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Abstract

EGL N1 encodes the hypoxia-inducible factor (HIF) pathway prolyl hydroxylase 2 (PHD2) that
serves as an oxygen-sensitive regulator of HIF activity. The EGLN1 locus exhibits a signature of
positive selection in Tibetan and Andean populations and is associated with hemoglobin
concentration in Tibetans. Recent reports provide evidence for functional roles of protein-coding
variants within the first exon of £EGLNI (rs186996510, rs12097901) that are linked to an adaptive
signal in Tibetans, yet whether these same variants are present and contribute to adaptation in
Andean highlanders is unknown. We determined the frequencies of these adaptive Tibetan alleles
in Quechua Andeans resident at high altitude (4,350 m) in addition to individuals of Nepali
ancestry resident at sea level. The rs186996510 C (minor) allele previously found at high
frequency in Tibetans is absent in Andean (G: 100%) and rare among Nepali (C: 11.8%, G:
88.2%) cohorts. The minor G allele of rs12097901 is found at similarly low frequencies in
Andeans (G: 12.7%, C: 87.3%) and Nepalis (G: 23.5%, C: 76.5%) compared to Tibetans. These
results suggest that adaptation involving EGLNZ in Andeans involves different mechanisms than
those described in Tibetans. The precise Andean adaptive variants remain to be determined.
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INTRODUCTION

High-altitude environments impose strong selective pressures that have resulted in rapid
genetic adaptations. Andean, Tibetan, and Ethiopian highlanders living at elevations greater
than 3,500 m above sea level show signatures of evolutionary selection at various genetic
loci that contain hypoxia inducible factor (HIF) pathway and non-HIF-related genes
(Bigham et al., 2010; Moore, 2017; Simonson, 2015). These candidate genes likely underlie
distinct physiological traits observed in these populations.

The HIF pathway gene £EGL N1, which encodes the oxygen-sensitive enzyme prolyl
hydroxylase 2 (PHD?2), is contained within a region exhibiting one of the strongest signals of
selection in Tibetans and shows evidence of convergent evolution in Tibetans and Andeans
(Bigham et al., 2010, 2013; Foll, Gaggiotti, Daub, Vatsiou, & Excoffier, 2014). Variants in
linkage disequilibrium at this locus are associated with hemoglobin (Hb) in Tibetans at high
altitudes (Simonson et al., 2010). In the presence of oxygen, PHD2 hydroxylates and targets
HIF 1a subunits for degradation, thereby regulating HIF activity (Jaakkola et al., 2001; Ke
& Costa, 2006) and influencing physiological responses to hypoxia. Recent studies
demonstrate that the missense variant rs186996510 (c.12C >G), in combination with the
linked missense variant ¢.380G > C, results in a gain-of-function (lower Kp,) phenotype /n
vitro that dampens the hypoxia response and could alter erythroid progenitor proliferation
(Lorenzo et al., 2014). These variants also result in loss of PHD2 function and increased HIF
activation via defective binding of cochaperone p23 (Song et al., 2014). Furthermore,
noncoding variants within the first intron of EGLNZ are associated with increased gene
expression and high-altitude pulmonary edema in a population studied in India (Aggarwal et
al., 2010), suggesting non-protein coding variants at this locus might also be involved in
regulation of EGLNI and the HIF pathway.

In addition to reports of adaptive significance in Tibetans (Bigham et al., 2010; Hu et al.,
2017; Peng et al., 2011; Simonson et al., 2010, 2012; Wuren et al., 2014; Yi et al., 2010),
single-nucleotide polymorphism (SNP)-based analyses indicate £GLNZ is under selection in
Andean populations as well (Bigham et al., 2009, 2010). Another study used whole-genome
sequences and identified £EGLNI as a top hypoxia-response gene showing evidence of
selection in Andeans, although they did not identify £GLN1 in the top 1% of all genes under
selection (Crawford et al., 2017). Further examination of tagging SNPs at this locus did not
identify associations with Hb in Bolivians (3600 m) and Peruvians (4300 m) (Bigham et al.,
2009, 2013). Because of the high GC content of the first exon of EGLNZ, limited sequence
information has been available and, to our knowledge, the frequency of ¢.12C >G, ¢.380G >
C variants have not been reported in Andeans (Figure 1). We therefore sequenced this region
in DNA from Andean highlanders (Cerro de Pasco, Peru, 4350 m), to determine whether
variants associated with functional adaptation in Tibetans (Lorenzo et al., 2014) are also
present in this population.
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2 MATERIALS AND METHODS
2.1 Subjects

This study was approved by the University of California, San Diego Human Research
Protections Program and was conducted in accordance with Declaration of Helsinki
principles. Men and non-pregnant women ages 19 to 65 years old were included as part of a
larger study. Nepali (A= 17) subjects were recruited in San Francisco, California, and
Andean subjects were recruited in Cerro de Pasco, Peru (V= 106). Subjects were excluded
during a preliminary screening session if they demonstrated a history of cardiovascular/
pulmonary disease. Andean subjects with chronic mountain sickness or excessive
erythrocytosis (Hb = 21 g/dL in men and Hb = 19 g/dL in women) were included. Subjects
were also excluded if they did not have at least three generations of ancestry in Cerro de
Pasco, Peru (>2,500 m) or Nepal. Andean subjects must have been born in Cerro de Pasco
and could not have undergone blood transfusions or phlebotomies in the previous 6 months,
or journeys to lower altitude for more than 7 days during the previous 6 months.

2.2 Genotyping

Genomic DNA was obtained from peripheral blood samples. Blood samples were taken
from the antecubital vein and stored immediately at 4°C. DNA was isolated from buffy coat
within 24 hours using a Gentra Puregene blood kit (Qiagen, Venlo, Netherlands). Genomic
DNA quality and purity was confirmed via NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA) and gel electrophoresis.

A 1025 bp sequence of the first exon of EGLNI was amplified with polymerase chain
reaction (PCR) using a Lucigen FailSafe 2X PreMix H (Middleton, WI) and Integrated DNA
Technologies ([IDT], Skokie, IL) forward (CCC-CTATCTCTCTCCCCG) and reverse
(CCTGTCCAGCA-CAAACCC) primers. PCR was performed on a QuantStudio 3 Real-
Time PCR System (Thermo Fisher Scientific) with the following settings: an initial
denaturation step at 95°C for 4 minutes followed by 30 cycles of denaturation at 95°C for 30
seconds, annealing at 51°C for 1 minute, and elongation at 68°C for 70 seconds. There was a
final elongation at 68°C for 5 minutes.

The PCR amplicon was enzymatically purified (GeneWiz PCR cleanup) and sequenced via
Sanger sequencing with the GeneWiz difficult template protocol (GeneWiz, South Plain-
field, NJ). Four sequencing primers were designed with the PrimerQuest Tool from IDT and
optimal sequence results were obtained with the following reverse primer (ACA-
GATGCCGTGCTTGTT). All sequences were aligned with Clustal Omega multiple
sequence alignment (EMBL-EBI, Cambridgeshire, UK) and ¢.12C >G and ¢.380G >C SNP
genotypes were confirmed manually and recorded for each individual.

2.3 Statistical tests

To determine whether putatively adaptive alleles previously identified in Tibetans were
found at different frequencies compared to our Andean and Nepali samples, we used
Pearson chisquare tests in Excel (Microsoft, Redmond, WA). Andean and Nepali allele
frequencies were compared to Tibetan frequencies separately at each of two SNPs, resulting
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in four tests, and therefore a Bonferroni corrected p value of 0.0125 was required to reject
the null hypothesis that allele frequencies were the same across both groups in each
comparison.

3 RESULTS

3.1 Genotype frequencies

The first SNP rs186996510 (hg38; chr1:231421877, + strand), has a reported allele
frequency of C: 0.4% (145/39074), G: 99.6% (38929/39074) in the general human
population (UCSC Genome Browser, Santa Cruz, CA). Lorenzo et al. (2014) reported
increased minor “C” allele frequencies in Tibetans (C: 80.8%, G: 19.2%; genotypes: G/G:
15.4% (4/26); GIC: 7.7% (2/26); C/C: 76.9% [20/26]) (Figure 2). We found that the minor
“C” allele is absent in Andeans (genotypes: G/G: 100% [106/106]) and less common in
Nepalis (C: 11.8%, G: 88.2%; genotypes: G/G: 82.4% [14/17]; G/C: 11.8% [2/17]; C/C:
5.9% [1/17]) compared to Tibetans. Andean and Nepali minor allele C frequencies were
significantly different than those previously reported in Tibetans (both p <0.01).

The second SNP rs12097901 (hg38; chr1:231421509, + strand) has a reported allele
frequency of C: 73.9% (3780/5116), G: 26.1% (1336/5116) in the general human population
(UCSC Genome Browser). In our data set, the minor G allele was found at lower frequency
in Andeans (G: 12.7%, C: 87.3%; genotypes: C/C: 76.4% [81/106]; C/G: 21.7% [23/106];
G/G: 1.9% [2/106]) and Nepalis (C: 76.5, G: 23.5%; genotypes: C/C: 64.7% [11/17]; C/G:
23.5% [4/17]; G/G: 11.8% [2/17]) compared to previous reports in Tibetans (C: 9.6%, G:
90.4%; genotypes: C/C: 0.0% [0/26]; C/G: 19.2% [5/26]; G/G: 80.8% [21/26]) (Figure 2)
(Lorenzo et al., 2014). Andean and Nepali minor allele G frequencies were significantly
different than those previously reported in Tibetans (both p <0.01).

4 DISCUSSION

The EGLNI adaptive Tibetan alleles ¢.12C >G (rs186996510) and 380G >C (rs12097901)
that are in linkage disequilibrium with adaptive tagging SNPs in Tibetans are absent and at
lower frequencies, respectively, in Andeans. Given the association between Hb and this
locus in Tibetans, it remains to be determined whether specific variants at this locus are
associated with this phenotype in Andeans, who generally exhibit higher, but variable, Hb at
high altitudes (Beall, 2007). The two variants increase PHD2 activity by lowering its Ky,
value for oxygen, and erythroid progenitor cells from Tibetan individuals with c.[12C >G;
380G > C] variants show impaired proliferation in hypoxia compared to wild-type controls
(Lorenzo et al., 2014; Song et al., 2014). Therefore, these adaptive alleles may be protective
against high-altitude polycythemia, and the absence of these variants in Andeans may
underlie the prevalence of maladaptive phenotypes less commonly observed among
Tibetans.

Considering previous reports of adaptive signals at this locus in Andeans (Bigham et al.,
2009, 2010), we suspect other variants, potentially with regulatory function, are targeted by
selection in this population. Epigenetic modifications (e.g., via DNA methylation and
histone modifications) that influence gene activity and expression likely play an important
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role in high-altitude adaptation because many of the key players in the hypoxic-response
pathway are epigenetically regulated. Universal histone modification may provide a
mechanism for a short-term, plastic response to hypoxia, likely by influencing Jumonji C
domain-containing (JmjC) histone demethylases (Shmakova, Batie, Druker, & Rocha, 2014).
The first exon of EGLNI contains a CpG island, which is prone to methylation, and is
further susceptible to histone modifications (Figure 1). Additionally, Crawford et al. (2017)
demonstrate unique distributions of long undifferentiated £GLNZ haplotypes in Andeans,
which may suggest that a particular haplotype was selected for upon entering the high-
altitude environment.

The two adaptive Tibetan variants examined here are located within the CpG island of
EGLNI, and genetic differences can impact the extent to which epigenetic modifications
occur (Bell et al., 2011; Moen et al., 2013). Recent work suggests that over 80% of genetic
variants that disrupt CpG motifs influence DNA methylation status locally and up to 10 kb
from the site of the mutation (Zhi et al., 2013). There is also evidence for differential
EGLNI gene expression and high-altitude pulmonary edema susceptibility in individuals
from India (Agarwal et al. 2010) and methylation status at select sites of £GLNI in Andeans
with and without excessive erythrocytosis (Julian 2017). EGLNI also contains an upstream
hypoxia response element (GGTGTACGT GCAGAGCGC), which serves as the binding site
for HIF-1 (Brown & Rupert, 2014), and the availability of this site likely depends on the
methylation status of the EGLNI CpG region. Andeans may have different epigenetic
regulation of EGLNI compared to Tibetan highlanders as a result of genetic variance in this
noncoding region, making it more or less prone to modification. The extent to which these c.
[12C >G; 380G >C] Tibetan variants, and/or others in noncoding regions, influence
epigenetic regulation of EGLN1 remain to be determined.

Both the Andean and Nepali populations demonstrate absent or lower allele frequencies of
€.12C >G and 380G >C, similar to those reported for the general population (UCSC
Genome Browser). However, these alleles have been generally underreported because this
region of the EGLNI exon 1 has high CG content and typically demonstrates poor
sequencing coverage in next-generation sequencing data (Benjamini & Speed, 2012; Dohm,
Lottaz, Borodina, & Himmelbauer, 2008) (e.g., this region was not successfully sequenced
in the 54 genomes from the high-coverage Complete Genomics discovery panel) (Drmanac
et al., 2010). Additional sequence analyses of this underreported region are needed.

The lack of ¢.12C >G and low frequency of 380G > C in Nepali individuals likely reflects
distinct population histories in these groups. The Nepali individuals (11 of the 17) were
originally from Kathmandu, two from Bhojpur, and the remaining four from Bhaktapur,
Lalipur, Gorkha, and Sailung, Nepal, with at lease three previous generations in the same
area. Given the large amount of genetic admixture in the Nepali population from north and
south of the Himalaya, it is likely that these individuals, primarily from the southern
Himalayan region, may have more Indian admixture and therefore fewer high-altitude
adaptive Tibetan alleles (Cole et al., 2017).

Based on the lack of Tibetan variants found in Andeans using our targeted sequencing
protocol, these variants together are likely not the direct targets of selection in Andeans.
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Indeed, rs186996510 is found at low frequency in East Asian populations and was likely a
poor candidate for selection in early population migrations into the Americas. There is
evidence that other genes involved in cardiac responses to hypoxia (VEGFBand ELTDI in
Collas) as well as other major HIF-pathway regulators (£EPASI) are the primary targets of
selection in Andean populations (Eichstaedt et al., 2014, 2017). However, given previous
reports of selection signals at the £GLNI locus in Andeans, it will be important to determine
the putatively adaptive variants in this population, if there is physiological relevance of 380G
> C and other genetic/epigenetic changes, and how these factors contribute to individual
responses to hypoxia such as the differences observed in Tibetan versus Andean populations.
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FIGURE 1.
The EGLNI region and location of rs186996510 and rs12097901 in the first exon. The first

exon contains a CpG island (highlighted in green) and histone modifications (primarily
H3K27Ac and H3K4Me3 marks). H3K4Mel and H3K4Mel marks are often found near
regulatory elements and H3K4Me3 marks are often found near promoters. Peak color in the
histone modification tracks indicate cell type (light blue = human umbilical vein endothelial
cells (HUVEC), dark blue = K562 cells, light purple = normal human epidermal
keratinocytes (NHEK) cells. Regions of transcription factor binding are shown in the Txn
Factor ChIP track. DNA methylation by reduced representation bisulfite sequencing from
ENCODE/HudsonAlpha is displayed for multiple cell types in light green. SNPs, single-
nucleotide polymorphisms
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Allele frequencies at two EGLNI single-nucleotide polymorphisms (SNPs) (rs186996510,

rs12097901) in our Andean (V= 106) and Nepali (V= 17) samples compared to previously
reported Tibetan (V= 26) allele frequencies. *Data reported in Lorenzo et al. (2014). Error
bars indicate 95% confidence intervals for binomial data using the Jeffrey’s prior
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