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Exposure to hypoxia elicits a myriad of adaptive responses that

are mediated by hypoxia inducible factors (HIFs). An essential

physiologic response to hypoxia is increase of production of

erythrocytes necessary to maintain adequate oxygen delivery

to the tissues; it has also been reported that the survival of

erythrocyte may increase. Congenital defects of upregulation

of the hypoxia-sensing pathway result in inappropriately

elevated erythrocyte concentration. Evolutionarily, after many

generations of living at high altitude, high altitude dwellers such

as Tibetans, Andeans, and Ethiopians have selected genomic

signatures, some in HIF pathway, enabling them to prosper in

high altitude hypoxic environment. However, the entire diverse

complex of molecular mechanisms of high-altitude adaptation

is still largely unknown.
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Introduction
Oxygen is vital for energy metabolism; its delivery is

executed by erythrocytes that transport oxygen bound to

hemoglobin. In hypoxia, erythropoiesis is augmented,

and the increased erythrocyte survival may further

increase the red cell mass [1]. The response to hypoxia

is controlled by hypoxia inducible factors (HIFs) [2] that

also activate glycolysis and reduce the formation of reac-

tive oxygen species [3]. HIFs (HIF-1, HIF-2, HIF-3) are

heterodimeric transcription factors composed of a highly

regulated a and a constitutively expressed b subunits. In

normoxia, HIFa subunits are hydroxylated by prolyl

hydroxylases (PHD), and are rapidly degraded by the

von Hippel-Lindau (VHL) protein-ubiquitin-proteasome

pathway. The targeting of HIFa subunits requires oxy-

gen, PHD, a-ketoglutarate and iron, and VHL; this

complex constitutes the oxygen sensor [4,5]. HIF-2 is
www.sciencedirect.com 
the principal regulator of erythropoietin (EPO) [6] — the

hormone that drives erythropoiesis. In hypoxia, HIFa
subunit escape degradation, translocate into the nucleus,

dimerize with its b subunit, and bind to hypoxia response

elements (HRE), leading to increased transcription of

HIF target genes [2]. Mutations in the genes in this

oxygen-sensing pathway can result in augmented eryth-

ropoiesis. The germline mutations of VHL, EGLN1

(encoding PHD2), EPAS1 (encoding HIF-2a) and

EPO receptor (EPOR) genes have all been known to

lead to polycythemia [7].

High altitude dwellers, who have been living at high

altitude for many generations, have undergone genetic

adaptations to overcome the challenges of hypoxic

environment. Thus Tibetans, who have been living

on the Himalayan plateau for more than 20 000 years,

have been largely protected from polycythemia and

chronic mountain sickness (CMS). Their strongest

selection signals are EPAS1 and EGLN1 [8–11]

that are virtually Tibetan-specific; no such unique,

population-specific  haplotype has been found in

Andean and Ethiopian native highlanders so far. The

Tibetan EPAS1 haplotype is found to be introgressed

from the Denisovan genome [12], and we reported

the Tibetan-specific combined variant of

EGLN112C>G,380G>C that is gain-of-function in hypoxia

and blunts the hypoxic response [13]; other functional

effects of this haplotype have also be reported [14].

In this review, we will discuss germline mutations in the

modulations of hypoxia sensing pathway, and contrast it

with the evolutionarily selected genomic signatures of

highlanders.

Congenital conditions modulating hypoxia
pathway
In germline mutations in hypoxia signaling pathway, the

resulting polycythemia is invariably inappropriate as

there is no increased physiologic demand for tissue

oxygenation.

VHL mutations

Chuvash polycythemia, the first described congenital

disorder of hypoxia sensing, is an autosomal recessive

polycythemia resulting from a missense mutation of

VHL598C>T(VHLR200W) [15], endemic in the Chuvash

Republic of Russia and on the Italian island of Ischia.

This loss-of-function mutation causes reduced affinity of

VHL for HIFa subunits, leading to delayed proteasomal
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Known genetic variants affect hemoglobin concentration at high
degradation and increased transcription of HIFs target

genes, including EPO. The individuals with Chuvash

polycythemia have increased concentration of EPO due

to augmented HIF signaling, but their erythroid progeni-

tors in vitro assays are also hypersensitive to EPO, a

characteristic of primary polycythemia [15]. Affected

subjects have varicose veins, pulmonary hypertension

and high risk of arterial and venous thromboses; their

risk of thrombosis is inversely related to hematocrit [16].

Other homozygous as well as compound heterozygous

VHL mutations have been reported with polycythemic

phenotype but not tumors [17–20]. This is in contrast to

VHL tumor predisposition syndrome (TPS) wherein

heterozygous germline loss-of-function VHL mutations

are followed by somatic VHL mutations in trans leading

to hemangioblastomas, pheochromocytomas/paraganglio-

mas, pancreatic endocrine and endolymphatic sac tumors

[7] but not polycythemia [19]. The genetic basis for this

difference is still unclear, and may be attributed to

multifunctional facet of the VHL protein [17], and certain

VHL mutations are shown to have age-related variable

penetrance of tumor development [21]. A VHL germline

mutation in intron 1 or a synonymous coding sequence

mutation in exon 2 causes alternative VHL splicing,

which leads to either congenital polycythemia or TPS

phenotypes [22].

PHD2 mutations

Loss-of-function mutations of EGLN1 leading to poly-

cythemia were described; first were EGLN1950C>G

(PHD2P317R) and EGLN11112G>A (PHD2P371H), where

one individual had sagittal sinus thrombosis [23,24]. Both

these mutations were heterozygous, indicating that a

partial loss of function is sufficient to induce polycythe-

mia, although their polycythemia was mild and EPO was

normal. Another heterozygous EGLN11121A>G

(PHD2H374R), associated with recurrent paraganglioma

[25], located in a conserved sequence that affected Fe2+

binding. In the tumor, there was loss-of-heterozygosity,

that is mutation of both alleles, suggesting EGLN1 is a

tumor suppressor gene. The EGLN11096T>C, found in

the patient and a relative, had no history of thrombosis

[26]; a homozygous missense EGLN1124T>C mutation in

two siblings caused polycythemia that was not present in

heterozygous parents [27]. Over 20 other frameshift and

nonsense EGLN1 mutations described earlier, all were

leading to familial polycythemia [28].

Germline EPAS1(HIF-2a) mutations

These EPAS11609G>T, EPAS11604T>C, and

EPAS11620C>G are gain-of-function polycythemic muta-

tions [29,30]. All are heterozygous, with alteration close to

the hydroxylation site, thereby preventing HIF from

hydroxylation and subsequent proteasomal degradation.
Current Opinion in Physiology 2019, 7:27–32 
Mosaicism of EPAS1(HIF-2a) mutations

Another group of EPAS1 mutations leads to polycythe-

mia as well as TPS. EPAS11588G>A, EPAS11589C>T and

EPAS11121T>A were described in patients with congeni-

tal polycythemia and recurrent paragangliomas and other

tumors. In this unique syndrome, these causative muta-

tions are associated with mosaicism of wild type and

mutated cells, found in high frequency in the tumor

organ and only in only low proportion, almost undetect-

able in the blood [31,32]. Family involvement of this

syndrome may be present but generally not seen; how-

ever, it remains to be determined whether these muta-

tions are germline or there is genetic predisposition to

mosaicism.

Tibetan evolutionary adaptation to hypoxia
Tibetans have been living at high altitude for ~25 000

years, selecting evolutionary advantageous haplotypes

that are beneficial for their existence [33]. While hypoxia

augments erythropoiesis, majority but not all Tibetans

living at altitudes up to 4000 m, have normal range of

hemoglobin and hematocrit comparable to those at sea

level, while the those living >4000 m have increased

prevalence of higher hemoglobin [34]. Arterial oxygen

saturation of newborn Tibetan babies is higher than Han

Chinese at high altitude, protecting them from infantile

mountain sickness [35]; they also have larger nasal cavity

facilitating greater oxygen uptake [36].

EAPS1 (HIF-2a)

Strongest Tibetan natural selection signal is EPAS1 hap-

lotype [11,37,38]. It introgressed from Denisovan

genome, is Tibetan-unique, and contains both Denisovan

and non-Denisovan variants, suggesting a slow decay of

this ancestral haplotype [12]; it is associated with lower

hemoglobin [8,37] (Figure 1). A 3.4 kb deletion at 80 kb

downstream of EPAS1 is in linkage disequilibrium with

EPAS1 variants associated with polycythemia protection,

but this deletion is not of Denisovan origin [39�]. It has
altitude.
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been reported that EPAS1 rs149594770 in intron 1 weak-

ens promoter activity, resulting in decreased HIF-2a
expression in human umbilical endothelial cells and

placentas, contributing to Tibetans’ lower hemoglobin

[40]. In contrast, SNP (rs56721780:G>C) and indel

(�742 nt) mutation in promotor region of EPAS1 induces

EPAS1 transcription via changing binding affinity of

transcriptional factors including IKAROS family zinc

finger 1 (IKZF1) and Sp1 [41]. This may be associated

with Tibetans’ differences in amnion and birth weight via

high expression of lysyl oxidase (LOX — one of HIF-2

target gene) [41]. In contrast, three EPAS1 SNPs

(rs13419896, rs12619696, and rs4953354) are associated

with high altitude polycythemia in Tibetans [42]. It was

also reported that Tibetan enriched SNPs of CYP17A1
and CYP2E1 genes are involved in modulation of polycy-

themia, while Tibetan variants of ITGA6 and ERBB4
reduce the risk of polycythemia while ERBB4 SNP

rs6710946 is associated with a high risk of polycythemia

[42,43].

EGLN1 (PHD2)

Two Tibetan-selected EGLN1 missense mutations have

been evolutionarily co-adapted and are always present in

cis in a single haplotype EGLN112C>G,380G>C (PHD2D4E:

C127S). This haplotype is a gain-of-function mutation in

hypoxia, resulting in increased degradation of HIFa
subunits in hypoxia. Thus, erythroid progenitors with

EGLN112C>G,380G>C have ameliorated proliferation in

hypoxia [13]. EGLN112C>G,380G>C is associated with

lower hemoglobin in Tibetan males [44] but not in

females [45] (Figure 1).

This haplotype is not only involved in lower hemoglobin

concentration but also associated with increased rate of

having lung cancer in Nepalese [46]. However, the role of

the haplotype in development, progression, or metastasis

of lung cancer is unknown.

We also showed that this haplotype is associated with age-

dependent lower hemoglobin, even at low altitudes, and

together in those with EPAS1 rs142764723 (C/C) also

decreases hemoglobin at high altitude; however, these

two genetic determinants do not fully account for entire

Tibetan protection from polycythemia. This indicates

that other genetic factors than EGLN112C>G,380G>C and

EPAS1 variants must contribute to lower hemoglobin in

Tibetans [47�].

Other Tibetan genetic variants associated with hypoxic

response

PKLR is one of Tibetan enriched haplotypes, and it

encodes liver and erythrocyte pyruvate kinase enzyme

[11,37,48]. This enzyme is in the terminal portion of the

glycolysis pathway, and its decreased activity leads to

accumulation of proximal intermediates, including 2,3

diphosphoglycerate (2,3-DPG). 2,3-DPG shifts the
www.sciencedirect.com 
hemoglobin dissociation curve to right, allowing hemo-

globin to readily release oxygen to the tissues [49]. While

this may be beneficial in hypoxic environment, this

haplotype is not unique to Tibetans; however, it has

the highest frequency in Tibetans (89%), followed by

Chinese and Mongolians (~77%) and only 11% in Cauca-

sians. It may contribute to the erythroid heterogeneity of

hypoxic responses in human populations [50]. In reticu-

locytes, the PKLR transcript progressively decreases with

increasing altitudes and Tibetans with enriched PKLR
haplotype have lower PKLR transcript than those without

it [50]. The Chuvash polycythemia patients having con-

stitutive high HIFs by a hypomorphic VHL598C>T muta-

tion have lower PKLR transcript, and this along with

effect of altitude on PKLR transcript, suggest that HIF

negatively regulates PKLR transcription [50]. However,

hemoglobin-oxygen affinity in Tibetan and Han Chinese

at high altitude is still within broad range of normal

[51,52].

Another hypoxic response gene, HMOX2 (Heme oxyge-

nase 2), is also positively selected in Tibetans [37].

Tibetan males with C allele of rs4786504:T>C have lower

hemoglobin than those with T allele. Tibetans with C

allele express higher HMOX2, leading to increased deg-

radation of heme [53] perhaps contributing to their lower

hemoglobin (Figure 1). EDAR (ectodysplasin A receptor),

transmembrane protein receptor of ectodysplasin A

(EDA), has also been reported as being selected in

Tibetans and associated with higher oxygen saturation

(rs10865026) and platelet counts (rs3749110) [54].

Evolutionary high-altitude adaptation in
Andeans and Ethiopians
Andeans

Among the high altitude population, Andeans have high-

est hemoglobin, associated with high incidence of CMS

[55]. Like Tibetans, their birth weight is higher than

lowlanders and Ethiopians [56].

Whole genome sequencing (WGS) of Quechuas, one of

the two indigenous Andean highlanders, reported two

selected genes (SENP1 and ANP32D) and their associa-

tion with protection from CMS [57]. These two genes

were reported to be upregulated in CMS and suppressed

in those without CMS, and overexpression of SENP1 was

reported to induce erythrocytosis via upregulating

GATA1 expression [58] (Figure 1).

In Aymaras, the other indigenous Andean highlanders,

WGS showed strong selection signals in BRNIP3,

NOS2, and TBX5 which are related to cardiovascular

function and development [59�]. Previous study based

on SNP array suggested selection in HIF-pathway

related genes [60] but by WGS analysis, only ELGN1

had low selection signal [59�]. Quechua’s selected

SENP1 and ANP23D and Tibetan selected ELGN1
Current Opinion in Physiology 2019, 7:27–32
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and EPAS1 variants were not found in Aymara [61].

Aymaras with CMS have inappropriately low-normal

serum EPO and have endogenous erythroid colonies,

feature of primary polycythemia [62].

Ethiopians

ComparedtoTibetansand Andeans, Ethiopian highlanders

have the shortest history of living at high altitude for~5000
years [33]. They have similar hemoglobin level to the

Tibetans and lowlanders but higher oxygen saturation than

Tibetans [63]. SNP arrays of Ethiopian Amhara population

reported selection of genes involved in high altitude adap-

tation including CBARA1, VAV3, ARNT2, THRB, and

BHLHE41 [64,65]; however, while the hypoxic response

related genes (CUL3, ADRBK1, CORO1B, MAPKAPK2, and

UTRN) were selected in Ethiopian highlanders but none of them
were associated with hemoglobin level [66]. WGS of Ethiopians

reveal selection of CIC, LIPE, and PAFAH1B3 genes

involved in hypoxia tolerance [67]. Ethiopian Wolaita pop-

ulation living in mid and high altitude of southern Ethiopia

had selectionsignals forSNPsinPPARA, CDKAL1, NEGR1,
and SLC24A5 [68]. These genomic analyses reveal that

some of selected genes in Ethiopians are involved in

hypoxic responses but the genes associated with low hemo-

globin level have not yet been identified (Figure 1).

Conclusion
Mutations in HIF signaling pathway cause inappropriate

polycythemia independent of physiological needs. These

mutations may also be associated with thrombosis, but

some may also be associated with TPS, such as certain

mutations of VHL, EPAS1 and EGLN1.

However, high altitude dwellers have acquired unique

genetic adaptation to thrive in hypoxic environment, and

HIF pathway is one of the important cellular processes that

has endured evolutionary pressure. Although protection

from polycythemia in Tibetans and Ethiopians and poly-

cythemia in Andeans may confer some physiologic advan-

tage, it is likely that evolutionarily selected HIFs’ modula-

tion at high altitude likely has other beneficial effects than

erythroid phenotype that are yet to be identified.

Conflict of interest statement
Nothing declared.

Acknowledgements
Work supported by VA Merit Review Award (PI-Prchal) 10/1/2016-09/30/
2020 and T32 #5T32HL007576-32 award to J Song.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

1. Tang F, Feng L, Li R, Wang W, Liu H, Yang Q, Ge RL: Inhibition of
suicidal erythrocyte death by chronic hypoxia. High Alt Med
Biol 2018.
Current Opinion in Physiology 2019, 7:27–32 
2. Hirota K, Semenza GL: Regulation of angiogenesis by hypoxia-
inducible factor 1. Crit Rev Oncol Hematol 2006, 59:15-26.

3. Fukuda R, Zhang H, Kim JW, Shimoda L, Dang CV, Semenza GL:
Hif-1 regulates cytochrome oxidase subunits to optimize
efficiency of respiration in hypoxic cells. Cell 2007, 129:111-
122.

4. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A,
Asara JM, Lane WS, Kaelin WG Jr: Hifalpha targeted for vhl-
mediated destruction by proline hydroxylation: implications
for o2 sensing. Science 2001, 292:464-468.

5. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ,
von Kriegsheim A, Hebestreit HF, Mukherji M, Schofield CJ et al.:
Targeting of hif-alpha to the von Hippel-Lindau ubiquitylation
complex by o2-regulated prolyl hydroxylation. Science 2001,
292:468-472.

6. Gruber M, Hu CJ, Johnson RS, Brown EJ, Keith B, Simon MC:
Acute postnatal ablation of hif-2alpha results in anemia. Proc
Natl Acad Sci U S A 2007, 104:2301-2306.

7. Bento C, Percy MJ, Gardie B, Maia TM, van Wijk R, Perrotta S,
Della Ragione F, Almeida H, Rossi C, Girodon F et al.: Genetic
basis of congenital erythrocytosis: mutation update and
online databases. Hum Mutat 2014, 35:15-26.

8. Beall CM, Cavalleri GL, Deng L, Elston RC, Gao Y, Knight J, Li C,
Li JC, Liang Y, McCormack M et al.: Natural selection on epas1
(hif2alpha) associated with low hemoglobin concentration in
Tibetan highlanders. Proc Natl Acad Sci U S A 2010, 107:11459-
11464.

9. Bigham A, Bauchet M, Pinto D, Mao X, Akey JM, Mei R,
Scherer SW, Julian CG, Wilson MJ, Lopez Herraez D et al.:
Identifying signatures of natural selection in Tibetan and
andean populations using dense genome scan data. PLoS
Genet 2010, 6:e1001116.

10. Simonson TS, McClain DA, Jorde LB, Prchal JT: Genetic
determinants of Tibetan high-altitude adaptation. Hum Genet
2012, 131:527-533.

11. Yi X, Liang Y, Huerta-Sanchez E, Jin X, Cuo ZX, Pool JE, Xu X,
Jiang H, Vinckenbosch N, Korneliussen TS et al.: Sequencing of
50 human exomes reveals adaptation to high altitude. Science
2010, 329:75-78.

12. Huerta-Sanchez E, Jin X, Asan, Bianba Z, Peter BM,
Vinckenbosch N, Liang Y, Yi X, He M, Somel M et al.: Altitude
adaptation in Tibetans caused by introgression of denisovan-
like DNA. Nature 2014, 512:194-197.

13. Lorenzo FR, Huff C, Myllymaki M, Olenchock B, Swierczek S,
Tashi T, Gordeuk V, Wuren T, Ri-Li G, McClain DA et al.: A genetic
mechanism for Tibetan high-altitude adaptation. Nat Genet
2014, 46:951-956.

14. Song D, Li LS, Arsenault PR, Tan Q, Bigham AW, Heaton-
Johnson KJ, Master SR, Lee FS: Defective Tibetan phd2 binding
to p23 links high altitude adaption to altered oxygen sensing. J
Biol Chem 2014, 289:14656-14665.

15. Ang SO, Chen H, Hirota K, Gordeuk VR, Jelinek J, Guan Y, Liu E,
Sergueeva AI, Miasnikova GY, Mole D et al.: Disruption of oxygen
homeostasis underlies congenital chuvash polycythemia. Nat
Genet 2002, 32:614-621.

16. Sergueeva A, Miasnikova G, Shah BN, Song J, Lisina E,
Okhotin DJ, Nouraie M, Nekhai S, Ammosova T, Niu XM et al.:
Prospective study of thrombosis and thrombospondin-1
expression in chuvash polycythemia. Haematologica 2017, 102:
e166-e169.

17. Lanikova L, Lorenzo F, Yang C, Vankayalapati H, Drachtman R,
Divoky V, Prchal JT: Novel homozygous vhl mutation in exon
2 is associated with congenital polycythemia but not with
cancer. Blood 2013, 121:3918-3924.

18. Lorenzo FR, Yang C, Lanikova L, Butros L, Zhuang Z, Prchal JT:
Novel compound vhl heterozygosity (vhl t124a/l188v)
associated with congenital polycythaemia. Br J Haematol 2013,
162:851-853.
www.sciencedirect.com

http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0005
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0005
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0005
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0010
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0010
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0015
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0015
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0015
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0015
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0020
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0020
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0020
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0020
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0025
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0025
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0025
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0025
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0025
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0030
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0030
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0030
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0035
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0035
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0035
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0035
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0040
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0040
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0040
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0040
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0040
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0045
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0045
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0045
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0045
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0045
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0050
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0050
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0050
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0055
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0055
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0055
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0055
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0060
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0060
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0060
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0060
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0065
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0065
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0065
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0065
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0070
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0070
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0070
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0070
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0075
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0075
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0075
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0075
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0080
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0080
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0080
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0080
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0080
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0085
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0085
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0085
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0085
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0090
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0090
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0090
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0090


Congenital and evolutionary modulations of hypoxia sensing and their erythroid phenotype Tashi, Song and Prchal 31
19. Pastore Y, Jedlickova K, Guan Y, Liu E, Fahner J, Hasle H,
Prchal JF, Prchal JT: Mutations of von Hippel-Lindau tumor-
suppressor gene and congenital polycythemia. Am J Hum
Genet 2003, 73:412-419.

20. Sarangi S, Lanikova L, Kapralova K, Acharya S, Swierczek S,
Lipton JM, Wolfe L, Prchal JT: The homozygous vhl(d126n)
missense mutation is associated with dramatically elevated
erythropoietin levels, consequent polycythemia, and early
onset severe pulmonary hypertension. Pediatr Blood Cancer
2014, 61:2104-2106.

21. Bender BU, Eng C, Olschewski M, Berger DP, Laubenberger J,
Altehofer C, Kirste G, Orszagh M, van Velthoven V, Miosczka H
et al.: Vhl c.505 t>c mutation confers a high age related
penetrance but no increased overall mortality. J Med Genet
2001, 38:508-514.

22. Lenglet M, Robriquet F, Schwarz K, Camps C, Couturier A,
Hoogewijs D, Buffet A, Knight SJL, Gad S, Couve S et al.:
Identification of a new vhl exon and complex splicing
alterations in familial erythrocytosis or von Hippel-Lindau
disease. Blood 2018, 132:469-483.

23. Percy MJ, Furlow PW, Beer PA, Lappin TR, McMullin MF, Lee FS:
A novel erythrocytosis-associated phd2 mutation suggests
the location of a hif binding groove. Blood 2007, 110:2193-
2196.

24. Percy MJ, Zhao Q, Flores A, Harrison C, Lappin TR, Maxwell PH,
McMullin MF, Lee FS: A family with erythrocytosis establishes a
role for prolyl hydroxylase domain protein 2 in oxygen
homeostasis. Proc Natl Acad Sci U S A 2006, 103:654-659.

25. Ladroue C, Carcenac R, Leporrier M, Gad S, Le Hello C, Galateau-
Salle F, Feunteun J, Pouyssegur J, Richard S, Gardie B: Phd2
mutation and congenital erythrocytosis with paraganglioma.
N Engl J Med 2008, 359:2685-2692.

26. Barradas J, Rodrigues CD, Ferreira G, Rocha P, Constanco C,
Andrade MR, Bento C, Silva HM: Congenital erythrocytosis –
discover of a new mutation in the egln1 gene. Clin Case Rep
2018, 6:1109-1111.

27. Sinnema M, Song D, Guan W, Janssen JWH, van Wijk R,
Navalsky BE, Peng K, Donker AE, Stegmann APA, Lee FS: Loss-
of-function zinc finger mutation in the egln1 gene associated
with erythrocytosis. Blood 2018, 132:1455-1458.

28. Gardie B, Percy MJ, Hoogewijs D, Chowdhury R, Bento C,
Arsenault PR, Richard S, Almeida H, Ewing J, Lambert F et al.: The
role of phd2 mutations in the pathogenesis of erythrocytosis.
Hypoxia (Auckl) 2014, 2:71-90.

29. Percy MJ, Chung YJ, Harrison C, Mercieca J, Hoffbrand AV,
Dinardo CL, Santos PC, Fonseca GH, Gualandro SF, Pereira AC
et al.: Two new mutations in the hif2a gene associated with
erythrocytosis. Am J Hematol 2012, 87:439-442.

30. Percy MJ, Furlow PW, Lucas GS, Li X, Lappin TR, McMullin MF,
Lee FS: A gain-of-function mutation in the hif2a gene in familial
erythrocytosis. N Engl J Med 2008, 358:162-168.

31. Lorenzo FR, Yang C, Ng Tang Fui M, Vankayalapati H, Zhuang Z,
Huynh T, Grossmann M, Pacak K, Prchal JT: A novel epas1/hif2a
germline mutation in a congenital polycythemia with
paraganglioma. J Mol Med (Berl) 2013, 91:507-512.

32. Zhuang Z, Yang C, Lorenzo F, Merino M, Fojo T, Kebebew E,
Popovic V, Stratakis CA, Prchal JT, Pacak K: Somatic hif2a gain-
of-function mutations in paraganglioma with polycythemia. N
Engl J Med 2012, 367:922-930.

33. Petousi N, Robbins PA: Human adaptation to the hypoxia of
high altitude: the Tibetan paradigm from the pregenomic to
the postgenomic era. J Appl Physiol (1985) 2014, 116:875-884.

34. Beall CM: Andean, Tibetan, and Ethiopian patterns of
adaptation to high-altitude hypoxia. Integr Comp Biol 2006,
46:18-24.

35. Niermeyer S, Yang P, Shanmina, Drolkar, Zhuang J, Moore LG:
Arterial oxygen saturation in Tibetan and Han infants born in
Lhasa, Tibet. N Engl J Med 1995, 333:1248-1252.
www.sciencedirect.com 
36. Butaric LN, Klocke RP: Nasal variation in relation to high-
altitude adaptations among Tibetans and Andeans. Am J Hum
Biol 2018, 30:e23104.

37. Simonson TS, Yang Y, Huff CD, Yun H, Qin G, Witherspoon DJ,
Bai Z, Lorenzo FR, Xing J, Jorde LB et al.: Genetic evidence for
high-altitude adaptation in Tibet. Science 2010, 329:72-75.

38. Hu H, Petousi N, Glusman G, Yu Y, Bohlender R, Tashi T,
Downie JM, Roach JC, Cole AM, Lorenzo FR et al.: Evolutionary
history of Tibetans inferred from whole-genome sequencing.
PLoS Genet 2017, 13:e1006675.

39.
�

Lou H, Lu Y, Lu D, Fu R, Wang X, Feng Q, Wu S, Yang Y, Li S,
Kang L et al.: A 3.4-kb copy-number deletion near epas1 is
significantly enriched in high-altitude Tibetans but absent
from the Denisovan sequence. Am J Hum Genet 2015, 97:54-66.

This paper showed first study of indel (insertion/deletion) mutation inE-
PAS1 in Tibetans. They found that 3.4 kb deletion near EPAS1 genes and
variants within this region are associated with lower hemoglobin.

40. Peng Y, Cui C, He Y, Ouzhuluobu, Zhang H, Yang D, Zhang Q,
Bianbazhuoma, Yang L, He Y et al.: Down-regulation of epas1
transcription and genetic adaptation of Tibetans to high-
altitude hypoxia. Mol Biol Evol 2017, 34:818-830.

41. Xu XH, Huang XW, Qun L, Li YN, Wang Y, Liu C, Ma YY, Liu QM,
Sun K, Qian F et al.: Two functional loci in the promoter of epas1
gene involved in high-altitude adaptation of Tibetans. Sci Rep
2014, 4.

42. Xu J, Yang YZ, Tang F, Ga Q, Wuren T, Wang Z, Ma L, Rondina MT,
Ge RL: Cyp17a1 and cyp2e1 variants associated with high
altitude polycythemia in Tibetans at the Qinghai-Tibetan
plateau. Gene 2015, 566:257-263.

43. Zhao Y, Zhang Z, Liu L, Zhang Y, Fan X, Ma L, Li J, Zhang Y, He H,
Kang L: Associations of high altitude polycythemia with
polymorphisms in epas1, itga6 and erbb4 in Chinese Han and
Tibetan populations. Oncotarget 2017, 8:86736-86746.

44. Xiang K, Ouzhuluobu, Peng Y, Yang Z, Zhang X, Cui C, Zhang H,
Li M, Zhang Y, Bianba et al.: Identification of a Tibetan-specific
mutation in the hypoxic gene egln1 and its contribution to
high-altitude adaptation. Mol Biol Evol 2013, 30:1889-1898.

45. Jeong C, Witonsky DB, Basnyat B, Neupane M, Beall CM,
Childs G, Craig SR, Novembre J, Di Rienzo A: Detecting past and
ongoing natural selection among ethnically Tibetan women at
high altitude in Nepal. PLoS Genet 2018, 14:e1007650.

46. Lanikova L, Reading NS, Hu H, Tashi T, Burjanivova T,
Shestakova A, Siwakoti B, Thakur BK, Pun CB, Sapkota A et al.:
Evolutionary selected Tibetan variants of hif pathway and risk
of lung cancer. Oncotarget 2017, 8:11739-11747.

47.
�

Tashi T, Scott Reading N, Wuren T, Zhang X, Moore LG, Hu H,
Tang F, Shestakova A, Lorenzo F, Burjanivova T et al.: Gain-of-
function egln1 prolyl hydroxylase (phd2 d4e:C127s) in
combination with epas1 (hif-2alpha) polymorphism lowers
hemoglobin concentration in Tibetan highlanders. J Mol Med
(Berl) 2017, 95:665-670.

Using large number of samples at various altitude, the authors showed
that either knownEPAS1 or ELGN1 Tibetan variants cannot fully explain
lower hemoglobin levels at high altitude, suggesting that new genetic
variants involve in this phenotype.

48. Wuren T, Simonson TS, Qin G, Xing J, Huff CD, Witherspoon DJ,
Jorde LB, Ge RL: Shared and unique signals of high-altitude
adaptation in geographically distinct Tibetan populations.
PLoS One 2014, 9:e88252.

49. Oski FA: The role of organic phosphates in erythrocytes on the
oxygen dissociation of hemoglobin. Ann Clin Lab Sci 1971,
1:162-176.

50. Song J, Huerta E, Neilson R, Prchal JT: Tibetan enriched pklr
variant facilitates improved oxygen delivery in high altitude.
International Hypoxia Symposium 2017. Abs 30.

51. Tashi T, Feng T, Koul P, Amaru R, Hussey D, Lorenzo FR, RiLi G,
Prchal JT: High altitude genetic adaptation in Tibetans: no role
of increased hemoglobin-oxygen affinity. Blood Cells Mol Dis
2014, 53:27-29.
Current Opinion in Physiology 2019, 7:27–32

http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0095
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0095
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0095
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0095
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0100
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0100
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0100
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0100
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0100
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0100
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0105
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0105
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0105
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0105
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0105
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0110
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0110
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0110
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0110
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0110
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0115
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0115
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0115
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0115
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0120
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0120
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0120
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0120
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0125
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0125
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0125
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0125
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0130
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0130
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0130
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0130
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0135
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0135
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0135
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0135
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0140
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0140
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0140
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0140
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0145
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0145
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0145
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0145
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0150
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0150
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0150
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0155
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0155
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0155
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0155
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0160
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0160
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0160
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0160
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0165
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0165
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0165
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0170
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0170
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0170
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0175
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0175
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0175
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0180
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0180
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0180
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0185
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0185
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0185
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0190
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0190
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0190
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0190
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0195
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0195
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0195
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0195
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0200
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0200
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0200
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0200
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0205
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0205
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0205
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0205
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0210
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0210
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0210
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0210
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0215
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0215
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0215
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0215
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0220
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0220
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0220
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0220
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0225
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0225
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0225
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0225
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0230
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0230
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0230
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0230
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0235
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0235
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0235
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0235
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0235
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0235
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0240
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0240
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0240
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0240
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0245
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0245
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0245
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0250
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0250
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0250
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0255
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0255
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0255
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0255


32 Hypoxia
52. Li C, Li X, Liu J, Fan X, You G, Zhao L, Zhou H, Li J, Lei H:
Investigation of the differences between the Tibetan and Han
populations in the hemoglobin-oxygen affinity of red blood
cells and in the adaptation to high-altitude environments.
Hematology 2018, 23:309-313.

53. Yang D, Peng Y, Ouzhuluobu, Bianbazhuoma, Cui C, Bianba,
Wang L, Xiang K, He Y, Zhang H et al.: Hmox2 functions as a
modifier gene for high-altitude adaptation in Tibetans. Hum
Mutat 2016, 37:216-223.

54. Shao J, Raza MS, Zhuoma B, Zeng C: Evolutionary significance
of selected edar variants in Tibetan high-altitude adaptations.
Sci China Life Sci 2018, 61:68-78.

55. Bigham AW, Lee FS: Human high-altitude adaptation: forward
genetics meets the hif pathway. Genes Dev 2014, 28:2189-2204.

56. Moore LG, Charles SM, Julian CG: Humans at high altitude:
hypoxia and fetal growth. Respir Physiol Neurobiol 2011,
178:181-190.

57. Zhou D, Udpa N, Ronen R, Stobdan T, Liang J, Appenzeller O,
Zhao HW, Yin Y, Du Y, Guo L et al.: Whole-genome sequencing
uncovers the genetic basis of chronic mountain sickness in
Andean highlanders. Am J Hum Genet 2013, 93:452-462.

58. Azad P, Zhao HW, Cabrales PJ, Ronen R, Zhou D, Poulsen O,
Appenzeller O, Hsiao YH, Bafna V, Haddad GG: Senp1 drives
hypoxia-induced polycythemia via gata1 and bcl-xl in subjects
with Monge’s disease. J Exp Med 2016, 213:2729-2744.

59.
�

Crawford JE, Amaru R, Song J, Julian CG, Racimo F, Cheng JY,
Guo X, Yao J, Ambale-Venkatesh B, Lima JA et al.: Natural
selection on genes related to cardiovascular health in high-
altitude adapted Andeans. Am J Hum Genet 2017, 101:752-767.

This paper is first whole genome analysis of Aymara (one of Andean
populations). Although top selected genes are not involved in high
hemoglobin phenotype, they found that these selected genes are asso-
ciated with cardiovascular function.

60. Bigham AW, Mao X, Mei R, Brutsaert T, Wilson MJ, Julian CG,
Parra EJ, Akey JM, Moore LG, Shriver MD: Identifying positive
Current Opinion in Physiology 2019, 7:27–32 
selection candidate loci for high-altitude adaptation in Andean
populations. Hum Genomics 2009, 4:79-90.

61. Amaru R, Song J, Reading NS, Gordeuk VR, Quispe T, Moore L,
Nielsen R, Prchal JT: Erythroid and cardiovascular high
altitude-selected haplotypes in Andean aymaras and
Tibetans. Blood 2017, 130:2205.

62. Amaru R, Amaru A, Miguez H, Gina T, Mamani J, Vera O, Cuevas H,
Prchal JT, Prchal JF: Bolivian aymara natives with chronic
mountain sickness have autonomous bfu-e growth. Blood
2015, 126:5206.

63. Beall CM, Decker MJ, Brittenham GM, Kushner I, Gebremedhin A,
Strohl KP: An Ethiopian pattern of human adaptation to high-
altitude hypoxia. Proc Natl Acad Sci U S A 2002, 99:17215-17218.

64. Scheinfeldt LB, Soi S, Thompson S, Ranciaro A, Woldemeskel D,
Beggs W, Lambert C, Jarvis JP, Abate D, Belay G, Tishkoff SA:
Genetic adaptation to high altitude in the Ethiopian highlands.
Genome Biol 2012, 13:R1.

65. Huerta-Sanchez E, Degiorgio M, Pagani L, Tarekegn A, Ekong R,
Antao T, Cardona A, Montgomery HE, Cavalleri GL, Robbins PA
et al.: Genetic signatures reveal high-altitude adaptation in a
set of Ethiopian populations. Mol Biol Evol 2013, 30:1877-1888.

66. Alkorta-Aranburu G, Beall CM, Witonsky DB, Gebremedhin A,
Pritchard JK, Di Rienzo A: The genetic architecture of
adaptations to high altitude in Ethiopia. PLoS Genet 2012, 8:
e1003110.

67. Udpa N, Ronen R, Zhou D, Liang J, Stobdan T, Appenzeller O,
Yin Y, Du Y, Guo L, Cao R et al.: Whole genome sequencing of
Ethiopian highlanders reveals conserved hypoxia tolerance
genes. Genome Biol 2014, 15:R36.

68. Tekola-Ayele F, Adeyemo A, Chen G, Hailu E, Aseffa A, Davey G,
Newport MJ, Rotimi CN: Novel genomic signals of recent
selection in an Ethiopian population. Eur J Hum Genet 2015,
23:1085-1092.
www.sciencedirect.com

http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0260
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0260
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0260
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0260
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0260
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0265
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0265
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0265
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0265
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0270
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0270
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0270
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0275
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0275
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0280
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0280
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0280
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0285
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0285
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0285
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0285
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0290
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0290
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0290
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0290
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0295
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0295
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0295
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0295
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0300
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0300
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0300
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0300
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0305
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0305
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0305
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0305
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0310
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0310
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0310
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0310
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0315
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0315
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0315
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0320
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0320
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0320
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0320
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0325
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0325
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0325
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0325
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0330
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0330
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0330
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0330
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0335
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0335
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0335
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0335
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0340
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0340
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0340
http://refhub.elsevier.com/S2468-8673(18)30153-6/sbref0340

	Congenital and evolutionary modulations of hypoxia sensing and their erythroid phenotype
	Introduction
	Congenital conditions modulating hypoxia pathway
	VHL mutations
	PHD2 mutations
	Germline EPAS1(HIF-2α) mutations
	Mosaicism of EPAS1(HIF-2α) mutations

	Tibetan evolutionary adaptation to hypoxia
	EAPS1 (HIF-2α)
	EGLN1 (PHD2)
	Other Tibetan genetic variants associated with hypoxic response

	Evolutionary high-altitude adaptation in Andeans and Ethiopians
	Andeans
	Ethiopians

	Conclusion
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


