidate region (chr8: 67, 620, 607–68, 221, 368, hg19). (A) Predicting Carriers of Ongoing
Selective Sweeps (PreCIOSS) result on 94 samples (188 Haplotypes). This algorithm predicted 37 out of 188 haplotypes to be carriers of the
selective sweeps. We used Two-Tailed Fisher exact test as a measure of correlation between nonCMS and carriers (table 1). (B) Genotypes of
individuals at each SNV site in 94 samples. Each row is an individual, each column is a SNV, 0/0 represents homozygous of a major allele, 0/1
represents heterozygous, and 1/1 represents homozygous form of minor alleles. Haplotypes are sorted out by their HAF scores in ascending order
from top to bottom.
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The hypoxia eclosion rate for Blimp-1� da-Gal4 was sig-
nificantly higher than in controls (<45% in controls vs.
�75% in cross progeny, P< 0.05, fig. 6B). IFT122 (fly
ortholog Oseg1) was another candidate gene from chro-
mosome 3 region that passed hypoxia tolerance assay
with �75% eclosion rate at 5% O2 (P< 0.05, fig. 6B).
Although this region consisted of five genes, four were
filtered out (two had no fly ortholog and two were
pseudo/RNA-gene), leaving only IFT122. Finally, we had

three genes on the fourth candidate region of which one
was a pseudogene. The fly ortholog for both genes ZNF492
and ZNF99 was crol (crooked legs) and their eclosion rate
was similar to controls in hypoxia (supplementary fig. S4,
Supplementary Material online). From our previous expe-
riences (Azad et al. 2012), the chances of detecting hypoxia
tolerant genes would be<3%. The probability here is much
high (>50%), a testament to the high likelihood that these
genes have been hypoxia-selected by our methodologies.

FIG. 5. The SNPs from carrier haplotype of top candidate regions that are overlapping with transcriptional regulatory elements (labelled as selected
SNPs) viz, histone mark (H3K4Me1, H3K4Me3, and H3K27Ac), transcription factor binding sites (TFBS), DNaseI hypersensitive sites. SNPs
overlapping with>10 TFBS are highlighted in orange and those overlapping with 5–9 TFBS or histone mark are highlighted in blue. The signals
in the histone-mark tracks shows the levels of enrichment of the H3K4Me1 (found near regulatory elements), H3K4Me3 (found near promoters)
and H3K27Ac (found near active regulatory elements) as determined by a ChIP-seq assay (ENCODE project). SNPs (of carrier haplotype) in the
promoter region of (A) SGK3, TCF24, COPS5, and CSPP1 (candidate region 1), (B) PRDM1 (candidate region 3), and (C) IFT122 overlap with large
number of regulatory elements (orange and blue highlighted). In candidate region 11, the SNPs were overlapping with the regulatory region
located in the intro 1 of MC2R gene (D).
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Discussion
This study extends our previously used methodology of whole
genome sequencing of adapted and mal-adapted individuals
to identify genomic regions/genes under selective sweeps for
HA adaptation (Zhou et al. 2013; Udpa et al. 2014). In previ-
ous studies, we were able to identify candidate genes using a
limited sample but powered by robust selection methods.
Those genes were replicated in other cohorts and also char-
acterized in detail by us and others (Cole et al. 2014; Stobdan
et al. 2015; Azad et al. 2016; Hsieh et al. 2016). In this study, we
present the results of an expanded whole genome sequence
analysis of CMS and nonCMS subjects and identify additional
candidate regions that are under positive selection. Indeed,
the larger sample size, the robust selection methods, and the
use of a novel statistical test for prioritization all allowed us to
uncover novel genes involved in HA adaptation. Additionally,
using Drosophila as a model organism, we found that certain
candidate genes, when downregulated in Drosophila, induced
more tolerance to hypoxia than controls.

A highly prioritized region was on chromosome 8. This is
an ideal example depicting a selective sweep of favored hap-
lotypes in the nonCMS group, while in other populations,
including CMS, the frequency was<50% of nonCMS
(fig. 2). For example, a favored haplotype includes the alter-
nate allele “T” of SNP rs116671744 and not “A” of rs16933182
as the former variant is significantly enriched only in the
nonCMS while all the other populations have a very low
frequency (supplementary fig. S5, Supplementary Material
online). This region was reported in our previous study
(Zhou et al. 2013) and was also the focus of several studies
in which this region was reportedly influencing the switch
from fetal to adult hemoglobin (Garner et al. 2002, 2004). This
would correlate with HA inducing maturation of fetal red
cells at levels higher than that under normal conditions
(Risso et al. 2012). Among nonCMS, we anticipate a selective
sweep of favored haplotype at this locus, which would neg-
atively regulate hypoxia-induced augmentation of circulating

red blood cells. We saw that some SNPs that were part of the
carrier haplotype are in the promoter region of SGK3, TCF24,
COPS5, and CSPP1 and overlap with a large number transcrip-
tional regulatory elements (fig. 5A). When we tested each
gene from this region by downregulating them individually
in Drosophila, SGK3, TCF54, and COPS5 passed a phenotypic
assay of hypoxia tolerance as the eclosion were higher. SGK3, a
hypoxia response gene and its target molecules were reported
to promote tumor angiogenesis (Hou et al. 2015; Minchenko
et al. 2016). The N-terminal region of this gene contains phox
homology (PX) domain, unique within the SGK family, and
the knockdown of Drosophila orthologs aligning to this do-
main displays significant tolerance to hypoxia, for example,
CG8726 and Snx16. Because of the PX domain, which usually
acts as a downstream mediator of phosphatidylinositol 3-ki-
nase (PI3K), SGK3 was recently proposed to have role in an-
giogenesis (Hou et al. 2015), an important hypoxia response
phenotype. Interestingly, SGK3 also has estrogen receptor-
binding regions and can be transcriptionally induced with
estrogen (Wang et al. 2011), yet again indicating a hormonal
role in CMS. Additionally, the catalytic domain of SGK3 is
identical to that in the AKT kinases (Guo et al. 2016).
Anticipated from its key role in development, the knockdown
of Akt1 in Drosophila was lethal at early larvae stages irrespec-
tive of environment (fig. 6). Although very little is known
about TCF24 (transcription factor 24), the eclosion rates for
HLH54F (human ortholog TCF24) knockdown were signifi-
cantly higher compared with their corresponding hypoxia
controls. Both MCMDC2 (minichromosome maintenance do-
main containing 2) and PPP1R42 (Protein Phosphatase 1
Regulatory Subunit 42) were reported to have a role in mei-
otic recombination and centrosome activities. The eclosions
in Drosophila for dtr (human ortholog PPP1R42) knockdown
were low. COPS5 (also known as JAB1/CSN5) was another
interesting gene in this region that was also reported in
both Tibetan and Andean HA studies (Bigham et al. 2010).
Because of its direct role in HIF-1alpha stabilization

Table 2. Fly Ortholog Genes Tested for Hypoxia Tolerance. Eclosion Rate (%) of the F1 Progeny from the “RNAi-line X da-Gal4” at 5% and 21% O2.

Candidate Region Human Gene Fly Symbol Fly Line Fly_Chr Eclosion at 5% O2 Eclosion at 21% O2

2 SGK3 S6k 41,702 3L High High
57,016 3L NS High

Akt1 31,701 3R Lethal Lethal
C8orf44-SGK3 33,615 3R Lethal Lethal

CG8726 35,281 2R High High
57,230 2R High High

Snx16 38,992 2R High High
PPP1R42 dtr 25,812 2L NS High
COPS5 CSN5 28,732 3R High Low

42,781 3R High Low
TCF24 HLH54F 28,698 2R High High

4 PRDM1 Blimp-1 36,634 3L High High
57,479 3L High High

6 IFT122 Oseg1 51,904 3L High High
7 ZNF492 CG15269 51,506 2L NS High

ZNF492, ZNF99 crol 41,669 2L NS High

High, in 21% O2, “High” indicates higher eclosion rate of F1 progeny (from RNAi-line� da-Gal4) and in 5% O2, “High” indicates significantly higher eclosion rate when compared
with all four controls, that is, RNAi-line and the three background controls (w1118, da-Gal4, y1v1) kept under similar condition and therefore indicates hypoxia tolerance; Lethal,
embryonic lethal or early larval stage lethal; NS, not significant between F1 progeny and controls.
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(Bae et al. 2002), this gene is anticipated to play an important
role in controlling cellular oxygen sensing at HA. We found
that downregulation of CSN5 was unusually deleterious in
normoxia but its lethality was rescued by hypoxia. One plau-
sible reason for this was the accumulation of COPS5 under
hypoxia, despite its downregulation in RNAi-CSN5� da-Gal4.
A higher COPS5 would then enhance TGF-b signaling by
sequestering Smad7 for degradation through the COP9-
proteosome pathway (Kim et al. 2004), favoring a broad range
of TGF-b related biological activities. However, in normoxia,
the absence of COPS5-dependent ubiquitination of Smad7
would lead to a negative regulation of TGF-b signaling,

hampering development. Adjacent to COPS5 gene lies an-
other gene CSPP1.

We also discovered that Drosophila had a significantly in-
creased hypoxia tolerance when the orthologs of PRDM1
(Blimp-1) and IFT122 (Oseg1) were downregulated. Both
genes also had SNPs overlapping with regulatory regions
(fig. 5B and C). PRDM1, a highly conserved transcriptional
suppressor gene, was recently reported to be a mediator of
HIF-independent response to hypoxia in C. elegans
(Padmanabha et al. 2015). Interestingly, its expressions in my-
eloma cells are known to decrease under hypoxic environ-
ment (Kawano et al. 2013). Studies on the specific role of

FIG. 6. Down-regulation of Drosophila ortholog genes from the human candidate region enhances survival under hypoxic conditions. The UAS-
RNAi lines for respective human genes (top) were used to ubiquitously knock-down candidate genes by crossing with da-Gal4 driver. The eclosion
rates were calculated for 21% (normoxia) and 5% O2 environments. (A) The CG8726, Snx16, and S6k (C8orf44-SGK3 and SGK3), HLH54F (TCF24)
RNAi flies when crossed with da-Gal4, significantly increased the eclosion rate in 5% O2 environment. The F1 from Akt1-RNAi� da-Gal4 were
lethal both at 5% and 21% O2. The CSN5-RNAi� da-Gal4 eclosion rates were higher in 5% than 21% O2. (B) Eclosion rates of the fly orthologs for
genes from two other human-candidate regions, Oseg1 (IFT122) and Blimp-1 (PRDM1), were also significantly high. The w1118, y1v1, and da-Gal4
were considered as background controls. Each bar represents mean 6 SE of % eclosion rate for the F1 generation RNAi� da-Gal4. *, P< 0.05;
human gene in parenthesis.
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IFT122 are lacking but the IFT family in general is involved in
spermiogenesis (San Agustin et al. 2015). The fact that this is
highly expressed in the pituitary gland and testis, like ACTH-
MC2R (Gross et al. 2001), is also intriguing. In addition to
these new candidate genes, the two genomic regions on chro-
mosome 12, consisting of SENP1 and ANP32D, which we
reported in our previous analysis (Zhou et al. 2013), were
also significant in this study. SENP1 is now recognized to be
a major player leading to excessive erythrocytosis in CMS
(Cole et al. 2014; Azad et al. 2016; Hsieh et al. 2016), giving
credence to our approach. A region on chromosome 18 har-
boring MC2R had the haplotype frequency unusually low in
the CMS group while it was comparable among nonCMS and
other low altitude populations (fig. 3). The SNPs of the carrier
haplotype in this region were although located in the intron 1
of MC2R gene, were overlapping there with the regulatory
regions (fig. 5D). This gene may be interesting because of the
similar phenotype in both knockout and hypoxia exposed
murine models (Ou and Tenney 1979; Gosney 1984; Chida
et al. 2007). In humans its role in erythroblast differentiation
(Simamura et al. 2015) and the differential expression of its
ligand (ACTH), when exposed to a HA environment
(Bouissou et al. 1988; Ramirez et al. 1995; Kaur et al. 2002)
are evidences which suggests a novel role of MC2R in CMS.
However, we should not prioritize this gene, primarily because
the “favored haplotype” is not enriched in the nonCMS
group, when compared with other global populations.

Conclusions
In the present study, we have identified novel genes involved
in HA adaptation in the Andes. First, our use of the PreCIOSS
algorithm that provides a robust method for distinguishing
between carriers and noncarriers of a favored allele. Second,
both HIF-dependent and independent mechanisms are in-
volved in HA adaptation. Third, since the overwhelming ma-
jority of SNPs are in nonexonic (and possibly regulatory)
regions, we suspect that this molecular adaptation allows
for more genetic flexibility, that plausibly regulates transcript
abundance, adjusting with the physiological responses to en-
vironmental challenges such as hypoxia.

Materials and Methods

Study Population
All individuals were volunteers from the town of Cerro de
Pasco, in Peru (Altitude>4,300 m, fig. 1A), and each subject
gave informed, written consent. The UCSD institutional re-
view board approved the protocol. Individuals were assigned
a composite “CMS score” based on a list of signs and symp-
toms (Ward et al. 2003) evaluated by expert physicians. A
CMS score of�12 was considered as normal, while a score
of>12 were considered as CMS patients. On the basis of the
new international consensus CMS scoring system (Leon-
Velarde et al. 2005) a score of>5 is considered as a CMS
patient (fig. 1E). Both scoring methods are equally efficient
in separating CMS patients from nonCMS controls (fig. 1F).
When using a new scoring system we included individuals
with a score of�7 as CMS patients and�4 as nonCMS

controls to make sure that the phenotypes are discrete
(fig. 1E and F). Genomes sequenced for this study, denoted
as “Pasco2” includes 74 subjects (CMS¼ 40 and
nonCMS¼ 34). In addition to this, we also included whole-
genome-sequence of 20 individuals (10 CMS and 10
nonCMS) from our previous study, denoted as “Pasco1”
(Zhou et al. 2013).

Library Construction and Sequencing
Blood sample (10 ml) was collected from each subject for
DNA extraction. The whole genome sequencing was carried
out at HLI (Human Longevity Inc., San Diego). Next
Generation Sequencing (NGS) library preparation was carried
out using the TruSeq Nano DNA HT kit (Illumina Inc.), es-
sentially following manufacturer’s recommendations.
Genomes were sequenced at a mean coverage of 40.3� on
the Illumina HiSeqX sequencer utilizing a 150 base paired-end
single index read format.

Reads were mapped to a human reference sequence (hg38
build) using ISIS Isaac Aligner (v. 1.14.02.06) in the ISIS Analysis
Software (v. 2.5.26.13; Illumina; Raczy et al. 2013). The hg38
reference sequence was modified by masking the pseudoau-
tosomal region of chrY. Single nucleotide variations and short
indels were called using the ISIS Isaac Variant Caller (v. 2.0.17)
with default settings. More details could be found in Telenti
et al. (2016) as the same sequencing protocol and variant
calling pipeline were used.

Admixture Analysis
ADMIXTURE (Alexander et al. 2009) was used to measure the
genetic affinity of our Andean CMS and nonCMS individuals
(Pesco1 and Pesco2 combined) with other major populations.
Besides Pasco1 and Pasco2, we used 150 EUR, 150 AFR, 64
MXL, and rest of AMR (Ad Mixed American) samples from
1000 Genomes project (www.internationalgenome.org; last
accessed August 30, 2017) for phasing. We also included
100 Native American (NATAM) samples with low
European and African admixture as reported in Reich et al.
(2012). Pasco1, Pasco2, and NATAM samples were imputed
and phased using Beagle v4.1 with the 1000 Genomes AMR
populations as reference panel using default parameters.
Subsequently, the samples from all sources were merged to-
gether using bcftools. Markers were merged using the rsID
tags. PCA was run using plink1.9 with default parameters.
PCA was first run for CMS/nonCMS populations followed
by all samples except 1000 Genomes AMR populations.
Markers were pruned for LD using plink. Removed each
SNP that has an R2 value of >0.1 with any other SNP within
a 50-SNP sliding window (advanced by 10 SNPs each time).
ADMIXTURE (Alexander et al. 2009) was applied to the
resulting data along with three reference populations AFR,
EUR and NATAM. The output was plotted using R. Since
much of the genetic diversity can be modeled using any
one chromosome with sufficient markers, we did all the anal-
ysis separately for chromosome 19 (fig. 1), 20, and 21 (supple
mentary fig. S1, Supplementary Material online).
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Whole Genome Sequence Variant Call Validation
Using Chip Array
Chip array was done at the IGM Genomics Center, University
of California, San Diego. Briefly, 200 ng of DNA was hybridized
to Illumina Human Core arrays (Illumina) and stained per
Illumina’s standard protocol. Copy Number Variation
(CNV) calling was carried out in Nexus CN (version 7.5)
and manually inspected, visualizing the B-allele frequencies
(proportion of A and B alleles at each genotype) and log R
ratios (ratio of observed to expected intensities) for each
sample, as described (DeBoever et al. 2017). We found that
99.6% of chip array variants were in the WGS. Chip array
includes 0.6% of WGS variants and 95% of the chip array calls
were the same as WGS calls.

Tests of Selection
Instead of investigating the association of individual variants
with the CMS/nonCMS classification (for which the number
of individuals is not sufficient), we test the genomic region for
evidence of a selective sweep. The selective sweep signal was
well captured by different statistical tests, which measure ei-
ther deviation from the neutral allele frequency spectrum or
the frequency of carrier haplotypes. We applied seven tests in
sliding windows of size 50 kbp (step size 2 kbp) along the
entire genome for these individuals. Among these tests,
Tajima’s D and Fay & Wu’s H are based on the allele frequency
spectrum (Tajima 1989; Fay and Wu 2000), iHS is haplotype
based tests (Voight et al. 2006; Ferrer-Admetlla et al. 2014),
the fixation index (FST) is a cross-population test that meas-
ures the population differentiation (Hudson et al. 1992; Zhou
et al. 2013; Udpa et al. 2014), while Sf and Sp are two cross
population tests based on common estimators of the scaled
mutation rate h¼ 4Nl (Zhou et al. 2013; Udpa et al. 2014).
For calculating the iHS statistics we used selscan software
(Szpiech and Hernandez 2014) with default parameters, and
for the rest of the selection scan tests we used the software
provided earlier (Zhou et al. 2013; Udpa et al. 2014). In cross-
population tests, we used two sets of case–control pairs:
NonCMS versus CMS, and nonCMS versus MXL. Our previ-
ous results showed that these different tests show different
power depending upon the selection coefficient, time since
onset of selection, and the initial frequency of the favored
allele (Ronen et al. 2013). Therefore, we considered a positive
result in any of these tests as an indicator of the region
adapting to selection pressure. In this study, we focused
only on autosomal chromosomes, as all of our study subjects
are male, and the relatively lower recombination rate in the
X-chromosome (and no recombination in Chr Y) makes it
harder to localize the signal.

Haplotype Phasing
A few selection detection tests such as iHS require resolved
haplotypes, as also the PreCIOSS algorithm, for separating
carriers of the selective sweeps from noncarriers. We gener-
ated phased haplotypes by Beagle 4.1 (Browning and
Browning 2007), with 1000 Genome project phase 3 as refer-
ence panel (Genomes Project et al. 2015), no imputation

(impute¼ false), and default parameters set for the rest of
parameters.

Region Prioritization
The statistical tests (see section “Tests of selection”) of selec-
tion, in sliding windows of size 50 kbp along the entire ge-
nome, identified multiple regions that are potentially under
selection sweep. Our sample size does not allow enough sta-
tistical power for multiple test correction and estimation of
regions with genome-wide significance. At the same time, we
planned to experimentally validate selected regions.
Therefore, we used extremal analysis (Kelley et al. 2006;
Akey 2009) to identify regions that were the most significant
in some of the tests, and further prioritized them to get a
smaller list for experimental validation. In selecting prioritiza-
tion methods, we were motivated by the following criteria. 1)
We wanted robust signals from selection detection tests. As
CMS is a polygenic disorder, the 94 individuals presented with
a range of CMS scores. We expected that the extreme range
of CMS scores, here we have CMS group with CMS-score-
¼ 20.1 6 2.8 and for nonCMS group with CMS-score-
¼ 5.5 6 1.7, would show the strongest genomic signal.
Accordingly, individuals with extreme CMS scores were in-
cluded in the initial selection detection tests. Since we also
wanted to use all of the information available, complete co-
hort was later analyzed when using PreCIOSS algorithm. 2)
We wanted to exclude gap regions such as short arms, cen-
tromeres, telomeres, heterochromatin, clones, and contigs, as
these regions are gene poor, and have sequence with low-
complexity. These make accurate mapping difficult. 3) We
wanted to prioritize regions that were close to a protein
coding gene, so that Drosophila orthologs could be identified
for experimental validation. 4) We had the advantage of two
populations (Pasco1, and Pasco2) sampled from the same
geographical location to assess the reproducibility of signal
in the two sets. 5) The PreCIOSS algorithm that we developed
separates all carrier haplotypes from noncarriers with high
significance. While we were not powered to perform associ-
ations with individual loci, we could prioritize based on
strength for association of the carrier/noncarrier status of a
haplotype in the selected region against the CMS/nonCMS
phenotype status of the individual. For the ancestral states of
all variants, needed in PreCIOSS algorithm, we used the an-
cestral sequences for Homo sapiens (GRCh37/hg19), release
59 from Ensemble FTP (Paten et al. 2008).

Genome Assembly
The assembly version of the Pasco1 is GRCh37/hg19 and
Pasco2 is GRCh38/hg38. We used CrossMap V0.2.5 (Zhao
et al. 2014) to convert the genome assembly of Pasco2 to
GRCh37/hg19. All the analysis in this paper was done in
(GRCh37/hg19).

Genomic Data Used
We used the called variants of Pasco1 processed in Zhou et al.
(2013) and Pasco2 as detailed above. In this paper we only
focus on biallelic sites either consisting of an ancestral or a
derived allele at a specific locus.
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Fly Lines and Culture
We first identified the fly orthologs for the human candidate
genes using DRSC Integrative Ortholog Prediction Tool
(DIOPT; supplementary table S2, Supplementary Material on-
line) and further validated these from the www.flybase.org,
last accessed August 30, 2017. Out of 38 genes located in the
11 candidate regions, 20 did not have any fly orthologs. This
also includes four genes encoding for noncoding RNA and
one microRNA. RNAi stock lines were obtained from
Bloomington Drosophila Stock Center (BDSC) at Indiana
University. No RNAi lines were available at BDSC for three
genes. In total, we had nine genes that were distributed over
four candidate regions (supplementary table S2,
Supplementary Material online). The w1118 was used as
background control. To ubiquitously knock down the candi-
date gene in the F1 progeny the da-GAL4 driver was also
obtained from BDSC. All the stock lines were raised at
�22 �C and maintained on standard cornmeal. The UAS-
RNAi� da-Gal4 crosses were considered as experimental
and the RNAi line as controls. The background controls
were w1118, y1v1, and da-Gal4. Both experimental and con-
trols were first cultured in normoxia to determine whether
the RNAi-mediated knockdown of each candidate gene by
itself has any effect on development.

Hypoxia Tolerance
A detailed schema of the fly hypoxia tolerance assay is pro-
vided in the supplementary fig. S6, Supplementary Material
online. Three to five day-old virgin females (n¼ 7) da-GAL4
were crossed to different UAS-RNAi lines (male, n¼ 6) or vice
versa. Sufficient time was given (�3 days) for the flies to
mate/cross and these are referred to as “cross”. The vials
were kept under ambient conditions for the flies to lay suffi-
cient number of fertilized eggs. After 48 h, the adults were
transferred to a new vial and the original vials were then
transferred to a computer controlled hypoxia chamber, main-
tained at 5% oxygen and 12/12 h light/dark cycle (tempera-
ture �22 �C). The adults were discarded after 48 h from the
second batch of vials and these vials were kept at ambient
oxygen conditions (�21% oxygen) to be used as “control”.
The control vials were kept at ambient oxygen conditions
(�21% oxygen). After 21 days, the ratio of the empty pupae
(eclosed) to the total number of pupae formed (eclo-
sedþ uneclosed) in each vial was calculated to determine
the eclosion rate. Simultaneously the w1118, da-GAL4, and
RNAi were “self-crossed” to be used as controls. Each set was
performed in triplicates and the entire experiment was re-
peated twice to check for consistency. The differences in
eclosion rate for the crosses at 21% and 5% oxygen were
assessed using unpaired t-test and between the
RNAi� daGal4 and the RNAi alone (self-crossed) were
assessed using paired sample t-test. A P value of<0.05 was
considered statistically significant.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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