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SUMMARY
To identify genomic regions subject to positive selection that might contain genes involved in high-alti-
tude adaptation (HAA), we performed a genome-wide scan by whole-genome sequencing of Tibetan
highlanders and Han lowlanders. We revealed a collection of candidate genes located in 30 genomic
loci under positive selection. Among them, MCUR1 at 6p23 was a novel pronounced candidate. By sin-
gle-cell RNA sequencing and comprehensive functional studies, we demonstrated that MCUR1 depletion
leads to impairment of erythropoiesis under hypoxia and normoxia. Mechanistically, MCUR1 knockdown
reduced mitochondrial Ca2+ uptake and then concomitantly increased cytosolic Ca2+ levels, which
thereby reduced erythropoiesis via the CAMKK2-AMPK-mTOR axis. Further, we revealed rs61644582
at 6p23 as an expression quantitative trait locus for MCUR1 and a functional variant that confers an
allele-specific transcriptional regulation of MCUR1. Overall, MCUR1-mediated mitochondrial Ca2+ ho-
meostasis is highlighted as a novel regulator of erythropoiesis, deepening our understanding of the ge-
netic mechanism of HAA.
Cell Genomics 5, 100782, March 12, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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INTRODUCTION

The Qinghai-Tibetan plateau, which has an average elevation of

over 4,000 m above sea level, is inhospitable to human settle-

ment due to multiple extreme conditions, including low oxygen

pressure and cold climate.1 Nevertheless, the ethnic Tibetans

have successfully settled in the plateau for thousands of years

and developed a distinctive set of heritable and adaptive physi-

ological traits. Numerous studies have attributed these physio-

logical differences to the genetic adaptation of Tibetans to high

altitude.2 It has been proposed that high-altitude adaptation

(HAA) is one of the strongest instances of natural selection acting

on humans, which can be detected from a scan of genetic diver-

sity across genomes.3

Indeed, many studies have reported several loci subject to pos-

itive natural selection, including the EGLN1 and EPAS1 loci, both

of which are associated with the hypoxia-inducible factor (HIF)

pathway that detects and reacts to oxygen supply changes.3–8

Despite these recent advances, genetic HAA is likely to be a com-

plex process, with a large number of genes involved in the

response to not only hypoxia but also other extreme environ-

mental conditions. The loci subject to natural selection might not

have been detected in previous studies, possibly due to insuffi-

cient statistical power caused by small sample sizes.3–5 In addi-

tion, most of the previous studies have either focused on a priori

candidate genes or assayed only small portions of the genomes,

e.g., through single-nucleotide polymorphism (SNP) genotyping

arrays or exome sequencing.3–5 Therefore, there is likely much

yet to be deciphered for genetic HAA.

Here, we performed a genome-wide scan by sequencing the

whole genomes of 48 Tibetans residing above 2,500 m and 50

Han individuals living below 100 m. We identified a collection

of candidate regions subject to positive selection. Among

them, we demonstrated that depletion or downregulation of

the mitochondrial calcium uniporter regulator 1 (MCUR1) gene

at a selection signal on the 6p23 locus reduces erythropoiesis

through the Ca2+-CAMKK2-AMPK-mTOR pathway under hyp-

oxia. Further, we demonstrated that rs61644582 is the functional

SNP at 6p23, and it confers an allele-specific transcriptional

regulation on MCUR1. These findings advance our understand-

ing of the genetic mechanisms of HAA and highlight theMCUR1-

mediated mitochondrial Ca2+ homeostasis as a novel regulator

of erythropoiesis.

RESULTS

Whole-genome sequencing of 48 Tibetan highlanders
and 50 Han lowlanders
We performed whole-genome sequencing (WGS) for 48 unre-

lated Tibetan highlanders living above 2,500 m (designated as

TIB_discovery population) and 50 unrelated Han lowlanders

living below 100 m (designated as HAN_discovery population)

in the discovery stage (Table S1). The mean depth of WGS

was�403, with more than 98% of the genomic regions covered

above 103 (Table S2). Using the GATK pipeline9 and after quality

controls, a total of �10 million SNPs were called and used

for subsequent analyses (Tables S3 and S4; supplemental

information).
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Identification of genomic signatures of positive
selection relevant to HAA
Genetic divergence analyses revealed that the TIB_discovery and

HAN_discoverypopulationsnotonlyaregenetically closely related

but also show recent divergence (Figure S1; Table S5; STAR

Methods; supplemental information), which is consistent with pre-

vious findings.4,10 We then sought to identify the genomic signa-

tures of positive selection relevant to HAA by population branch

statistics (PBS).3 The top 1& genome-wide value for PBS analysis

was set as the significant threshold (with PBS> 0.24 and empirical

pPBS < 0.001) (Figure S2A). These top 1& SNPs were further clus-

tered into 30 independent genomic loci, which contain 43 genes

(Table S6; STAR Methods). Among these, 17, including 2 well-

known HAA-associated genes, EPAS1 (PBS = 0.61, ranked first)

andEGLN1 (PBS= 0.53, ranked second), havebeen reportedpre-

viously to be relevant to HAA in Tibetans, and the other 26 are new

candidates (Tables S7, S8, S9, and S10; Figures S2B–S2G).

These 43 genes are significantly enriched in 32 pathways (all

padj < 0.05; Table S10A; supplemental information), amongwhich

12 are replicated in at least 2 of the 18 publicly available datasets

(FigureS2E; TableS10B).Notably, the calciumsignalingpathway

was themost significant candidate (p=4.48310�10; FiguresS2F

and S2G), which is consistent with a recent study on HAA in Ti-

betan chickens.11 Further, among those genes involved in the

calcium signaling pathway, MCUR1, which ranks among the

top in the newly discovered genes in positive selection scanning,

is tagged by the selection signal at chromosome 6p23 (index

rs61644582, PBS = 0.40; Figure 1A; Tables S6 and S7). Thus,

we investigated this novel 6p23 signal in detail in subsequent

studies.

A new positive selection signal relevant to HAA was
identified at the 6p23 locus
The index rs61644582 lies in an�2 kb linkage disequilibrium (LD)

block at the 6p23 locus (Figure 1B). This LD block exhibited ev-

idence of highly polarizedmeasure using PBS (all PBS > 0.32 and

all pPBS < 0.001; Figures 1C and S3A). Notably, several LD-based

methods sensitive to the initial selective allele frequency,12 such

as integrated haplotype score (iHS) and cross population

extended haplotype homozygosity (XP-EHH) tests, showed no

strong evidence of selection at this region (Table S11), suggest-

ing a pattern of recent adaptation, with multiple haplotypes car-

rying the standing variant prior to the onset of selection.13,14

Therefore, we further investigated the mutational origin of the

beneficial allele of index rs61644582 (i.e., deletion [del] allele).

We observed that the rs61644582 del allele has a relatively

high frequency across a wide geographic distribution (26.3%–

70.6%; Table S12). Meanwhile, we estimated the age of this

derived rs61644582 del allele, using a genealogical approach,15

to be approximately 1,002,650 (95% confidence interval [CI],

911,375–1,099,300) years old, which is much older than the

onset age of HAA, which occurred approximately 8,500 years

ago15 (Figure S3B). Furthermore, we trained a deep convolu-

tional neural network implemented in diploS/HIC and then clas-

sified genomic regions based on 12 major summary statistics of

selective sweeps.16 As expected, we observed that rs61644582

was closely linked to a significant soft selection sweep in Ti-

betans (Figures 1D and S3C). Taken together, these findings
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provide evidence in principle that rs61644582 might initially be a

standing variant in Tibetans, and multiple adaptive haplotypes

(carrying the beneficial del allele of rs61644582) simultaneously

increased to high frequencies under positive selection.

Next, we sought to replicate the candidate HAA signal at 6p23

in independent populations. We genotyped rs61644582 in 942

individuals of the second Tibetan-Han population (designated

as replication population 1) and also investigated genotype fre-

quency, fixation index (FST), and PBS of rs61644582 from a total

of 13,851 individuals in publicly available Tibetan-Han popula-

tions.5,6,17,18 The rs61644582 frequencies in Tibetans in the repli-

cation stage ranged from 62% to 87%, closely resembling the

frequency of �81% observed in the discovery stage (Fig-

ure S3D). Furthermore, these frequencies remained consistently

higher than those observed in the Han populations (26%–51%)

(Figure S3D). Consistently, the markedly high FST and PBS of

rs61644582 were observed in these Tibetan-Han populations

(Figure S3D), therefore confirming this newly identified candidate

signal at 6p23. In addition, rs61644582 frequency was signifi-

cantly positively correlated with altitude in Asians (Kendall’s

Tau-b = 0.56, p = 0.0019; Figure 1E; Table S12). Although this

may be due to its high frequency among Tibetans, it still suggests

different selection strengths at rs61644582 at different altitudes

and once again supports the contribution of the 6p23 signal to

HAA in Tibetans.

In addition to rs61644582, the other 13 SNPs in the �2 kb

LD block at 6p23 also showed evidence of positive selection

in this study (all PBS > 0.32 and all pPBS < 0.001) and in two

independent studies from Yang et al. (all PBS > 0.09 and all

pPBS < 0.05)6 and Zheng et al. (all PBS > 0.10 and all

pPBS < 0.05)18 (Figure 1C; Table S11). However, these SNPs

were in moderate to strong LD with rs61644582 (all r2 > 0.60; Fig-

ure 1B; Table S11), suggesting there exists a single selection

signal in this LD block. Notably, within the 1 Mb region surround-

ing this LD block, there exists another moderately strong positive

selection signal (index rs10949188, PBS = 0.32; Figure 1C;

Table S6), which is located �104 kb downstream of the �2 kb

LD block and has been reported previously.6 However, this signal

showed a relatively low possibility of soft sweep (Figure 1D) and

showed an extremely low LD to the 6p23 signal (all r2 < 0.02

with rs61644582; Figure 1B), indicating their independence.

Collectively, these results suggest that there exists a novel posi-

tive selection signal in the �2 kb LD block at the 6p23 locus.

MCUR1 is the potential target gene at the 6p23 locus
We next sought to identify the causative gene(s) attributed to the

6p23 signal. A total of eight genes are located within the 1Mb re-

gion surrounding this signal (Figure 1B). Expression quantitative
Figure 1. MCUR1 is the potential functional target at the 6p23 locus re

(A) Population branch statistic (PBS) values of SNPs across the entire human ge

colors, with their leading SNPs and PBS values in parentheses.

(B) Linkage disequilibrium (LD) structure of the SNPs at the 6p23 locus in the TIB

(C) Regional plot of PBS values of SNPs at the 6p23 locus in the discovery stage

(D) Regional plot of probabilities of linked soft selection sweep by diploS/HIC.

(E) Association between rs61644582 deletion allele frequencies and the altitude

(F) Association between rs61644582 genotypes and mRNA levels of eight genes

(G) Association between rs61644582 genotypes and expression of indicated gen
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trait locus (eQTL) analyses showed that the index rs61644582

del allele is significantly associated with decreased transcription

levels of MCUR1, but not the other seven genes, in peripheral

blood of the BloodHT12 dataset (n = 1,240, p = 2.2 3 10�5)

from HaploReg (v.4.1) (Figure 1F). This eQTL result was repli-

cated in another set of peripheral blood from 670 individuals of

the GTEx dataset (p = 0.0042; Figures 1F and S3E) and in periph-

eral blood mononuclear cells (PBMCs) of the third independent

population consisting of 200 Tibetans in this study (designated

as TIB_replication 2; p = 0.007; Figure 1G). Taken together, these

results suggest that MCUR1 might be the causative gene tar-

geted by the 6p23 signal.

MCUR1 knockout reduces erythropoiesis in mice under
hypoxia
MCUR1 is a critical component of the mitochondrial calcium uni-

porter complex (MCUC), which is required for mitochondrial

Ca2+ uptake and maintenance of cellular bioenergetics.19 How-

ever, MCUR1 has not been reported previously to be relevant

to HAA. We observed thatMCUR1 is obviously highly expressed

in human blood cells according to the BodyMap project 2.0 (Fig-

ure S4A). Further, MCUR1 was highly expressed in erythroid

cells compared to the other hematopoietic lineages according

to the DMAP dataset20 (Figure S4B) and two other publicly avail-

able single-cell RNA sequencing (scRNA-seq) datasets21,22

(Figures S4C and S4D), which all came from human bone

marrow (BM). More specifically, early erythroid progenitors

(EEPs) and committed erythroid progenitors (CEPs) expressed

the highest levels ofMCUR1mRNAs among all erythroid-lineage

cells of mouse BM23 (Figure S4E). Interestingly, in a search of the

ARCHS4 libraries, MCUR1 was significantly associated with the

terms ‘‘abnormality of cells of the erythroid lineage’’ and

‘‘abnormal number of erythroid precursors.’’24 From these re-

sults, we thus hypothesize that MCUR1 might play critical roles

in erythropoiesis, a well-known phenotype closely relevant

to HAA.8

We then assessed the effects of MCUR1 on erythropoiesis

in vivo by generating a whole-bodyMcur1-knockout (KO) mouse

model using the CRISPR-Cas9 system (Figures S4F–S4H).

Because the Mcur1�/� mice underwent embryonic mortality,

the Mcur1+/� and Mcur1+/+ (designated as Mcur1-KO and

Mcur1-WT, respectively) mice were used to assess the erythro-

poiesis of lineage-negative hematopoietic stem and progenitor

cells (HSPCs). Under either normoxic (21% O2) or hypoxic

(11% O2, equivalent to the oxygen levels at an altitude of

�5,000 m) conditions for 4 weeks, the body weight and

several hematological indexes in peripheral blood were similar

between Mcur1-WT and Mcur1-KO mice (Figure S4I). However,
levant to HAA

nome. Top 10 loci with their nearest genes are marked by their corresponding

_discovery population.

.

in Asians, Americans, and Africans and their combined populations.

surrounding the 6p23 locus in peripheral blood datasets.

es in the peripheral blood of 200 Tibetans (TIB_replication 2).



Figure 2. MCUR1 depletion reduces eryth-

ropoiesis in mice

(A) The radar plot of the difference in percentages

of body weight, spleen weight, and hematological

indexes in peripheral blood when comparing

Mcur1-WT and Mcur1-cKO mice under normoxic

or hypoxic conditions.

(B) Uniform manifold approximation and projec-

tion (UMAP) plot showing the eight cell clusters

identified in cKit+ cells from BM of Mcur1-WT and

Mcur1-cKO mice by scRNA-seq.

(C–E) The fractions of erythroblasts (C), erythroid

progenitors (D), and BFU-E/CFU-E cells (E) in

bone marrow (BM).

(F and G) The numbers and sizes of the cultured

BFU-Es (F) and CFU-Es (G). The representative

images of BFU-E/CFU-E are from the 10th/3rd day,

respectively.

(H) UMAP plot showing the reclustering of the

HSCs/MPPs from (B).

(I) GSEA showing the indicated signatures

comparing Mcur1-WT with Mcur1-cKO mice un-

der hypoxia. The GSEA was performed by

weighted Kolmogorov-Smirnov test. FDR, false

discovery rate; ES, enrichment score.

Data are shown as the mean ± standard deviation

(SD). Data were analyzed by two-tailed t test

except where noted otherwise. n.s., not signifi-

cant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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compared with Mcur1-WT mice, Mcur1-KO mice exhibited

significantly reduced cell numbers of whole BM (Figure S4J)

and red blood cells (RBCs), hemoglobin (Hb) levels, and hemat-

ocrit (HCT) and significantly compensatory increased percent-

ages of reticulocyte and erythropoietin (EPO) levels in peripheral

whole blood under hypoxia (Figure S4I). Further, fluorescence-

activated cell sorting (FACS) assays showed significantly

reduced differentiation of erythroblasts and decreased erythroid

progenitors, burst-forming unit-erythroids (BFU-Es), and colony-

forming unit-erythroids (CFU-Es) in the BM of Mcur1-KO mice

compared to Mcur1-WT mice under hypoxia (Figures S4K–

S4M). Together, these findings preliminarily suggest that the het-

erozygous KO of Mcur1 leads to erythroid defects in vivo.
Cell G
To further exclude the potential impact

of non-hematopoietic cells on observed

erythroid defects in the whole body of

Mcur1-KO mice, we generated a he-

matopoietic cell-specific Mcur1 condi-

tional KO (cKO) mouse model, which

was confirmed to be homozygous by

western blotting assay (Figures S5A–

S5C). The hematological analyses of pe-

ripheral blood showed that Mcur1-cKO

mice exhibit the similar erythroid defi-

ciency phenotype as Mcur1-KO mice

(Figures 2A and S5D). Next, to globally

uncover the effect of Mcur1 KO on the

status of HSPCs, we performed scRNA-

seq of c-Kit+ cells isolated from BM of

Mcur1-WT and Mcur1-cKO mice under

either hypoxic or normoxic conditions.
After quality controls, we obtained a total of 35,804 transcrip-

tomes of single cells, which were then clustered and assigned

to eight major cell types, including the hematopoietic stem cells

andmultipotent progenitors (HSCs/MPPs), common progenitors

(CPs), and several types of precursor cells (Figures 2B and S5E).

Among these major cell types, only the pre-erythroids consis-

tently showed a decrease in cell count in Mcur1-cKO mice

compared toMcur1-WT mice under both normoxia and hypoxia

(Figures 2B and S5F), which was further confirmed by FACS an-

alyses (Figures 2C–2E andS5G–S5J). We also found that the col-

ony number and size of the BFU-Es/CFU-Es cultured ex vivo

were significantly reduced in Mcur1-cKO compared to Mcur1-

WT mice (Figures 2F and 2G).
enomics 5, 100782, March 12, 2025 5
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For a better resolution of the HSPC population, the cells in the

HSC/MPP cluster were reclustered for a second round (Fig-

ure 2H), and the impact of Mcur1 KO on the differentiation

spectra of HSPCs was assessed using the specific gene sets.

We observed that Mcur1-knocked-out long-term HSCs (LT-

HSCs), short-term HSCs (ST-HSCs), MPPs (MPP2/3/4), and

megakaryocyte/erythroid progenitors (MEPs) exhibit markedly

reduced erythroid signature and proliferation signature under

hypoxia (Figure 2I). In addition, the trajectory analyses showed

that Mcur1-cKO HSPCs exhibit significantly lower expression

levels of erythropoiesis-related genes (e.g., Gata1 and Epo)

along the HSC-MPP-MEP differentiation trajectory (Y_MEP)

(Figures S5K and S5L). Together, these data suggest that

Mcur1 depletion reduces the erythroid differentiation preference

of HSPCs in mice.

Notably, despite the comparable body weights between

Mcur1-WT and Mcur1-cKO mice (Figure 2A), Mcur1-cKO mice

showed higher spleen volume and weight compared with

Mcur1-WT mice (Figures 2A and S5M). Further, the histological

analyses of spleen sections fromMcur1-cKO mice showed slight

splenomegaly with obscured spleen architecture and expansion

of the red pulp (Figure S5M). FACS analyses of the spleen showed

that comparedwithMcur1-WTmice, the percentages of erythroid

progenitor cells (Figure S5N) and differentiated erythroblasts (Fig-

ure S5O) were significantly increased and the percentages of

macrophage and monocyte cells were significantly decreased

(Figure S5P), while there were no significant changes in megakar-

yocytes and granulocytes (Figures S5QandS5R) andmegakaryo-

cyte progenitor cells (Figure S5S) in Mcur1-cKO mice. Together,

given that the spleen is an emergency hematopoietic organ in

adults, these results suggest that a decrease in erythropoiesis in

BM might lead to the compensatory expansion of the early

erythroid compartment in spleen during hypoxia.25

MCUR1 knockdown reduces erythropoiesis in human
CD34+ HSPCs under hypoxia
Next, we investigated the ex vivo effects of MCUR1 on erythro-

poiesis in CD34+ HSPCs derived from human cord blood and

BM under normoxia (21% O2) or hypoxia (1% O2). First, in the

model of CD34+ HSPCs derived from the human cord blood

(Figures 3A and S6A), we observed that MCUR1 knockdown in

HSPCs significantly reduces the proportions of the differentiated

erythrocytes upon hypoxia, which were indicated by a

decreased number of benzidine-positive cells, and CD235a

and HBG1mRNA levels (two classical markers of erythroid cells)

(Figures 3B and 3C).Morphological analyses of primary erythroid

cell differentiation also showed a significant increase in propor-

tions of immature erythroblasts (basophilic and polychromatic

erythroblasts) and a concomitant decrease in proportions of

mature erythroblasts (orthochromatic and erythrocyte) when

MCUR1 was knocked down upon hypoxia (Figure 3D), which

was consistent with the decreased percentage of erythroblasts

by FACS analyses (Figure 3E). Further, MCUR1 knockdown

significantly reduced the percentage of erythroid progenitor

CFU-E (IL3R�GPA�CD34�CD36+) through FACS analyses (Fig-

ure 3F) and the colony number and size of cultured BFU-E

and CFU-E cells during hypoxia (Figures 3G and 3H). Finally,

MCUR1 knockdown significantly delayed cell growth by
6 Cell Genomics 5, 100782, March 12, 2025
inducing apoptosis and reducing the cell-cycle progression of

HSPCs (Figures 3I–3K). The effects of MCUR1 knockdown on

erythroid differentiation, cell growth, apoptosis, and cell cycle

could be rescued by reexpression of MCUR1 in human cord

blood CD34+ HSPCs (Figure 3).

To minimize the impact of behavioral differences in types of

CD34+ HSPCs and ensure the reliability of the results, we also

investigated the function of MCUR1 in CD34+ HSPCs derived

from human BM and obtained similar results (Figures S7A–

S7L). In addition, the inhibitory effects of MCUR1 knockdown

on erythroid differentiation were also observed in normoxic con-

ditions in human cord blood and BM cells (Figures S6B–S6K and

S7A–S7L). Accordingly, theMCUR1mRNA levels were positively

correlated with Hb levels in the peripheral blood of 200 Tibetans

from the TIB_replication 2 population (r = 0.27, p = 4.5 3 10�4,

linear correlation test; Figure S7M). Collectively, these results

suggest that MCUR1 knockdown impairs erythropoiesis in hu-

man CD34+ HSPCs under both normoxia and hypoxia.

MCUR1 knockdown reduces erythropoiesis by inhibiting
the mTOR pathway
Next, we sought to explore the underlying mechanisms by which

MCUR1 knockdown reduces erythropoiesis. RNA-seq followed

by gene set enrichment analysis (GSEA) showed significant

enrichment of cellular bioenergetics-associated transcriptional

signature and mTOR pathway in MCUR1-knocked-down

human CD34+ HSPCs under hypoxia following EPO induction

(Figures 4A and 4B; Table S13). Intriguingly, the mTOR pathway

has previously been shown to be involved in erythropoiesis.25–27

We therefore hypothesize thatMCUR1 knockdownmight reduce

erythropoiesis by inhibiting the mTOR pathway during hypoxia.

Indeed, we observed that in human CD34+ HSPCs under hyp-

oxia, MCUR1 knockdown reduced the phosphorylation levels of

mTOR (p-mTOR) and its two downstream targets S6K (p-S6K)

and 4EBP1 (p-4EBP1) (Figure 4C). MCUR1 knockdown also

reduced the cells’ global protein translation rate (Figures 4D and

S8A), which was consistent with the function of mTORC1-medi-

ated ribosome biogenesis.27 Further, the inhibitory effects of

MCUR1 knockdown on mTOR pathway, erythropoiesis, and cell

growth in human CD34+ HSPCs can be eliminated by using a

pharmacologic activator of mTOR (MHY1485) (Figures 4C, 4E–

4H, S8B, and S8C) or small interfering RNAs (siRNAs) targeting

TSC1 or TSC2, two genes encoding upstream kinases that inhibit

mTOR activity (Figures S8D–S8J). However,MCUR1 knockdown

did not affect mitochondrial biogenesis-related transcription fac-

tors (TFs) YY1, PGC1a, NRF1, and mtTFA28 (Figures 4C and

S8D). In addition, expression of p-ULK1, a key downstream pro-

tein involved in mitochondrial autophagy,29 and two autophagic

markers, p62 and LC3, also remained unchanged (Figure 4C).

Collectively, these results suggest that MCUR1 knockdown re-

duces mTOR-mediated protein translation rate and cell growth,

but does not affect mTOR-mediated mitochondrial biogenesis

and autophagy, thereby weakening erythropoiesis.

MCUR1 knockdown inhibits the mTOR pathway by
inducing AMPK activity
We next asked how MCUR1 knockdown reduces mTOR

signaling. Similar to previous studies in HeLa and HEK293T



Figure 3. MCUR1 downregulation reduces erythropoiesis in human cord blood CD34+ HSPCs

(A) Efficiency of knockdown or reexpression of MCUR1 by western blotting assays.

(B–F) MCUR1 knockdown reduces the fraction of benzidine-positive cells (B); CD235a/HBG1 mRNA levels (C); percentages of basophilic (Bas), poly-

chromatophilic (Pol), and orthochromatic (Ort) cells and erythroblasts and erythrocytes (Ery) (D); fraction of erythroblasts (E); and percentages of BFU-E

(IL3R�GPA�CD34+CD36�) and CFU-E (IL3R�GPA�CD34�CD36+) populations (F). In (B) and (D), left side shows the representative images.

(G and H)MCUR1 knockdown reduces the number and size of colonies formed of BFU-E (G) and CFU-E (H). Representative images of BFU-E/CFU-E at the 14th/

7th day are shown.

(I–K) MCUR1 knockdown leads to reduced cell growth (I), increased cell apoptosis (J), and decreased cell-cycle progression (K). In (I), the analyses between

groups were by two-way ANOVA.

Data are shown as mean ± SD. Data analyses were conducted by two-tailed t test except where noted otherwise. n.s., not significant. *p < 0.05, **p < 0.01, and

***p < 0.001.
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cells,19,30 MCUR1 knockdown in human CD34+ HSPCs mark-

edly decreased mitochondrial Ca2+ ([Ca2+]m) uptake, oxygen

consumption rate (OCR), ATP content, mitochondrial membrane

potential (DJm), and mitochondrial reactive oxygen species

(ROS) production (Figures 5A and S9A–S9D), suggesting that

MCUR1 also plays essential roles in mitochondrial bioenergetics
in hematopoietic cells. It is well known that AMP-activated pro-

tein kinase (AMPK) is an evolutionarily conserved energy sensor

that regulates mitochondrial homeostasis and cellular bioener-

getics.31 Indeed, we observed that MCUR1 knockdown in hu-

man CD34+ HSPCs can enhance the activation of energy-

sensing AMPK, with increased levels of T172-phosphorylated
Cell Genomics 5, 100782, March 12, 2025 7



Figure 4. MCUR1 downregulation reduces erythropoiesis by reducing the activation of the mTOR pathway in human cord blood CD34+

HSPCs

(A) GSEA showing top enriched hallmark pathways afterMCUR1 knockdown in human cord bloodCD34+ HSPCs under hypoxia (1%O2) and EPO treatment (3 U/

mL) for 7 days.

(B) GSEA showing the enrichment of mTOR pathways.

(C)MCUR1 knockdown reduces themTOR activity, and activation ofmTOR (byMHY1485 [2 mM]) abolishes the decreasedmTOR activity byMCUR1 knockdown.

(D) MCUR1 knockdown reduces protein translation rate by polysome profiling assays. OD, optical density; RNP, ribonucleoprotein.

(E) The effect of activation of mTOR on the changes in proportions of basophilic (Bas), polychromatophilic (Pol), and orthochromatic (Ort) cells and erythroblasts

and erythrocytes (Ery) by MCUR1 knockdown. Left side shows the representative images.

(F) The effect of activation of mTOR on the decreased fraction of erythroblasts by MCUR1 knockdown.

(G) The effect of activation of mTOR on the decreased percentages of CFU-E by MCUR1 knockdown.

(H) The effect of activation of mTOR on the decreased cell growth byMCUR1 knockdown. The analysis of cell growth between groups was by two-way ANOVA.

Data are shown as mean ± SD. Data analyses were conducted by two-tailed t test except where noted otherwise. n.s., not significant. ***p < 0.001.
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AMPKa (p-AMPKa) (Figure 5B), which is also consistent with the

previous findings observed in HeLa and HEK293T cells.19,30

Several previous studies have shown that AMPK inhibits the

mTOR pathway by enhancing the levels of p-TSC2 (at

Ser1387) and p-Raptor (at Ser792), two upstream kinases that

inhibit mTORC1 activity, and then suppresses cell growth.32–34

Notably, the finely tuned regulation of AMPK has been shown

to be crucial in human adult erythropoiesis.32–34 Therefore, we

hypothesize that MCUR1 knockdown might reduce the mTOR

pathway and then attenuate erythropoiesis by enhancing

AMPK activity during hypoxia.

Indeed, we observed that knockdown of AMPKa1

(encoding AMPKa) significantly reduces the levels of p-TSC2

and p-Raptor, thereby promoting mTOR signaling in human

CD34+ HSPCs (Figure 5B). Further, when AMPK activity was

reduced by using either the siRNAs targeting AMPKa1
8 Cell Genomics 5, 100782, March 12, 2025
(Figures 5B–5E and S10A–S10C) or compound C (an AMPK in-

hibitor) (Figures S10D–S10J), knockdown of MCUR1 did not

affect the levels of p-TSC2, p-Raptor, p-mTOR, p-S6K, or p-

4EBP1 or the percentages of erythroid progenitors, proportions

of differentiated erythroblasts, or cell growth. Finally, inhibition of

AMPK by siRNAs targeting AMPKa1 (Figures S10K–S10M) or

compound C (Figures S10N–S10P) cannot significantly influence

[Ca2+]m uptake orDJm, indicating that AMPK is the downstream

component of the Ca2+ signal. Taken together, these findings

suggest that AMPK is required forMCUR1 knockdown to reduce

the mTOR activity and erythropoiesis during hypoxia.

MCUR1 knockdown promotesAMPKactivity by inducing
CAMKK2 activity
Next, we sought to decipher the underlying mechanism of

MCUR1 knockdown-mediated AMPK activation. We observed



Figure 5. MCUR1 downregulation reduces activation of the mTOR pathway through the Ca2+-CAMMK2-AMPK axis in human cord blood

CD34+ HSPCs

(A) The effects ofMCUR1 knockdown onmitochondrial ([Ca2+]m; red) and cytoplasmic ([Ca2+]c; green) Ca
2+ responses in human cord blood CD34+ HSPCs before

and after ionomycin exposure (2.5 mM), under hypoxia (1% O2) and EPO treatment (3 U/mL) for 7 days.

(B) Knockdown of AMPKa1 induces mTOR activity and abolishes the decreased mTOR activity by MCUR1 knockdown.

(C) The effect of AMPKa1 knockdown on the changes in percentages of basophilic (Bas), polychromatophilic (Pol), and orthochromatic (Ort) cells and eryth-

roblasts and erythrocytes (Ery) by MCUR1 knockdown. Left side shows the representative images.

(D) The effect of AMPKa1 knockdown on the decreased fraction of erythroblasts by MCUR1 knockdown.

(E) The effect of AMPKa1 knockdown on the decreased fraction of CFU-E population by MCUR1 knockdown.

(F) The effects of MCUR1 knockdown on the activity of two upstream kinases of AMPKa, LKB1 and CAMKK2.

(G) The effects of inhibition of CAMMK2 activity (by BAPTA-AM, an intracellular Ca2+ chelator; 1 mM) on the increased AMPKa activity and decreased mTOR

activity by MCUR1 knockdown.

Data are shown as mean ± SD. Data analyses were conducted by two-tailed t test except where noted otherwise. n.s., not significant. **p < 0.01 and ***p < 0.001.
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thatMCUR1 knockdown in human CD34+ HSPCs under hypoxia

markedly enhances the phosphorylation levels of calcium/

calmodulin-dependent protein kinase kinase b (CAMKK2) (Fig-

ure 5F), which is an upstream Ca2+-dependent kinase respon-

sible for phosphorylation at Thr172 of AMPKa.28 However,

MCUR1 knockdown did not affect the phosphorylation levels

of another constitutive liver kinase B1 (LKB1) upstream of

AMPKa28 (Figure 5F). In addition, okadaic acid, a pan-phospha-

tase inhibitor,28 did not affect the p-AMPKa levels affected by

MCUR1 knockdown (Figure S10Q), therefore also excluding

the possibility of phosphatases acting in MCUR1 knockdown-

mediated AMPK activation. Further, we observed that inhibition

of CAMKK2 by siRNAs targeting CAMKK2 (Figures S11A–S11G)

or STO-609 (a CAMKK2 inhibitor) (Figures S11H–S11N) reduced

p-AMPKa levels and increased p-mTOR levels, percentages of

erythroid progenitors, proportions of erythroblasts, and cell

growth. Finally, when CAMKK2 was knocked down by siRNAs

(Figures S11A–S11G) or inhibited by STO-609 (Figures S11H–

S11N),MCUR1 knockdown did not affect the levels of p-AMPKa

or p-mTOR, the percentages of erythroid progenitors, the pro-

portions of erythroblasts at different stages of differentiation, or

cell growth. Together, these findings suggest that under hypoxia,

MCUR1 knockdown-mediated enhancement of AMPK activity

and reduction of mTOR activity and erythropoiesis depend on

CAMKK2.

MCUR1 knockdown activates CAMKK2 by inducing
cytosolic Ca2+ levels
Given that MCUR1 knockdown reduces [Ca2+]m uptake (Fig-

ure 5A), and knockdown of Ca2+-dependent kinase CAMKK2 de-

creases p-AMPKa in human CD34+ HSPCs (Figure S11A), we

further hypothesized that MCUR1 knockdown promotes

CAMKK2 activity and its downstream AMPK signaling by

increasing the levels of cytosolic Ca2+ ([Ca2+]c). Indeed, when hu-

man CD34+ HSPCs were pre-treated with an intracellular Ca2+

chelator, 1,2-bis (2-aminophenoxy)ethane-N,N,N0,N0-tetraacetic
acid tetrakis (acetoxymethyl ester) (BAPTA-AM),35 under hypox-

ia, knockdown ofMCUR1 did not affect the levels of p-CAMKK2,

p-AMPKa, p-TSC2, p-Raptor, p-mTOR, or downstream p-S6K

and p-4EBP1 (Figure 5G), therefore suggesting the dependence

of [Ca2+]c levels. Thus, these findings indicate that MCUR1

knockdown reduces rapid transport of Ca2+ into the mitochon-

drial matrix and then concomitantly increases the [Ca2+]c levels,

which in turn leads to activation of Ca2+-dependent CAMKK2

and downstream AMPK signaling.

Finally, we detected the phosphorylation levels of several pro-

teins in the CAMMK2-AMPK-mTOR axis in BM cells isolated

from Mcur1-WT and Mcur1-cKO mice. Compared with those

from Mcur1-WT mice, BM cells from Mcur1-cKO mice showed

markedly increased levels of p-CAMKK2 and p-AMPK and

decreased levels of p-mTOR, p-S6K, and p-4EBP1 under both

normoxia and hypoxia (Figure S12A). Meanwhile, Mcur1-cKO

BM cells showed significantly reduced [Ca2+]m levels and

concomitantly increased [Ca2+]c levels (Figure S12B) and

significantly reduced mitochondrial bioenergetics, including

reduced OCR and ATP content and concomitantly increased

AMP/ATP ratio and reduced mitochondrial DJm and ROS

(Figures S12C–S12F). Accordingly, BM cells from Mcur1-cKO
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mice showed markedly reduced protein translation rate (Fig-

ure S12G) and significantly decreased cell-cycle progression

and increased apoptosis (Figures S12H and S12I). Collectively,

these findings suggest that the MCUR1-Ca2+-CAMMK2-

AMPK-mTOR axis works in erythropoiesis in vivo during hypoxia.

rs61644582 at 6p23 regulates MCUR1 expression in an
allele-specific manner
Next, we sought to discriminate the functional variant(s) that may

regulate MCUR1 expression at the 6p23 locus. There exist 14

SNPs within the�2 kb LD block at 6p23 (Table S11), and among

them, four SNPs (rs1204167, rs1204168, rs1204170, and

rs61644582) were predicted to be located at the binding sites

of certain TFs using HaploReg (v.4.1). However, among these

four SNPs, only rs61644582 was predicted to create an allele-

specific binding motif that matches the consensus sequences

of two TFs, PU.1 and ELF1 (Figure 6A), both of whichwere critical

transcriptional regulators relevant to erythropoiesis.36–38 In addi-

tion, several epigenetic modification enrichment profiles from

the ENCODE project showed that rs61644582 is located in an

active enhancer region of multiple cell lines, including two human

blood cell lines K562 and GM12878 (Figure 6A). The genome-

wide chromosome conformation capture (Hi-C) datasets

from these two cell lines also showed that rs61644582 physically

interacts with the promoter region of the MCUR1 gene

(Figures S13A and S13B). From these results, we hypothesized

that rs61644582 is the causative SNP at the 6p23 signal.

To test this hypothesis, we first investigated whether

rs61644582 alters the transcriptional activity of MCUR1. Lucif-

erase reporter assays showed that in two types of human blood

cell lines, HUDEP2 andK562 cells, both the del and theC allele of

rs61644582 repress luciferase expression relative to the basal

MCUR1 promoter, and further, the del allele drives lower lucif-

erase activity than the C allele (both p < 0.001; Figure 6B). These

data suggest that the motif harboring rs61644582 acts as a

repressor in MCUR1 expression, consistent with the aforemen-

tioned finding that the rs61644582 del allele is significantly asso-

ciated with decreasedMCUR1 expression in PBMCs (Figures 1F

and 1G).

We then examined whether rs61644582 could affect binding

with a specific TF(s), as suggested by the aforementioned in sil-

ico predictions (Figure 6A). Indeed, there was overall stronger af-

finity of nuclear protein binding to the probes containing the del

allele than there was for the probes containing the C allele

(Figures 6C and S13C, lanes 2–11) by the electrophoresis

mobility shift assay (EMSA). In addition, the probes containing

the del allele were competed away by excessive unlabeled

consensus sequence probes that bind to PU.1 or ELF1

(Figures 6C and S13C, lanes 12 and 13), indicating that PU.1-

or ELF1-containing complexes bind at rs61644582. These find-

ings were further confirmed by the observation of a band shift

for the del allele in the presence of the antibodies against PU.1

or ELF1 using nuclear extracts from HUDEP2 or K562 cells

(Figures 6D and S13D). However, western-blotting EMSA

(WEMSA) showed that PU.1, but not ELF1, binds more to the

del allele in comparison to C allele (Figures 6E and S13E).

Using the chromatin immunoprecipitation (ChIP)-quantitative

PCR (qPCR) assay, we confirmed that PU.1 binds at the



Figure 6. PU.1 preferentially binds to rs61644582 deletion allele and reduces MCUR1 expression to a greater extent compared to C allele

(A) A comprehensive map around rs61644582 at the 6p23 locus. The epigenetic modification enrichment profiles in erythroblasts and K562 were derived from the

BLUEPRINT and ENCODE projects, respectively. C and /, the C and deletion (del) allele of rs61644582, respectively.

(B) The effects of rs61644582 on transcriptional activity of the MCUR1 promoter by luciferase reporter gene assays. E, enhancer; Luc, luciferase gene; P,

promoter.

(C) The binding affinity of del and C alleles of rs61644582 to PU.1 by EMSA. Competition gradients, which are represented by black triangles, correspond to 5-,

50-, and 100-fold excess of cold probes.

(D) The rs61644582 del allele abolishes the binding of a protein complex that is supershifted by the antibody against PU.1 or ELF1.

(E) The binding affinity of del and C alleles of rs61644582 to PU.1 or ELF1 in nuclear extract (N.E.) by WEMSA. The protein quantification was determined using

ImageJ.

(F) Chromatin binding of PU.1 or ELF1 at the rs61644582 site by ChIP-qPCR.

(G) PU.1, rather than ELF1, favors binding to the rs61644582 del allele as determined by ChIP-AS-qPCR in HUDEP2 cells, which are heterozygous at rs61644582.

(H) PU.1, rather than ELF1, favors binding to the rs61644582 del allele as determined by ChIP-PCR followed by Sanger sequencing.

(I) PU.1 knockdown induces MCUR1 expression.

(J) Overexpression of PU.1 reduces MCUR1 expression.

(K) Association between the mRNA levels of MCUR1 and PU.1 in PBMCs.

(L) The stronger inhibitory effect of rs61644582 del allele relative to C allele on luciferase reporter activity was abolished when PU.1was knocked down. Data are

shown as mean ± SD.

(M) Association of rs61644582 genotypes with themRNA levels ofMCUR1 and several erythrocyte-related indicators in human cord blood samples of 42 Tibetans

(TIB_replication 3).

The data in (B), (E–G), and (L) were analyzed using two-tailed t test, while the data in (K) and (M) were analyzed by linear regression analysis. n.s., not significant.

***p < 0.001.
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Figure 7. A model of the allele-specific

transcriptional regulation of MCUR1 by

rs61644582 and the function and underlying

mechanism of MCUR1 in regulating eryth-

ropoiesis

The positively selected beneficial rs61644582 del

allele has a stronger binding ability to the tran-

scription factor PU.1 relative to the C allele,

therefore resulting in relatively lower expression of

MCUR1. Downregulation of MCUR1 reduces the

mitochondrial Ca2+ uptake and then concomi-

tantly increases the cytosolic Ca2+ levels, thereby

attenuating erythropoiesis via the CAMKK2-

AMPK-mTOR axis.
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rs61644582 site in vivo in HUDEP2 and HEK293T cells,

which were confirmed to be heterozygous at this SNP site

(Figures 6F and S13F). Further, ChIP followed by allele-specific

qPCR (AS-qPCR) (Figures 6G and S13G) or by PCR and Sanger

sequencing assays (Figures 6H and S13H) consistently showed

that PU.1, but not ELF1, is preferentially recruited to the

rs61644582 del allele compared to the C allele. Collectively,

these results reveal del-allele-specific binding of PU.1 at a distal

regulatory element encompassing rs61644582 and its inhibitory

effect on the activity of the MCUR1 promoter, therefore consis-

tent with the previous reports on the function of PU.1 as a tran-

scription repressor39 and its well-known role as a repressor in

erythropoiesis.36–38

Next, we assessed whether the effects of rs61644582 on cis

regulation of MCUR1 expression are dependent on PU.1-chro-

matin binding. Knockdown of PU.1 in HUDEP2 and K562 cells

greatly enhanced MCUR1 protein levels (Figures 6I and S13I),

and conversely, overexpression of PU.1 had the opposite effect

(Figures 6J and S13J). Consistently, the expression levels of

PU.1 were significantly negatively associated with MCUR1

expression levels in PBMCs from 98 individuals residing at

high altitude (GEO: GSE46480; r =�0.33, p = 0.0008; Figure 6K).

Further, we found that knockdown of PU.1 eliminates the allelic

difference in activation of luciferase at the rs61644582 del- or

C-allele-containing region (Figures 6L and S13K). Together,

these findings suggest that the allele-specific regulation of

rs61644582 on MCUR1 expression is dependent on PU.1.

rs61644582 correlates with erythropoiesis-related
phenotypes in Tibetans
Finally, we sought to assess whether the functional rs61644582 is

physiologically associated with erythropoiesis-related pheno-
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types in Tibetans living at high altitude.

To this end, we recruited a cohort of 42 Ti-

betan newborns (designated as TIB_repli-

cation 3; Table S1) and collected their

cord blood. Genotyping using Sanger

sequencing showed that therewere 6 indi-

viduals with rs61644582 C/C, 16 with

C/del, and 20 with del/del genotypes.

Consistent with the eQTL results, the

rs61644582 del allele was significantly

associated with lower MCUR1 mRNA
levels in CD34+ HSPCs isolated from cord blood (Figure 6M).

Further, the cordbloodwith the del allele had significantly reduced

RBCcount, HCT, andHb level (Figure 6M); reduced percentage of

erythroblasts (Figure S13L) and proportions of differentiated

erythroblasts (Figure S13M); and reduced colony number and

size of cultured BFU-E or CFU-E based on CD34+ HSPCs

(Figure S13N) compared to those without the del allele. Accord-

ingly, the cord blood CD34+ HSPCs with the del allele had mark-

edly increased levels of p-CAMKK2 and p-AMPK, as well as

decreased levels of p-mTOR compared to those without the

del allele (Figures S14A and S14B). Similarly, low MCUR1

mRNA or protein levels mediated by the rs61644582 del allele

were consistently correlated with these erythropoiesis-related

phenotypes and levels of p-CAMKK2, p-AMPK, and p-mTOR

(Figures S14C–S14G). In addition, the significant associations be-

tween the rs61644582 del allele and decreased Hb levels were

also observed inmultiple Tibetan populations (Table S14). Collec-

tively, these findings reveal the causal effect of the rs61644582 del

allele on reducing MCUR1 expression by enhancing PU.1-chro-

matin binding, suggesting that rs61644582 and MCUR1 are the

plausible causative SNP and gene, respectively, therefore ex-

plaining the HAA (e.g., reduced erythropoiesis) relevant to the

positive selection signal at 6p23 in Tibetans (Figure 7).

DISCUSSION

Mitochondrial Ca2+ homeostasis is responsible for the regulation

of numerous cellular functions, including energy metabolism and

cell growth and death. Several components of the proteinmachin-

ery governing mitochondrial Ca2+ homeostasis have recently

been elucidated, including MCU and its regulators MICU1/2/3

and MCUR1.31,40 MICU1 has been identified as the candidate
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HAA-associated gene in Ethiopian highlanders of African origin.41

Interestingly, we here identified MCUR1 as another candidate in

Tibetan highlanders of Chinese origin, suggesting parallel evolu-

tion for HAA existing in high-altitude populations of different an-

cestries. In addition, recent studies have revealed that several

other members of MCUC can regulate mitochondrial Ca2+ ho-

meostasis in specific cell/tissue types during hypoxia.31 Here,

we observed that MCUR1 is specifically highly expressed in

erythroid cells, and its depletion reduces erythropoiesis by atten-

uating mitochondrial Ca2+ uptake during hypoxia in vitro and

in vivo. MCUR1 acts as a positive modulator of MCUC, whereas

MICU1 exhibits a dual character on regulation of MCUC opening,

both as a ‘‘gatekeeper’’ at low cytosolic Ca2+ concentrations and

as a cooperative activator at high cytosolic Ca2+ concentrations.42

Therefore, their functions in themodulation ofMCUCexhibit some

differences and complexity, and their interactions deserve further

analyses. Toour best knowledge, this is the first study establishing

the mechanistic link between the MCUC-mediated Ca2+ dy-

namics and erythropoiesis.

AMPK is a highly conserved metabolic energy sensor allowing

for adaptive changes in cell growth and differentiation.31 In addi-

tion, AMPK is essential to regulation of breathing during hypoxia

and thus oxygen and energy distribution to the body.30 Recent

studies have revealed several aspects of the effects of AMPKa

on erythropoiesis, such as inducing O2 release from erythro-

cytes43 and controlling proliferation and survival of erythro-

blasts.32,44 Here, we revealed a new role for AMPKa, which is

activated in the condition of MCUR1 downregulation, in sup-

pressing differentiation preference from EEP to terminal mature

erythroblast.

A major undertaking of genetic studies is to determine func-

tional variants of candidate genes. A few successful examples

are an intronic mutation of EPAS1 and two missense mutations

at exon 1 of EGLN1 suggesting that Tibetan versions of EPAS1

and EGLN1 push toward the same direction by blunting the

response to hypoxia.8,45 Here, we identified a high-frequency

functional variant rs61644582, which is located in an intergenic

region and distally regulates transcription of MCUR1 located

�20 kb downstream. Similar to EPAS1 and EGLN1 variants,

rs61644582 contributes to HAA of Tibetans by blunting erythro-

poietic response to hypoxia. Furthermore, we revealed that this

variant regulates erythropoiesis through the PU.1-MCUR1-Ca2+-

CAMKK2-AMPK-mTOR axis, adding a new layer of regulation of

erythropoiesis in Tibetans.

Downregulation of PU.1 is a key step to allow erythroid pro-

genitors to undergo terminal differentiation.37 PU.1 upregulates

the molecules that block erythroid differentiation, such as Fli1

and c-myb, and downregulates the molecules that promote

erythroid differentiation, such as Gfi-1b, EpoR, and Klf1.46

Here, we demonstrated that PU.1 downregulates MCUR1

expression in an rs61644582 allele-specific manner and then

mitigates cell growth and erythroid differentiation of HSPCs in

erythropoiesis via the Ca2+-CAMKK2-AMPK-mTOR axis. These

findings add new knowledge of mechanisms by which PU.1

functions as the well-known antagonist of erythropoiesis.

The selected beneficial allele during human local adaptation

can arise from a de novomutation or be previously polymorphic

(i.e., standing variation) or introduced by admixture with other
populations.47 Here, based on the inferred demographic model,

we showed that the rs61644582 del allele is more ancient than

the beginning of its adaptation to the Qinghai-Tibetan plateau

environment, suggesting a selection sweep from a standing

variant in Tibetans. Thus, our findings add a new example to

the list of standing variants that have been selected during the

recent evolutionary history of humans, similar to those at

the PDE10A and BDKRB2 genes in the adaptation to diving in

the Bajau people48 and the LCT gene in adult lactose digestion

in Europeans.49

In summary, we here present a genome-wide scan for novel

regions/genes subject to local positive selection in Tibetans dur-

ing HAA. Further, we conducted a comprehensive study on the

novel top candidate, MCUR1 at 6p23, and elucidated that

MCUR1-mediated mitochondrial Ca2+ homeostasis is a novel

regulator for erythropoiesis. The other candidates are also un-

doubtedly very promising for future biological studies. After

determining the functional relevance of these candidates, it

might have potential implications for improving the prevention

and treatment of high-altitude-driven diseases.

Limitations of the study
This study still has several limitations and further investigations

are required. First, whether the evolution ofMCUR1 and its caus-

ative variant(s) has occurred in other populations living at the

other high-altitude areas in China (e.g., permanent residents at

the Yunnan-Guizhou Plateau) and in the world (e.g., Ethiopian

highlanders and the South American Andes highlanders) is not

clear yet and worth further investigation. Second, additional

design and assessment of exposure factors for gene-environ-

ment interactions may contribute to a better understanding of

HAA, which needs to be considered in future studies. Third,

given that MCUR1 depletion impairs erythropoiesis under both

normoxic and hypoxic conditions, the potential applications of

MCUR1-mediated erythropoiesis may help improve the preven-

tion and treatment of specific erythropoiesis-related disorders

and high-altitude-driven diseases, such as anemia and high-alti-

tude polycythemia, which are also worth exploration in the

future.
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8. Lorenzo, F.R., Huff, C., Myllymäki, M., Olenchock, B., Swierczek, S., Ta-

shi, T., Gordeuk, V., Wuren, T., Ri-Li, G., McClain, D.A., et al. (2014). A ge-

netic mechanism for Tibetan high-altitude adaptation. Nat. Genet. 46,

951–956. https://doi.org/10.1038/ng.3067.

9. McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernyt-

sky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M., and DePristo,

M.A. (2010). The Genome Analysis Toolkit: a MapReduce framework for

https://doi.org/10.1016/j.xgen.2025.100782
https://doi.org/10.1016/j.xgen.2025.100782
https://doi.org/10.1183/16000617.0073-2016
https://doi.org/10.1016/j.isci.2023.107677
https://doi.org/10.1126/science.1190371
https://doi.org/10.1093/molbev/msq290
https://doi.org/10.1126/science.1189406
https://doi.org/10.1126/science.1189406
https://doi.org/10.1073/pnas.1617042114
https://doi.org/10.1016/j.ajhg.2015.05.005
https://doi.org/10.1016/j.ajhg.2015.05.005
https://doi.org/10.1038/ng.3067


Article
ll

OPEN ACCESS
analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–

1303. https://doi.org/10.1101/gr.107524.110.

10. Xu, S., Li, S., Yang, Y., Tan, J., Lou, H., Jin, W., Yang, L., Pan, X., Wang, J.,

Shen, Y., et al. (2011). A genome-wide search for signals of high-altitude

adaptation in Tibetans. Mol. Biol. Evol. 28, 1003–1011. https://doi.org/

10.1093/molbev/msq277.

11. Wang, M.S., Li, Y., Peng, M.S., Zhong, L., Wang, Z.J., Li, Q.Y., Tu, X.L.,

Dong, Y., Zhu, C.L., Wang, L., et al. (2015). Genomic Analyses Reveal Po-

tential Independent Adaptation to High Altitude in Tibetan Chickens. Mol.

Biol. Evol. 32, 1880–1889. https://doi.org/10.1093/molbev/msv071.

12. Wang, M., Huang, X., Li, R., Xu, H., Jin, L., and He, Y. (2014). Detecting

recent positive selection with high accuracy and reliability by conditional

coalescent tree. Mol. Biol. Evol. 31, 3068–3080. https://doi.org/10.1093/

molbev/msu244.

13. Garud, N.R., Messer, P.W., and Petrov, D.A. (2021). Detection of hard and

soft selective sweeps from Drosophila melanogaster population genomic

data. PLoS Genet. 17, e1009373. https://doi.org/10.1371/journal.pgen.

1009373.

14. Garud, N.R., Messer, P.W., Buzbas, E.O., and Petrov, D.A. (2015). Recent

selective sweeps in North American Drosophila melanogaster show signa-

tures of soft sweeps. PLoS Genet. 11, e1005004. https://doi.org/10.1371/

journal.pgen.1005004.

15. Albers, P.K., and McVean, G. (2020). Dating genomic variants and shared

ancestry in population-scale sequencing data. PLoS Biol. 18, e3000586.

https://doi.org/10.1371/journal.pbio.3000586.

16. Kern, A.D., and Schrider, D.R. (2018). diploS/HIC: An Updated Approach

to Classifying Selective Sweeps. G3 (Bethesda) 8, 1959–1970. https://

doi.org/10.1534/g3.118.200262.

17. Jeong, C., Witonsky, D.B., Basnyat, B., Neupane, M., Beall, C.M., Childs,

G., Craig, S.R., Novembre, J., and Di Rienzo, A. (2018). Detecting past and

ongoing natural selection among ethnically Tibetan women at high altitude

in Nepal. PLoS Genet. 14, e1007650. https://doi.org/10.1371/journal.

pgen.1007650.

18. Zheng, W., He, Y., Guo, Y., Yue, T., Zhang, H., Li, J., Zhou, B., Zeng, X., Li,

L., Wang, B., et al. (2023). Large-scale genome sequencing redefines the

genetic footprints of high-altitude adaptation in Tibetans. Genome Biol.

24, 73. https://doi.org/10.1186/s13059-023-02912-1.

19. Mallilankaraman, K., Cárdenas, C., Doonan, P.J., Chandramoorthy, H.C.,

Irrinki, K.M., Golenár, T., Csordás, G., Madireddi, P., Yang, J., M€uller, M.,

et al. (2012). MCUR1 is an essential component of mitochondrial Ca2+ up-

take that regulates cellular metabolism. Nat. Cell Biol. 14, 1336–1343.

https://doi.org/10.1038/ncb2622.

20. Novershtern, N., Subramanian, A., Lawton, L.N., Mak, R.H., Haining,W.N.,

McConkey, M.E., Habib, N., Yosef, N., Chang, C.Y., Shay, T., et al. (2011).

Densely interconnected transcriptional circuits control cell states in hu-

man hematopoiesis. Cell 144, 296–309. https://doi.org/10.1016/j.cell.

2011.01.004.

21. He, S., Wang, L.H., Liu, Y., Li, Y.Q., Chen, H.T., Xu, J.H., Peng, W., Lin,

G.W., Wei, P.P., Li, B., et al. (2020). Single-cell transcriptome profiling of

an adult human cell atlas of 15 major organs. Genome Biol. 21, 294.

https://doi.org/10.1186/s13059-020-02210-0.

22. Hay, S.B., Ferchen, K., Chetal, K., Grimes, H.L., and Salomonis, N. (2018).

The Human Cell Atlas bone marrow single-cell interactive web portal. Exp.

Hematol. 68, 51–61. https://doi.org/10.1016/j.exphem.2018.09.004.

23. Tusi, B.K., Wolock, S.L., Weinreb, C., Hwang, Y., Hidalgo, D., Zilionis, R.,

Waisman, A., Huh, J.R., Klein, A.M., and Socolovsky, M. (2018). Popula-

tion snapshots predict early haematopoietic and erythroid hierarchies. Na-

ture 555, 54–60. https://doi.org/10.1038/nature25741.

24. Lachmann, A., Torre, D., Keenan, A.B., Jagodnik, K.M., Lee, H.J., Wang,

L., Silverstein, M.C., and Ma’ayan, A. (2018). Massive mining of publicly

available RNA-seq data from human and mouse. Nat. Commun. 9,

1366. https://doi.org/10.1038/s41467-018-03751-6.
25. Knight, Z.A., Schmidt, S.F., Birsoy, K., Tan, K., and Friedman, J.M. (2014).

A critical role for mTORC1 in erythropoiesis and anemia. Elife 3, e01913.

https://doi.org/10.7554/eLife.01913.

26. Malik, N., Dunn, K.M., Cassels, J., Hay, J., Estell, C., Sansom, O.J., and

Michie, A.M. (2019). mTORC1 activity is essential for erythropoiesis and

B cell lineage commitment. Sci. Rep. 9, 16917. https://doi.org/10.1038/

s41598-019-53141-1.

27. Liu, X., Zhang, Y., Ni, M., Cao, H., Signer, R.A.J., Li, D., Li, M., Gu, Z., Hu,

Z., Dickerson, K.E., et al. (2017). Regulation of mitochondrial biogenesis in

erythropoiesis by mTORC1-mediated protein translation. Nat. Cell Biol.

19, 626–638. https://doi.org/10.1038/ncb3527.

28. Garcia, D., and Shaw, R.J. (2017). AMPK: Mechanisms of Cellular Energy

Sensing and Restoration of Metabolic Balance. Mol. Cell. 66, 789–800.

https://doi.org/10.1016/j.molcel.2017.05.032.

29. Zhu, H., Foretz,M., Xie, Z., Zhang,M., Zhu, Z., Xing, J., Leclerc, J., Gaudry,

M., Viollet, B., and Zou, M.H. (2014). PRKAA1/AMPKalpha1 is required for

autophagy-dependent mitochondrial clearance during erythrocyte matu-

ration. Autophagy 10, 1522–1534. https://doi.org/10.4161/auto.29197.

30. Evans, A.M., Mahmoud, A.D., Moral-Sanz, J., and Hartmann, S. (2016).

The emerging role of AMPK in the regulation of breathing and oxygen sup-

ply. Biochem. J. 473, 2561–2572. https://doi.org/10.1042/BCJ20160002.

31. Zhao, H., Li, T., Wang, K., Zhao, F., Chen, J., Xu, G., Zhao, J., Li, T., Chen,

L., Li, L., et al. (2019). AMPK-mediated activation of MCU stimulates mito-

chondrial Ca(2+) entry to promote mitotic progression. Nat. Cell Biol. 21,

476–486. https://doi.org/10.1038/s41556-019-0296-3.

32. Fang, X., Shen, F., Lechauve, C., Xu, P., Zhao, G., Itkow, J., Wu, F., Hou,

Y., Wu, X., Yu, L., et al. (2018). miR-144/451 represses the LKB1/AMPK/

mTOR pathway to promote red cell precursor survival during recovery

from acute anemia. Haematologica 103, 406–416. https://doi.org/10.

3324/haematol.2017.177394.

33. Shimobayashi, M., and Hall, M.N. (2014). Making new contacts: the mTOR

network in metabolism and signalling crosstalk. Nat. Rev. Mol. Cell Biol.

15, 155–162. https://doi.org/10.1038/nrm3757.

34. Kishton, R.J., Barnes, C.E., Nichols, A.G., Cohen, S., Gerriets, V.A., Siska,

P.J., Macintyre, A.N., Goraksha-Hicks, P., de Cubas, A.A., Liu, T., et al.

(2016). AMPK Is Essential to Balance Glycolysis and Mitochondrial Meta-

bolism to Control T-ALL Cell Stress and Survival. Cell Metab. 23, 649–662.

https://doi.org/10.1016/j.cmet.2016.03.008.

35. Perez-Liebana, I., Juaristi, I., Gonzalez-Sanchez, P., Gonzalez-Moreno, L.,

Rial, E., Podunavac, M., Zakarian, A., Molgo, J., Vallejo-Illarramendi, A.,

Mosqueira-Martin, L., et al. (2022). A Ca(2+)-Dependent Mechanism

Boosting Glycolysis and OXPHOS by Activating Aralar-Malate-Aspartate

Shuttle, upon Neuronal Stimulation. J. Neurosci. 42, 3879–3895. https://

doi.org/10.1523/JNEUROSCI.1463-21.2022.

36. Dispirito, J.R., Fang, B., Wang, F., and Lazar, M.A. (2013). Pruning of the

adipocyte peroxisome proliferator-activated receptor gamma cistrome

by hematopoietic master regulator PU.1. Mol. Cell Biol. 33, 3354–3364.

https://doi.org/10.1128/MCB.00599-13.

37. Rothenberg, E.V., Hosokawa, H., and Ungerbäck, J. (2019). Mechanisms
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
In this study we recruited seven independent populations, which include a total of 1,263 native ethnic Tibetan individuals and 320

native ethnic Han individuals (Table S1). All the participants were self-reported unrelated subjects, which was confirmed by genetic

relatedness test using the ‘–genome‘ in PLINK (v1.9).54

Populations at discovery stage used for scanning for positive selection signals

A total of 48 unrelated ethnic Tibetans (designated as TIB_discovery population) and 50 unrelated individuals of Han nationality

(designated as HAN_discovery population) were recruited for whole-genome sequencing (WGS). These 48 TIB_discovery individ-

uals, who live in five counties (including Batang, Daofu, Kangding, Xinduqiao and Litang) at Sichuan province located in southwest

China, at > 2,600 meters (m) over sea level, were recruited during a physical examination program at community conducted from

June 2010 to August 2010. The male/female ratio and the mean age (standard deviation [s.d.]) of these Tibetans are 1.50 and

35.31 (12.31) years old, respectively. These 50 HAN_discovery individuals, who live in Nanning City, Guangxi Province located in

southern China, at < 100 m over sea level, were recruited in a regular physical examination from July 2010 to August 2010 at the

Guangxi Cancer Hospital (Nanning City, China). The male/female ratio and the mean age (s.d.) of the Han individuals are 1.50 and

41.22 (6.39) years old, respectively. The male/female ratio and age were well-matched between the TIB_discovery and HAN_discov-

ery populations (P = 0.84 and 0.068, respectively). The response rates for the TIB_discovery and HAN_discovery populations were

both > 95%.

Populations at replication stage used for replicating the positive selection signals at 6p23 locus

An independent population, which includes a total of 672 Tibetans (designated as TIB_replication 1 population) and 270 Han na-

tionality subjects (designated as HAN_replication 1 population) was used for genotyping the SNPs and replicating the positive se-

lection signal at 6p23 locus that was identified at the discovery stage (index SNP rs61644582). The TIB_ replication 1 subjects

were recruited during a physical examination program conducted from August 2011 to October 2012 at Lhasa City, Tibet Auton-

omous Region, China by collaborators from Xizang Minzu University (Xianyang City, Shaanxi Province, China). They live in Lhasa

City in Tibet autonomous region located in southwest China, at average altitude �3,600 m. The male/female ratio and the mean

age (s.d.) of them are 1.42 and 39.47 (16.95) years old, respectively. The HAN_replication 1 individuals were recruited from August

2011 to October 2012 at Ya’an hospital, Ya’an county (at altitude < 400 m) in Sichuan province located in southwest China, who

are all males and the mean age (s.d.) of them are 21.53 (2.71) years old. The response rates for the TIB_replication 1 and HAN_

replication 1 populations were both over 95%. Additionally, to bolster the statistical power for the replication of the 6p23 signal, we

collected the frequencies and FST values of SNPs at 6p23 locus from a previous study 6, which consists of 3,008 Tibetans in Tibet

autonomous region and 7,284 subjects of East Asian ancestry (designated as Yang et al. study). The male/female ratio of the Ti-

betans is 0.59 and the mean age of them is not available, and the male/female ratio and the mean age of the East Asians are also

not available in that study.

Populations used for SNP-expression association analyses

Two independent Tibetan populations (designated as TIB_replication 2 population and TIB_replication 3, respectively) were re-

cruited for assessing whether a SNP serves as an expression quantitative trait locus (eQTL) with specific gene(s) expression levels

(i.e., genotype-expression association analyses). The TIB_replication 2 contains a total of 200 Tibetan peripheral blood samples,

which were collected at over 4,000 m above sea level at Dari county, Qinghai province in northwest China by the Qinghai Provin-

cial People’s Hospital (Xi’ning City, China). The male/female ratio and the mean age (s.d.) of the Tibetans are 0.96 and 29.2 (6.54)

years old, respectively. The TIB_replication 3 contains a total of 42 Tibetan cord blood samples, which were collected from August

2023 to September 2023 by our lab in Tibetan Fukang Hospital at Lhasa City, Tibet autonomous region. The male/female ratio of

these newborns are 1.47. Their parents were born and grew up at Lhasa City, Tibet autonomous region.
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Populations used for SNP-erythropoiesis-related phenotypes association analyses

Two independent Tibetan population (designated as TIB_replication 3 and TIB_replication 4, respectively) were recruited for this

analysis. The TIB_replication 3 population were already described as mentioned in the aforementioned section. The TIB_replication

4 population contains 301 unrelated Tibetans, who live over 3,650 m above sea level and were recruited from April 2020 to May 2020

by our lab during a physical examination program at the community conducted in Shannan City, Tibet autonomous region. Themale/

female ratio and the mean age (s.d.) of these Tibetans are 0.58 and 55.2 (13.79) years old, respectively. Additionally, the HAN_replic-

taion 1 population and other nine publicly available datasets derived from populations of different ancestries were also used for the

SNP genotype-hemoglobin (Hb) levels association analyses (Table S14).

Genomic DNA was extracted from 5 mL peripheral blood of all subjects and cord blood of TIB_replication 3 using the blood DNA

extraction kit (#51106; Qiagen, Valencia, CA). Additionally, total RNAs were also extracted from peripheral blood mononuclear cells

(PBMCs) of TIB_replication 2 subjects and cord blood of TIB_replication 3 using TRIZOL Reagent (Invitrogen, CA, USA). The cord

blood (from TIB_replication 3) and peripheral blood (from TIB_replication 4 and HAN_replictaion 1) were used for measurement of

the erythropoiesis-related phenotypes, including RBC count and Hb levels, etc.

The protocol of this study was reviewed and approved by the Ethical Committees of Beijing Institute of Radiation Medicine

(approval ID: AF/SC-08/02.150) and Peking University Third Hospital Medical Science Research (approval ID: M2023666), as well

as the Internal Review Board of Kunming Institute of Zoology, Chinese Academy of Sciences (approval ID: SMKX-SQ-20200414-

083-02). The research scheme is in accordance with the Regulations of the People’s Republic of China on the Administration of Hu-

man Genetic Resources. Written informed consent was obtained from each participant, and personal information on demographic

and other factors were collected by structured questionnaire.

Animals
TheMcur1 whole body knockout (Mcur1-KO) mice were generated on a C57BL/6 background using the CRISPR/Cas9 system sup-

plied by Biogle Co Ltd. (Hangzhou City, China). The small guide RNA (sgRNA) targeting exon 1 of the mouse Mcur1 gene (5’-

GGAACGCGCTGGGCCGTCTG-3’) were cloned into pX330 (Addgene, MA, USA). pCAG-EGxxFPwas used to examine the efficiency

of the target DNA cleavage by the sgRNA and Cas9. The pX330 plasmids containing each sgRNA sequence were injected into the

pronuclear stage eggs. Mcur1-/- mice that harbored a 71 base pairs (bp) deletion in exon 1 of the Mcur1 gene die before birth, but

Mcur1+/- mice were obtained which appeared to be outwardly normal, and were designated as Mcur1-KO mice in this study. The

genotypes of Mcur1 in all mice were analyzed by PCR with the following primers: Forward, 5’-CACCTTCCCTTGCTCTCCTG-3’,

and Reverse, 5’-GAGACCCTCTATCACCTGCG-3’.

Further, the Mcur1 conditional KO (Mcur1-cKO) mouse model was constructed on the C57BL/6 background in Shanghai Model

Organisms Center (China). In the generation of Mcur1 flox mice, we designed the loxP region to specifically target the exons 3 - 4

of Mcur1 gene. Thus, a loxP element (lox2272-loxP-pA-IRES-En2SA-lox2272-loxP) was inserted into intron 2 and intron 4 of

Mcur1 gene using two sgRNAs, respectively. The sgRNA1 targeting intron 2 was 5’-CTAGCCTGAAAAAGACAATTTGG-3’, and

the other sgRNA2 targeting intron 4 was 5’-CATCAAACAGAGGTCTAGGATGG-3’. The genotype ofMcur1 flox mice were confirmed

by PCR with primers: Forward, 5’-GTTAGGGGGTGAAACTGGGG-3’, and Reverse, 5’-CCTGCAAGTGTTTCAGTGGC-3’. The sizes

of the PCR products from the floxed and WT alleles are 367 and 313 bp, respectively. To obtain the hematopoiesis-specific Mcur1-

cKO mice, Mx1 was used according to the guideline from previous studies.57,58

The effect of theMcur1 (conditional) knockout onmicewas validated throughWestern blotting assays by using the antibodies against

MCUR1 (#A08547-1; BosterBio, USA) and b-actin (#60008-1-Ig; Proteintech, China). All the animal experiments were performed with

the approval of the Institutional Animal Care and Use Committee of Beijing Institute of Radiation Medicine (Beijing, China).

Cell lines
The human erythroleukemic cell line K562 was maintained in RPMI 1640 medium (GIBCO, NY, USA) supplemented with 10% fetal

bovine serum (FBS; HyClone, CA, USA), 100 U/mL penicillin and 100 mg/mL streptomycin. The cells were incubated at 37 �C in a

humidified incubator containing 5% CO2. The human embryonic kidney cell line HEK293T were grown in Dulbecco’s modified Ea-

gle’s medium (DMEM; HyClone, CA, USA) with L-glutamine supplemented with 10% FBS, 100 U/mL penicillin and 100 mg/mL strep-

tomycin at 37 �C and 5% CO2. The human umbilical cord blood-derived erythroid progenitor 2 (HUDEP2) cell, which is an immortal-

ized CD34+ hematopoietic stem and progenitor cells (HSPCs)-derived erythroid progenitor cell line,59 was expanded in serum-free

medium (Stem Cell Technologies, Vancouver, Canada) supplied with doxycycline (1 mg/mL), dexamethasone (10–6 M), stem cell fac-

tor (SCF; 50 ng/mL), erythropoietin (EPO; 3 U/mL), 1% L-glutamine and 2% penicillin/streptomycin at 37 �C in 5% CO2.

According to the institutional guidelines and after informed consent, the umbilical cord bloods and bone marrow (BM) aspirates

from healthy individuals were obtained at the Fifth Medical Center of Chinese PLA (Beijing, China). Human CD34+ HSPCs were

then purified from these cord bloods and BM aspirates by using themagnetic-activated cell sorting magnetic beads system (Miltenyi

Biotec, Bergisch-Gladbach, Germany), and the purity of them was > 95%. Human CD34+ HSPCs were cultured on Retronectin-

coated (Pan Vera, WI, USA) plates in serum-free medium (Stem Cell Technologies, Vancouver, Canada) containing growth factors

(IL-3 [25 ng/mL], interleukin-6 [10 ng/mL], Flt-3 ligand [100 ng/mL], SCF [50 ng/mL] and thrombopoietin [100 ng/mL]) at 37�C in

5% CO2. To assess the erythropoiesis, human CD34+ HSPCs were further cultured in erythroid differentiation conditions (SCF,

5 ng/mL; IL-3, 5 ng/mL; and EPO, 3 U/mL) at 37 �C in 5% CO2.
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METHOD DETAILS

WGS, SNP detection and data quality control
Whole-genome sequencing (WGS) was performed for the 98 participants in the TIB_discovery (n = 48) and HAN_discovery (n = 50)

populations at discovery stage at Wuxi AppTec (Wuxi City, Jiangsu Province, China) using Illumina’s Hiseq X Ten platform to obtain a

mean, per-sample depth of�403 (Table S2). To avoid the influence of reads with artificial bias, such as low-quality paired reads that

mainly result from base-calling duplicates and adapter contamination, the following several types of read were removed 60: (a) reads

with R 10% unidentified nucleotides; (b) reads with < 10 nucleotides aligned to the adapter; (c) reads with > 10% nucleotides not

matching with the adapter; (d) reads with > 50% nucleotides having phred quality < 5; and (e) putative PCR duplicates generated

by PCR amplification in the library construction process (i.e., read 1 and read 2 of two paired-end reads that were completely iden-

tical). Finally, an average of 119.8 Gigabytes (Gb) of data was retained for assembly, and among which�86% of the bases achieved

at least a base quality score of 30 (Q30) (Table S2). We further genotyped the 50 HAN_discovery individuals using the Illumina Human

Omni ZhongHua-8 BeadChip at CapitalBio Corporation (Beijing, China), and then the concordance between the genotypes deter-

mined by Illumina SNP arrays and those determined byWGS was evaluated using the Kappa test. A high concordance rate between

them was achieved (99.8%; P < 2.2 3 10-16, Kappa test; Table S4).

We conducted analysis of variant calling using the bioinformatics platform of the National Center for Protein Sciences (Beijing). In

brief, we simultaneously aligned the sequencing reads of these 98 participants to the human reference genome (UCSC Genome

Browser hg19) by Burrows-Wheeler Aligner (BWA, v0.5.9).50 Next, we adjusted the alignments via several steps 9, including Genome

Analysis Toolkit (GATK, v2.8-1) indel realignment, Picard read duplicate marking, and GATK quality score recalibration modules.9

Then, the SNPs were called and filtered via the GATK UnifiedGenotyper under default parameter settings. As a result, the sequences

were free of mapping bias due to similar base quality, mean depth and mapping coverage for all subjects (Table S2). By applying

identity-by-descent test, none of the individuals has hidden relatedness.

SNPs genotyping in replication stage
In the replication stage, three SNPs at MCUR1 (rs61644582) loci were genotyped by Sanger sequencing. PCR amplifications were

performed in 25 mL reactions using the KOD-Plus-Neo high-fidelity thermostable DNA polymerase (Toyobo, Japan) on a BioRad

c1000 Touch Thermal Cycler (Bio-Rad, USA). The primers for Sanger sequencing of these SNPs were provided in Table S15. Partic-

ularly notably, for the public available datasets not containing the rs61644582 genotypes, such as Yang et al. and Zheng et al. data-

sets, the rs1204175 was used as the proxy to rs61644582 in replication studies (Figure S3D), due to high LD between them based on

the TIB_discovery population (r2 = 0.98).

Phenotypic analyses of mice
A total of 28 randomly selected maleMcur1-KOmice (14Mcur1+/+ and 14 age-matched Mcur1+/– mice, respectively) were used for

phenotypic analyses. The Mcur1+/+ and Mcur1+/– mice (8-week-old) were placed in normoxic (21% O2; 7 Mcur1+/+ and 7 Mcur1+/–

mice, respectively) or hypoxic (11% O2, representing 5,000 m above sea level; 7 Mcur1+/+ and 7 Mcur1+/– mice, respectively) envi-

ronment in a polycarbonate hypoxic chamber (Coy Laboratory Products, Michigan, USA) as previously described.61,62 In brief, the

mice were placed in a hypobaric hypoxic chamber with inspired oxygen (FIO2) of 0.11 for 23 h per day, and continued for 4 weeks.

Therefore, themicewere exposed to normoxic conditions for 1 h per day, duringwhich the cagewere cleaned and thewater and food

were replenished. A standard light-dark cycle of 12 h-12 h light exposure was used. The oxygen level in the chamber is controlled

automatically by balancing the air with nitrogen (N2). After exposure to prolonged hypoxia for 4 weeks, mice were first equilibrated

by room air for 1 hour (h) in order to avoid acute vasomotor responses, and were then anesthetized with urethane (1.4 mg/g). Body

weights and spleen weights of all the mice were recorded and the experiment was terminated at the 28th day. We performed the

same phenotypic analyses on Mcur1-cKO mice as in Mcur1-KO mice.

Hematology analyses and serum EPO ELISA

Peripheral blood was collected in heparinized glass capillaries (50 mL) by tail vein bleeding, and immediately analyzed for Hb con-

centration by photometric method using HemoCue Hb 201+ analyzer (Hemo Cue, Angelholm, Sweden), and RBC count, hemat-

ocrit (HCT) level and other hematological parameters by auto hematology analyzer (Mindary BC-3000 plus, Shenzhen City, China).

Reticulocytes were assayed using the Retic-Count reticulocyte reagent system (BD Biosciences, CA, USA). Serum EPO levels

were measured using a mouse Erythropoietin ELISA kit (#MEP00B; R&D Systems, MN, USA) according to the manufacturer’s

instructions.

HE staining

For hematoxylin and eosin (HE) staining, the mice were perfused with phosphate buffered saline (PBS) by cardiac perfusion tech-

niques, and 4% PFA was used for tissue fixation. For spleen histology, sections of spleens (12 mm) were used for HE staining.

For BM histology analyses, sternal bones were fixed for > 24 h in 10% neutral buffered formalin at room temperature and deminer-

alized in 12%EDTA for 2 weeks. The slides of spleen or sternumswere treated at 60 �C for 30minutes (min) andwere then rinsedwith

water. After washing, the slides were stained with hematoxylin for 3 min. Then, the slides were washed sufficiently with water,

immersed in 95% ethanol for 5 seconds (s), and counterstained with eosin for 10 s. The slides were then dehydrated in a gradient

concentration of ethanol and dehydrated with xylene for 3 - 5 min. Finally, the slides were mounted with neutral balsam. Digital
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images were obtained using a Nikon Eclipse E400 microscope (Nikon, Tokyo, Japan) equipped with a digital camera and analyzed

using Spot Advanced software (model 2.1.1; Diagnostic Instruments, MI, USA).

Flow cytometry and cell sorting

Whole BM was isolated by flushing and crushing pelvic and hind leg bones with PBS supplemented with 2% heat-inactivated FBS

(GIBCO, NY, USA) and penicillin-streptomycin (GIBCO, NY, USA). Then, the BMwas lysed on ice with RBC lysis solution (Invitrogen,

CA, USA) and washed in PBS with 2% FBS. Single-cell suspensions of spleen were prepared by pressing tissue through a 70 mMcell

strainer followed by RBC lysis. Then the cell numbers of BM in per femur were counted by the Vi-CELL cell viability analyzer (Beckman

Coulter, CA, USA). For peripheral blood, 250 - 500 mL of peripheral blood was diluted in 2 mL of RPMI media (GIBCO, NY, USA)

and carefully pipetted onto 3 mL of lympholyte solution in a 15-mL tube. Single-cell suspensions from BM and spleen were

stained with panels of fluorochrome-conjugated antibodies (Table S15). The following lineage markers were used: anti-mouse

Ter119, Gr-1, CD11b, B220, CD3, CD4 and CD8. The staining and enrichment procedures for flow cytometry have been previously

described.63 Cells sorting were performed on a FACSAria flow cytometer (BD Biosciences, CA, USA). Data were analyzed by FlowJo

software (v10.0; TreeStar, Oregon, USA). Results were obtained from three independent experiments and each experiment was done

in triplicate.

BFU-E and CFU-E colony-forming assays

The cells fromwhole BMwere harvested, subjected to RBC lysis, and re-suspended in IMDMwith 10%FBS and 5%penicillin-strep-

tomycin. Then, the cells from BM were plated on BFU-E culture mediums (M3436; Stem Cell Technologies, Vancouver, Canada) or

CFU-E culture mediums (M3334; Stem Cell Technologies, Vancouver, Canada) according to the manufacturer’s instructions at 37�C
in a humidified atmosphere with 21% O2 or 1% O2 without opening the cell incubator during the period of hypoxia exposure, and

counted at the 10th day for BFU-E and the 3rd day for CFU-E, respectively. Digital images of every colony were obtained by using

an Olympus IX73 inverted microscope (Olympus, Tokyo, Japan), and colony sizes were measured by the area of each individual col-

ony (pixel count) using a pixel count algorithm provided in ImageJ software (NIH). Results were obtained from three independent ex-

periments and each experiment was done in triplicate.

scRNA-seq of BM cells from Mcur1-WT and Mcur1-cKO mice
Single-cell RNA sequencing (scRNA-seq)

For scRNA-seq, BM cells were obtained from the Mcur1-WT or Mcur1-cKO mice (12-week-old) under normoxia or hypoxia as pre-

viously described.64 To obtain enough number of cells in library construction for scRNA-seq, for each group, BM cells from 3 mice

were mixed into one sample. All cell suspensions were filtered through the 70 mm cell strainers and cell numbers were determined

using the Vi-CELL cell viability analyzer (Beckman Coulter, CA, USA). To enrich c-Kit+ cells, BM cells were stained with c-Kit-APC780

followed by anti-APC-conjugated microbeads. Cells were then separated by LS columns (Miltenyi Biotec, Bergisch-Gladbach, Ger-

many) at 4 �C. The enriched c-Kit+ cells were immediately converted to barcoded scRNA-seq libraries by using the Chromium Single

Cell 3’ Library, Gel Bead & Multiplex Kit and Chip Kit (#CG000204; 103 Genomics, USA), aiming for an estimated 10,000 cells per

library and following the manufacturer’s instructions. Samples were processed using kits pertaining to V3.1 barcoding chemistry of

103Genomics. A single sample is always processed in a single well of a PCR plate, allowing all cells from a sample to be treated with

the samemaster mix and in the same reaction vessel. All the samples were processed in parallel in the same thermal cycler. Then, the

generated scRNA-seq libraries were sequenced on a NovaSeq sequencer (Illumina, USA).

Single-cell gene expression quantification, quality control and batch correction

The Cell Ranger software (version 4.0.0; 103Genomics, USA) was used to perform sample demultiplexing, barcode processing and

single-cell 3’ counting. The fastq files for each sample were processedwith the count function in Cell Ranger, which was used to align

the reads tomouse genome (build mm10) and quantify the gene expression levels in single cells. To filter out low-quality cells for each

sample, the cells that had either fewer than 500 or over 5,000 expressed genes were removed. To filter out dead or dying cells, the

cells that had over 20% unique molecular identifiers (UMIs) derived frommitochondrial genome were further removed. Gene expres-

sion in single cells was normalized using SCTransform function in R package Seurat (v4.0) 65 and the anchor-based batch correction

method was employed to merge samples from different groups.

Cells clustering and hematopoietic cell clusters annotation

Principle component analysis (PCA) was performed for dimensionality reduction and 30 principal components (PCs) were then used

for uMAP visualization and cell clustering. For cell clustering, we used the FindClusters function in Seurat (v4.0), which implements

the shared nearest neighbor (SNN) modularity optimization-based clustering algorithm. Twenty-eight cell clusters were identified af-

ter integrating Mcur1-WT and Mcur1-cKO cells from mice under hypoxia or normoxia conditions. Cell clusters with extremely low

nUMI count and high fraction of doublets (two cells encapsulated in a single droplet) were assigned as low-quality clusters and

were then excluded from further analyses. Major cell types were annotated using the canonical marker genes of hematopoietic

cell types.64 The hematopoietic stem cells and multipotent progenitors (HSCs/MPPs) were compiled and re-clustered for a second

round using the same procedure as described above, and the clusters annotation was performed using a set of previously reported

canonical marker genes of HSPCs, and was further confirmed by comparing themwith the well-annotated cell clusters in the Atlas of

Mouse Blood Cells dataset.64 For the fairness of comparison of cellular abundances between different samples, we first normalized

the counts of pre-erythroid cells with the overall cell counts identified in the corresponding samples. Then, we calculated the relative

abundances of pre-erythroid cells in Mcur1-cKO samples to those in Mcur1-WT samples.
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Identification of marker genes for cell clusters

To identify the marker genes for major cell types and cell subpopulations (clusters), we contrasted cells from a major type/subpop-

ulation to all the other cells using the FindAllMarkers function of Seurat (v4.0), which identifies differentially expressed genes between

two groups of cells using aWilcoxon rank-sum test.P valueswere then corrected using Bonferroni correction based on the total num-

ber of genes in the dataset. Marker genes were defined as those genes with an adjusted P value < 0.01, a detectable percentage

higher than 25% in that cluster, and an average expression level in one cluster at least 2-fold higher than that in the other clusters.

Lineage score calculation

Gene set enrichment analysis (GSEA) was performed to identify up-/down-regulated lineage-specific gene modules in HSPCs be-

tweenMcur1-WT andMcur1-cKOmice under normoxic or hypoxic condition. Genemoduleswith enrichment score (ES) > 0 and false

discovery rate (FDR) < 0.05 were defined as up-regulated modules, while ES < 0 and FDR < 0.05 were defined as down-regulated

modules. Lineage signature gene sets, including erythroid, megakaryocytic, myeloid, lymphoid and proliferation, were obtained from

previous study.64

Trajectory analysis and gene expression trend fitting

We used Monocle 3 (v.3.0) 66 to construct the trajectory tree of all groups of cells, which indicated the distinct lineage differentiation

potential for each group of cells. Through integration analysis of the differentiation trajectory and erythroid-specific expressed genes,

we further showed the differentially expressed gene in HSPCs betweenMcur1-WT andMcur1-cKOmice along the HSC-MPP-mega-

karyocyte/erythroid progenitors (MEP) differentiation trajectory. Gene expression trend versus pseudotime was fitted using Local

Polynomial Regression model implemented in stats R package.

siRNAs and shRNAs
The small interfering RNAs (siRNAs) targeting MCUR1, TSC1, TSC2, AMPKa1, CAMKK2, PU.1 and a non-targeting control siRNA

were synthesized by RiboBio (Guangzhou City, China). The cells were transfected with 50 nM siRNAs using riboFECT Transfection

Kit (#C10511-1; RiboBio, Guangzhou City, China) according to the manufacturer’s instructions.

Lentiviral shRNA constructs (pLVshRNA-puro-EGFP) coding a scramble sequence (sh-Ctrl) and two independent shRNAs target-

ingMCUR1 were obtained from Inovogen Tech (Beijing, China). Lentiviruses were produced with the gene-specific lentiviral shRNA

constructs, psPAX2 and PMD2.G (Addgene, MA, USA). For lentiviral infection, human CD34+ HSPCs at day 4 of differentiation were

incubated with lentiviruses for 12 h before washing the excess virus. Forty-eight hours after lentiviral infection, the cells were selected

with 1 mg/mL puromycin until the end of the culture period. All the constructs used in this study were confirmed by DNA Sanger

sequencing. The sequences of all siRNAs and shRNAs are listed in Table S15.

Construction of MCUR1 overexpression vector
For rescue assays, five silent point mutations were introduced into the region targeted by MCUR1 shRNAs (at nucleotides 497-515

based on NCBI NM_001031713, new sequence: 5’- TT-AAC-ACA-CAC-GCA-TTA-GT-3’) to generate anMCUR1 construct resistant

to sh-MCUR1. The silent point mutations were generated using the QuickChange site-directed mutagenesis kit (#200513; Strata-

gene, CA, USA). Then, the full-length of cDNAs encoding this mutant MCUR1 were cloned into adenovirus vector pAD-MCS-

IRES-mcherry (Syngentech, Beijing, China). All the mutant MCUR1 plasmids were confirmed by DNA sequencing.

qRT-PCR assays
RNA samples were isolated using the RNeasy mini kit (#74104; Qiagen, Hilden, Germany) and were reversely transcribed into cDNAs

with the high-capacity cDNA reverse transcription kit (#4368814; Life Technologies, CA, USA). Quantitative real-time PCR assays

were performed using iQ SYBR Green Supermix (#170-8862; Bio-Rad, CA, USA) on an iQ5 real-time PCR detection system (Bio-

Rad, CA, USA). Each gene was assessed at least in triplicate using the DDCt method, and the b-actin (ACTB) was used as an internal

control. Results were obtained from three independent experiments and each experiment was done in triplicate. The sequences of

the primers were designed using Primer3 (v0.4.0) and listed in Table S15.

Western blotting assays
Western blotting assays were performed according to standard protocols. Cells were lysed in RIPA buffer plus EDTA-free protease

inhibitor cocktail (#04693132001; Roche, Basel, Switzerland) and subjected to sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE). Proteins were transferred to BioTraceTM NT Nitrocellulose Transfer Membrane (#P/N66485; PALL, USA)

and incubated with antibodies against Human MCUR1 (SAB2100356; Sigma, USA), Mouse MCUR1 (SAB2700722; Sigma, USA),

mTOR (#2983; Cell Signaling Technology, USA), phosphorylated mTOR (p-mTOR, Ser2448; #5536; Cell Signaling Technology,

USA), p70 S6 kinase (S6K; #9202; Cell Signaling Technology, USA), phosphorylated p70 S6 kinase (p-S6K, Thr389; #9205; Cell

Signaling Technology, USA), 4EBP1 (#9644; Cell Signaling Technology, USA), phosphorylated 4EBP1 (p-4EBP1, Thr37/46; #2855;

Cell Signaling Technology, USA), ULK1 (#20986-1-AP; Proteintech, China), phosphorylated ULK (p-ULK1, Ser757; #14202; Cell

Signaling Technology, USA), LC3 (#12741; Cell Signaling Technology, USA), p62 (#55274-1-AP; Proteintech, China), PGC1a

(#66369-1-lg; Proteintech, China), NRF1 (#12482-1-AP; Proteintech, China), YY1 (#66281-1-lg; Proteintech, China), mtTFA

(#19998-1-AP; Proteintech, China), AMPKa (#5831; Cell Signaling Technology, USA), phosphorylated AMPKa (p-AMPKa, Thr172;

#2535; Cell Signaling Technology, USA), TSC1 (#6935; Cell Signaling Technology, USA), TSC2 (#4308; Cell Signaling Technology,
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USA), phosphorylated TSC2 (p-TSC2, Ser1387; #23402; Cell Signaling Technology, USA); Raptor (#20984-1-AP; Proteintech, China),

phosphorylated Raptor (p-Raptor, Ser792; #89146; Cell Signaling Technology, USA), LKB1 (#3047; Cell Signaling Technology, USA),

phosphorylated LKB1 (p-LKB1, Ser428; #3482; Cell Signaling Technology, USA), CAMKK2 (#16810; Cell Signaling Technology,

USA), phosphorylated CAMKK2 (p-CAMKK2, Ser495; #16737; Cell Signaling Technology, USA), PU.1 (#2258; Cell Signaling Tech-

nology, USA) and b-actin (#60008-1-Ig; Proteintech, China). Horseradish peroxidase (HRP)-conjugated Goat anti-Mouse IgG

(#CW0102; CWBIO, China) or Goat anti-Rabbit IgG (#CW0102; CWBIO, China) secondary antibodies were used. Immunoreactive

bands on the membrane were detected using SuperSignalTMWest Pico Chemiluminescent Substrate kit (#34080; Thermo Scientific,

MA, USA) and Western Blotting Detection System (Bio-Rad, CA, USA). The quantification of proteins in SDS-PAGE gel bands was

measured by gray scanning analyses using ImageJ software (NIH).

Flow cytometry analyses of human CD34+ HSPCs
For examining in vitro erythropoiesis, human CD34+ HSPCs (isolated from cord bloods or BM aspirates) taken from culture at the 3rd,

7th and 10th day were washed in PBS and re-suspended in 50 mL of PBS containing 1% of FBS (Gibco, NY, USA). Then the human

CD34+ HSPCs were sorted for GPA+CD71+ erythroblasts, and BFU-E or CFU-E erythroid progenitor cells. Briefly, the cells were

stained with the appropriate dilution of the antibodies and incubated for 30 min at 4 �C in the dark. Quadrant/gating in dot plots

was determined, based on the isotype staining. Antibodies used in this study were as follows: CD34-BV421 (#343609; Biolegend,

San Diego, CA, USA), IL-3R-PEcy7 (#25-1239-42; Thermo Scientific, MA, USA), CD36-PE (#555455; BD Biosciences, CA, USA),

CD71-PEcy7 (#25-0719-42; Thermo Scientific, MA, USA) and GPA-APC (#17-9987-42; Thermo Scientific, MA, USA). Electronic

compensation was done using unstained samples. The detailed sorting strategies were shown in Table S15. Stained cells weremoni-

tored by FACSAria flow cytometer (BD Biosciences, CA, USA) and analyzed with FlowJo software (v10.0; TreeStar, Oregon, USA).

Results were obtained from three independent experiments and each experiment was done in triplicate.

Benzidine staining assays
Benzidine staining was used for detecting the hemoglobin-positive cells. Benzidine (Sigma, MO, USA) stock solution containing 3%

benzidine and 90% glacial acetic acid was used to prepare a fresh working solution comprising a ratio of 1:1:5 for benzidine stock

solution, H2O2 and ddH2O, respectively. Induced human CD34+ HSPCs (1.0 3 106) were centrifuged at 300 3 g for 5 min. The cell

pellet was re-suspended in 500 mL PBS and 100 mL of the benzidine working solutionwas added. After a 5min incubation period, cells

were centrifuged at 3003 g for 5 min and re-suspended in 500 mL PBS. The benzidine-positive cells, i.e., the stained blue cells, were

counted under a light microscope (Olympus IX73, Olympus, Tokyo, Japan) using a Bright-Line hemocytometer (Hausser, PA, USA),

and were imaged using the cellSens Standard software (Olympus, Tokyo, Japan). Results were obtained from three independent

experiments and each experiment was done in triplicate.

Cells growth assays
Human CD34+ HSPCs were seeded in 24-well plates at the density of 13 105 cells per well with 50 mL of complete culture medium.

The culture medium is changed daily. Following 3, 4, 5, 6 and 7 days, respectively, the cells were harvested, diluted by trypan blue

working solution and then counted with an automated cell counter TC10TM (Bio-Rad, CA, USA), to allow for growth curve construc-

tion. Results were obtained from three independent experiments and each experiment was done in triplicate.

Cell cycle and cell apoptosis assays
Cells (1 3 106) were trypsinized and re-suspended to generate single-cell suspensions. For cell cycle analysis, we first fixated cells

with ethanol and stained DNA with propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, USA) containing RNase A (Sigma-Aldrich),

and the samples were then analyzed by flow cytometry (BD Biosciences, CA, USA). For apoptosis analysis, the cells were stained

with APC-conjugated Annexin V/7-AAD Apoptosis Detection Kit (#88-8007-74; Thermo Scientific, MA, USA), as suggested by the

manufacturer. Then, the apoptosis ratio was measured by flow cytometry. Results were obtained from three independent experi-

ments and each experiment was done in triplicate.

BFU-E and CFU-E colony-forming assays for human CD34+ HSPCs
Human CD34+ HSPCs sorted from the cord bloods or BM were diluted at a density of 200 cells in 1 mL of MethoCult�
H4434 classic medium for BFU-E colony-forming assays, and in 1 mL of MethoCult� H4330 medium for CFU-E colony-forming

assays (Stem Cell Technologies, Vancouver, Canada), respectively, and incubated at 37�C in a humidified atmosphere with 1% O2

or 21% O2. The cells culture environment for hypoxia cultures (1% O2) were achieved using a Forma Series II Water-Jacketed CO2

Incubator (#3131; Thermo Fisher scientific, MA, USA). Culture environment was maintained at 1% O2, 5% CO2 and 94% N2

without opening the cell incubator during the period of hypoxia exposure as previously described.8 The BFU-E and CFU-E col-

onies were defined according to the criteria described previously by Dover et al.67 Briefly, CFU-E colonies were counted and

imaged on the 7th day, while BFU-E colonies were counted and imaged on the 14th day by using an Olympus IX73 inverted mi-

croscope (Olympus, Tokyo, Japan). Colony sizes were measured by the area of each individual colony (pixel count) using a pixel

count algorithm provided in ImageJ software (NIH). Results were obtained from three independent experiments and each exper-

iment was done in triplicate.
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Cytospin assays
A total of 13 105 induced human CD34+ HSPCs (isolated from cord bloods or BM aspirates) in 200 mL were used for cytospin prep-

aration on coated slides by using the Thermo Scientific Shandon 4 Cytospin. The slides were stained with May-Gr€unwald solution

(Sigma, MO, USA) for 5 min, rinsed in 40 mM Tris buffer for 90 s, and subsequently stained with Giemsa solution (Sigma, MO,

USA) for 15 min. The overall trend of RBC maturation is from large and pale nucleus to darker and smaller nucleus, and then to nu-

cleus loss; The cytoplasm gradually increases; The size gradually decreases; The cytoplasm changes from dark blue (filled with RNA)

to grayish (a mixture of RNA and hemoglobin) and then to reddish (filled with hemoglobin, without RNA). The morphological charac-

teristics of Basophilic erythroblasts (Bas) are large size, high nucleus/cytoplasm ratio, and with slight nuclear condensation. Poly-

chromatic erythroblasts (Pol) exhibit a decrease in cell size, lighter-grayish cytoplasm and additional nuclear condensation. Ortho-

chromatic erythroblasts (Ort) exhibit dark-opaque nucleus, gray-red cytoplasm, and the nucleus has become pyknotic. Erythrocytes

(Ery) have no nucleus and their cytoplasm is orange-red. The cells were imaged and the numbers of the four types of cell were

counted using an Olympus IX73 inverted microscope (Olympus, Tokyo, Japan). The percentages of each type of cells to the total

were calculated. Results were obtained from three independent experiments and each experiment was done in triplicate.

Polysome profiling assays
Briefly, human CD34+ HSPCs (isolated from the cord bloods or BM aspirates) or mouse whole BM cells were treated with 100 mg/mL

cycloheximide (CHX) for 5 min. Harvested cells were washed with ice-cold PBS containing 100 mg/mL CHX. Cells were lysed in

500 mL hypotonic buffer (5 mM Tris-HCl pH 7.5, 2.5 mM MgCl2, 1.5 mM KCl, protease inhibitor cocktail) containing CHX (100 mg/

mL) and Triton-X100 (1% v/v). The supernatant was transferred to a pre-chilled 1.5 mL tube after centrifugation at 21,000 g for

5 min at 4 �C. Aliquots of the same OD number of lysates from each sample were loaded onto a 10% � 50% sucrose gradient,

and centrifuged at 35,000 revolutions per minute (r.p.m.) for 2 h at 4 �C using a SW40Ti rotor in a Beckman Coulter Optima L-80 ul-

tra-centrifuge with no brake (Beckman Coulter, CA, USA). After centrifugation, gradients were fractionated and the optical density at

254 nmwas continuously recorded using a BioFrac fraction collector (CA, USA), and chased with 60% (w/v) sucrose with bromophe-

nol blue at 1 mL/min. Data were analyzed using the Bio-Rad LP Data View software. Polysome fractions were collected at 0.5 mL per

fraction. Polysome/monosome (P/M) ratios of the traced profiles were used as a measure of protein translation rates, which were

measured by the areas below the ribonucleoproteins (RNP) ribosomes and polysomes peaks. Results were obtained from three in-

dependent experiments and each experiment was done in triplicate.

Measurements of the mitochondrial bioenergetics
Measurements of the cytoplasmic and mitochondrial Ca2+ concentration

Human cord blood-derived CD34+HSPCs ormousewhole BMcells were cultured on poly-L-lysine-coated glass bottomPetri-dishes

upon normoxic or hypoxic conditions for 48 h, and were then loaded with 5 mM rhod-2 (30min; Thermo Scientific, MA, USA) and 5 mM

Fluo-4 (30 min; Thermo Scientific, MA, USA) for measurements of the mitochondrial Ca2+ ([Ca2+]m) and cytoplasmic Ca2+ ([Ca2+]c)

concentration, respectively, in extracellular medium (ECM; 120 mM NaCl, 5 mM KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1 mM

EGTA, 20 mM HEPES, pH 7.4). The glass bottom Petri-dishes were mounted in an open perfusion microincubator (PDMI-2; Harvard

Apparatus, USA) at 37 �C and imaged. After 1 min of baseline recording, the agonist ionomycin (2.5 mM; MCE, NJ, USA) was added

and confocal images were recorded every 10 s (510Meta; Carl Zeiss, Jena, Germany) at 488 nm (for [Ca2+]c) and 568 nm (for [Ca2+]m)

excitation using a 403 objective. Ionomycin is a Ca2+ ionophore, which can enhance the plasma membrane Ca2+ permeability while

leaving mitochondrial membranes intact, resulting in rapid increase of [Ca2+]c to trigger the mitochondrial Ca2+ uptake. Images were

analyzed and quantified using ImageJ software (NIH).

Measurement of the mitochondrial respiration

Human cord blood-derived CD34+ HSPCs or mouse whole BM cells were seeded in poly-L-lysine-coated 96-well Seahorse culture

plates at the density of 1 3 104 cells. After 24 h, oxygen consumption rate (OCR) was measured using the XF Cell Mito stress kit

(#103015-100; Seahorse Bioscience, MA, USA) at 37�C in an XF96 extracellular flux analyzer (Seahorse Bioscience, MA, USA).

OCR was determined at four levels: (1) with no additions; (2) adding oligomycin (1 mM); (3) adding carbonyl cyanide

4-(trifluoromethoxy) phenylhydrazone (FCCP, 300 nM); and (4) adding rotenone (100 nM) plus antimycin A (100 nM). Results were

obtained from three independent experiments and each experiment was done in triplicate.

Measurements of the cellular AMP and ATP levels

Total cellular ATP levels in human cord blood-derived CD34+HSPCs ormousewhole BM cells weremeasured using the CellTiter-Glo

luminescent assay kit (#G7570; Promega, WI, USA). AMP levels were measured using the AMP-Glo luminescent assay kit (#V5011;

Promega, WI, USA). Luminescence was measured using a microplate reader (Infinite M1000 PRO; Tecan, NC, USA). Results were

obtained from three independent experiments and each experiment was done in triplicate.

Measurement of the mitochondrial reactive oxygen species (ROSs)

Human cord blood-derived CD34+ HSPCs ormousewhole BM cells were plated on poly-L-lysine-coated glass coverslips. After 24 h,

cells were loaded with the mitochondrial superoxide sensitive fluorophore MitoSOX Red (2 mM; Thermo Scientific, MA, USA) and Di-

hydrorhodamine 123 (Rhod123; 2.5 mg/mL; Thermo Scientific, MA, USA) in William’s E medium (without serum) at 37�C for 30 min.

Cells were then washed and imaged using a Carl Zeiss 510 confocal microscope with a 403 oil immersion objective at 561 nm as

described previously.68 MitoSOX fluorescence was then quantified using ImageJ software and plotted as arbitrary units using
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GraphPad Prism package (v6.0; GraphPad Software, CA, USA). Results were obtained from three independent experiments and

each experiment was done in triplicate.

TMRM staining for the mitochondrial membrane potential (DJm)

Human cord blood-derived CD34+ HSPCs or mouse whole BM cells were placed on poly-L-lysine-coated glass coverslips. On the

next day, cells were stained with tetramethylrhodamine, methyl ester (TMRM; 50 nM; Thermo Scientific, MA, USA) and Rhod123

(2.5 mg/mL; Thermo Scientific, MA, USA) for 30 min at 37�C. Images were obtained using a Carl Zeiss 510 confocal microscope

with a 403 oil objective at excitations of 561 nm for TMRM and 488 nm for Rhod 123, respectively. Then, the TMRM fluorescence

intensity was quantified using ImageJ software and plotted as arb unit using GraphPad Prism package (v6.0; GraphPad Software,

CA, USA). Results were obtained from three independent experiments and each experiment was done in triplicate.

ChIP assays
We tested whether rs61644582 could affect the binding with specific PU.1 or ELF1 by chromatin immunoprecipitation (ChIP) assays.

The humanHUDEP2 andHEK293T cell lines, both of whichwere confirmed to be heterozygous (C/del genotype) at rs61644582, were

crosslinked and processed using the ChIP Assay Kit (17-10086; Millipore, CA, USA). Briefly, approximately 13 107 cells were cross-

linked with 1% formaldehyde, and cells nuclear extracts (N.E.) were sonicated on a Bioruptor Plus sonication system (Diagenode,

Liege, Belgium). Chromatin lysate was pre-cleared using Dynabead protein A (Invitrogen, CA, USA) and subjected to immunoprecip-

itation using antibody against PU.1 (#2258; Cell Signaling Technology, MA, USA) or ELF1 (#sc-373772; Santa Cruz Biotechnology,

CA, USA), or control IgG (#2729; Cell Signaling Technology, MA, USA). DNA-protein complex was precipitated using Dynabead pro-

tein A, eluted in washing buffers, and treated using proteinase K and RNase A in turn to reverse cross-links. DNA was then purified

using the QIAquick PCR purification kit or Mini-Elute PCR purification kit (#28006; Qiagen, Hilden, Germany), and pre-immunopre-

cipitated DNA from each sample was used as input control.

For ChIP-qPCR analysis, the relative fold of enrichment was assessed by calculating the immunoprecipitation efficiency above

fragment-specific background (IgG control) followed by normalization to the occupancy level observed in input sample. ChIP fol-

lowed by allele-specific qPCR (ChIP-AS-qPCR) analysis was performed similarly to ChIP-qPCR. The difference of these two assays

was that the primers were designed for allele-specific amplification of the rs61644582 region with a C or del allele in the DNA samples

from ChIP. In ChIP followed by PCR and Sanger sequencing assays, PCR was performed on the target DNA fragments with

rs61644582 C/del genotype, followed by sequencing. All the primer pairs used in ChIP assays were shown in Table S15. Results

were obtained from three independent experiments and each experiment was done in triplicate.

EMSA and WEMSA
For the electrophoresis mobility shift assay (EMSA), the synthetic double-stranded and 3’ biotin-labeled oligonucleotides containing

the rs61644582 del or C allele (Table S15) were incubated with nuclear extracts (N.E.) from HUDEP2 or K562 cells at 25 �C for 20 min

using the LightShift chemiluminescent EMSA kit (#20148; Thermo Scientific, MA, USA). The reaction mixture was separated on 6%

PAGE, and the products were detected by Stabilized Streptavidin-Horseradish Peroxidase Conjugate. Unlabeled oligonucleotides at

100-fold molar excess were added to the reaction for competition. We confirmed the identity of the DNA-binding protein in assays

using the antibodies specific to PU.1 (#2258; Cell Signaling Technology, MA, USA) or non-specific rabbit IgG (#2729; Cell Signaling

Technology, MA, USA).

For the Western blotting-EMSA (WEMSA), probes containing the rs61644582 del or C allele (Table S15) were incubated with N.E.

from HUDEP2 or K562 cells, or purified full-length recombinant PU.1 protein (100 ng; Abnova, Taipei, China) and purified full-length

recombinant ELF1 protein (100 ng; Abnova, Taipei, China) along with the same binding buffer as described for EMSAs. The samples

were incubated at 4�C for 20 min before they were run on DNA retardation gels at 250 V on ice for 20 min. The samples were then

transferred on ice to a nitrocellulosemembrane forWestern blotting (30 V for 1 h). Following transfer, themembranewas blockedwith

5%milk in TBST for 1 h with rocking at room temperature before primary antibody was applied (1:1,000 dilution in 5%milk) overnight

at 4�C with rocking. The primary antibodies used for WEMSAs included antibodies against PU.1 (#2258; Cell Signaling Technology,

MA, USA) and ELF1 (#sc-373772; Santa Cruz Biotechnology, CA, USA). The membrane was washed with TBST before addition of

secondary antibody (#CW0102; CWBIO, Jiangsu, China) for 1 h at room temperature and was washed before substrate was added

for imaging.

EMSA and WEMSA membranes were all imaged using the Amersham Imager 600 (GE Healthcare, USA). WEMSA bands were

quantified using ImageJ software to assess the differences in binding between the two oligonucleotide probes (del and C allele)

on each membrane. Each experiment was then normalized to the lower intensity and plotted according to protein to display the dif-

ferences in binding based on alleles. Results were obtained from three independent experiments and each experiment was done in

triplicate.

Luciferase reporter gene assays
The 2,100 bp genomic region surrounding the rs61644582 (Chr.6:13,836,590-13,838,690 bp; hg19) was amplified and inserted into

the upstream of SV40 promoter in the pGL3-promoter vector (#E1761; Promega,WI, USA). Site-directedmutagenesis was employed

to obtain either the C or del allele at the rs61644582 site. The SV40 promoter was subsequently replaced byMCUR1 promoter region

(-350 bp to +100 bp relative to the transcriptional start site). The primers were shown in Table S15. Then, we seeded 0.5 3 106
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HUDEP2 or 1.53 106 K562 cells per well in 12-well plates, and transfected themwith luciferase reporter plasmids using X-tremegene

HP DNA Transfection Reagent (#6366244001; Roche, Basel, Switzerland). The pRL-SV40 plasmid (#E2231; Promega, WI, USA) was

co-transfected as a negative control. After 48 h of incubation, the cells were collected and analyzed for luciferase activity using the

Dual-Luciferase Reporter Assay System (#E1910; Promega, WI, USA). Results were obtained from three independent experiments

and each experiment was done in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Population genetic structure analyses
Principal component analyses

To investigate the populations’ genetic structure and relatedness, we performed a series of principal component analyses

(PCAs) by EIGENSTRAT (v3.0) software.69 We evaluated the genetic structures for the TIB_discovery (n = 48) and the HAN_di-

scovery subjects (n = 50) at the discovery stage and the TIB_Lu (n = 38) and HAN_Lu subjects (n = 39) from Lu et al,60 along with

the reference populations in the 1000 Genomes Project, which includes African (AFR, n = 246), European (EUR, n = 379), Ad-

mixed Mixed American (AMR, n = 181), South Asian (SAS, n = 489) and East Asian (EAS, n = 504). To eliminate the effects of

linkage disequilibrium (LD) across SNPs on population structure, a total of 17,784 independent autosomal SNPs with minor

allele frequency > 0.05 and r2 < 0.001 between each other were selected from �10 million SNPs and were used for the

PCAs. Consistent with previous studies, the PCAs indicated that the Tibetans are genetically more similar to the Han popula-

tions (including HAN_discovery subjects, CHBs and CHSs) than the other ethnic populations, suggesting that Han population is

an appropriate lowland population for subsequent comparative genomics analyses.5 For batch effects filtering, we assessed the

concordance of SNP calls from Chinese Han populations between HAN_discovery, CHB and CHS from the IGSR collection that

are used for population structure analysis. We first exclude the SNPs with a missing rate > 0.05 for any collections. Then, we

counted the number of homozygous (1/1), heterozygous (1/0), reference (0/0) and missing sites (./.) for each SNP, and per-

formed a chi-squared test between all pairs of collections. P values were corrected by the Benjamini-Hochberg (BH) method.

All SNPs that failed in more than one comparison (P < 0.05) were defined as batch effect and were excluded from the subse-

quent analyses.

ADMIXTURE analyses

ADMIXTURE, which is a model-based ancestry-estimation method,52 was used to infer the individual genetic-ancestry coefficients

by conditioning on a specific number (K) of ‘‘ancestral populations’’. Here, we used the same populations and set of SNPs (n = 17,784)

as those used in PCAs. We ran ADMIXTURE with a random seed for the merged dataset from K = 2 to K = 10 with default

parameters in ten replicates for each K. The K = 8model with the lowest cross-validation error was selected as the best-fitting model.

The TIB_discovery subjects showed no signs of significant shared ancestry with the Europeans, American or Africans, but did show

high degree of shared ancestry with the individuals from the East Asian populations.

Runs of homozygosity (ROH) analyses

ROH is an indicator of genomic autozygosity, estimated for each individual using PLINK v 1.9with the default parameters.54 The same

set of SNPs (n = 17,784) as those in the PCAs were used in ROH analyses.

Genetic drift sharing analyses
We performed genetic drift sharing analyses using the outgroup f3 statistics,51 and YRI (Yoruba in Ibadan, Nigeria) from the 1000

Genomes Project were used as the outgroup. We assumed that no admixture had occurred in a tree with topology (Yoruba; A, B),

where the expected value was proportional to the shared genetic history between the A and B populations. That is, the larger the

f3 value, the greater the genetic relatedness between the two populations. ADMIXTOOLS 51 with the qp3pop programwas employed

to calculate the outgroup f3 statistics in the form of f3 (YRI; TIB, X), where TIB represents the Tibetans, and X represents a non-Yoruba

population such as East Asian, Central Asian/Siberian, or South Asian populations.

Coalescent simulations
We introduced the best-fit demographic model for Tibetan and Han populations from our recent publication70 by a diffusion

approximation method of demographic inference,71 with a mutation rate of 1.5 3 10-8 per site per generation72 and a generation

time of 29 years.73 Briefly, we first tested three alternative demographic models with symmetric migrations to describe the

simplified evolution paths. The diffusion approximation method of vavi was utilized to analyze the joint site frequency spectrum

for Tibetans and Hans. Our analysis involved nine consecutive rounds of optimizations (with 100 replicates) following the da-

di_pipeline workflow.74 In each round, multiple replicates were executed, and the parameters estimated from the replicate

with the highest log-likelihood were used to seed searches in the subsequent rounds. Parameter optimization was carried

out using the derivative-based BFGS algorithm. Then, we used msprime 75 to perform whole-genome coalescent simulations

around rs61644582 (± 1 Mb). To account for the parameter uncertainties, we simulated 1,000 replicates of the best-fit demo-

graphic model by randomly sampling values from the confidence intervals of each parameter, assuming that they had a multi-

variate normal distribution.
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Natural selection signals
The population branch statistic (PBS) statistic was used to detect SNPs with positive selection signals by measuring high polarized

divergence of allele frequency between TIB_discovery and HAN_discovery populations with respect to an outgroup CEU (Utah resi-

dents with northern and western European ancestry) from the 1000 Genomes Project (Phase 3). The detailed method has been

described previously by Yi et al. (2010)3. In brief, we first calculated fixation index (FST) of each SNP between each pair of these three

populations by using VCFtools76, and thenmeasured the PBS statistic by the formula fromYi et al. (2010)3.Wedefined the top 1&SNPs

withPBSR 0.24 as the genome-wide significance threshold todetermine the regions of interest. The empiricalP values of the PBSwere

computedby the rank statistic across the total number of SNPs included in the scan. These topSNPscanbe clustered into 30 candidate

loci targeted by positive selection. Then, the HAA-associated genes at a candidate locus were identified according to at least one of the

following evidences: (1) containing coding variants that were in strong LD with the tag SNP; (2) biologically related to HAA based on

manual literature review; (3) containing a cis-eQTL that were in strong LDwith the tag SNP; and (4) nearest the tag SNP. Based on these

lines of evidence, a total of 43 candidate genes were identified in the 30 loci potentially targeted by positive selection.

Meanwhile, diploS/HIC16 was used to accurately detect and classify selective sweeps in genomic regions surrounding 6p23 locus

through a deep convolutional neural network. We trained the model with eleven summary statistics that were calculated from simu-

lation data, and then classified a genomic region into following one of the five classes: hard selection sweep, soft selection sweep,

linked to a hard selection sweep, linked to a soft selection sweep, and selectively neutral region unlinked to a selection sweep.16

Estimation of the mutation age of rs61644582
The mutation age of rs61644582 was obtained from the pre-calculated mutation age estimates based on the 1000 Genomes Project

populations (Phase 3) from the human genome dating server (https://human.genome.dating/) 15. Because rs61644582 was not avail-

able in this human genome dating server dataset, rs1204168, which is in strong LD with rs61644582 (r2 = 0.99, in Asians from 1000

Genomes Project), was used as its proxy.

Estimation of strength and time of selection signals surrounding MCUR1, EGLN1 and EPAS1 loci
For each positive selection signal, we estimated the strength (s), time (t), and frequency of the index allele at the divergence time (f) by

simulating allele frequency trajectories in Tibetans using the ‘‘make sample with selection’’ (MSMS) software. We assumed the index

allele to be segregating prior to the divergence time due to the presence of this allele in Han Chinese. Across a 3-D grid of values of

these 3 parameters, we simulated 1,000 trajectories at each grid-point. To estimate the selection on a particular allele, we took a bin

around its estimated allele frequencies in Tibetans by using a Clopper-Pearson 99% confidence interval (CI) on the allele’s true pop-

ulation frequencies.48 For alleles simulated under neutrality (i.e., s = 0), we observed no hits in the bins for each locus under any com-

binations of (t, f), suggesting that the allele frequency discrepancy is unlikely under neutral evolution in the inferred demographic

model (P < 0.001). Specifically, for estimating the selection at 6p23 locus (MCUR1), we fixed f = 0.26 for rs61644582 del allele in

HAN_discovery population, and 99% CI bins with 0.49 (0.36 - 0.62). For estimating the selection at EPAS1 locus, we fixed

f = 0.01 for index rs76347095, and 99% CI bins with 0.49 (0.36 - 0.62). For estimating the selection at EGLN1 locus, we fixed

f = 0.01 for index rs186996510, and 99% CI bins with 0.58 (0.45 - 0.71). The results were shown in Figure S3B.

Expression enrichment analyses of HAA-associated genes
We used the Data-driven Expression Prioritized Integration for Complex Traits (DEPICT)55 analyses to test whether the HAA-asso-

ciated genes are significantly highly expressed in specific type(s) of tissue or cell. DEPICT includes the gene expression profiles

of 209 types of tissue or cell from 37,427 human samples. In brief, for each type of tissue or cell, the DEPICT method performs t tests

by comparing the tissue-specific expression levels of HAA-associated genes with those of genes randomly selected. Then, the

empirical enrichment P values were computed by repeatedly sampling the random sets of genes (matched to the actual HAA-asso-

ciated genes by genes density) from the entire genome, and the empirical mean (s.d.) of the enrichment statistic’s null distribution

were estimated. The P values of tissue- or cell-type enrichment analyses were calculated empirically using 500 permutations for

bias adjustment and 20 replications for false discovery rate (FDR) estimation. Finally, 9 types of tissue or cell were identified in which

our candidate HAA-associated genes were significantly enriched by DEPICT analyses (all P < 0.05, student’s t test; Table S8).

To replicate these enrichment findings in independent sample sets, we also collected 18 publicly available genome datasets

(Table S9). These genome datasets were from 2 human populations living on the Qinghai-Tibetan Plateau, 1 human population living

on the Andean Altiplano Highland, 1 human population living on the Ethiopian Highland, and 14 animal populations living on the

Qinghai-Tibetan Plateau, respectively. For the Tibetan human datasets, we applied the same pipeline as in the discovery stage of

this study, and performed a regular quality control procedure on raw data and subsequently obtained the candidate HAA-associated

genes. For those datasets from 2 human populations living on non-Tibet plateaus and 14 types of Tibetan animals, we directly ob-

tained the HAA-associated genes annotated in the original papers. If these HAA-associated genes from Tibetan animal studies have

homologous genes in humans, we then mapped them to the homologous human genes to obtain the final HAA-associated genes

(Table S9). Finally, for each population, DEPICT with the default parameters was then used to investigate whether the HAA-associ-

ated genes derived from this population were significantly highly expressed in specific type(s) of tissue or cell.

We also performed the expression enrichment analyses in tissues by another method based on the data from the GTEx project

and permutation test, as previously described.77 In brief, the GTEx project (v8) contained the bulk RNA sequencing data of 8,555
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samples.78 A total of 52,577 transcripts were retained for subsequent analyses if they have HUGO Gene Nomenclature Committee

(HGNC) identities (IDs) (n = 20,932). Those transcripts were further excluded if they have a non-coding RNA IDs (remaining n =

18,359). Then, we ranked all the transcripts by transcripts per million (TPM) across all samples, and generated 1,000 permutations

of each credible set gene list by selecting a random transcript for each entry in the credible set within ± 100 ranks of the transcript for

that gene. For each sample, the TPM values were converted into ranks for that transcript, and sums of ranks within each tissue were

computed for each gene. We calculated the enrichment P values for each tissue by taking the total number of instances when the

gene list of interest had a lower sum of ranks than the permuted sum of ranks that was divided by the total number of permutations.

These candidate HAA-associated genes in the present study and the abovementioned HAA-associated genes from 18 publicly avail-

able genome datasets were analyzed (Table S9).

Pathway enrichment analyses of HAA-associated genes
To investigate the pathways potentially involved in HAA, we first used g:profiler56 to map the candidate HAA-associated ge4nes to

the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Those pathways with less than 5 members or more than 500

members were excluded. Benjamini-Hochberg FDR was used to correct the P values, and the pathways were considered to be

significantly enriched when the corrected P < 0.05. A total of 32 pathways displayed significant enrichment (all adjusted P < 0.05).

Then, by using the same pipeline analyses, we sought to replicate these 32 pathways in the 18 aforementioned publicly available

datasets. Finally, 12 ones out of these 32 pathways remained significant enrichment in at least one dataset (all corrected

P < 0.05; Table S10). The Cytoscape tool was then used to construct the overlap relationship of genes in these significantly enriched

pathways (Figures S2F and S2G).

Associations between rs61644582 and mRNA levels of nearby genes, altitudes and erythropoiesis-related
phenotypes
Association between rs61644582 and mRNA levels of nearby genes

We evaluated the associations between SNP genotypes and mRNA levels of nearby genes within 1 Mb of the 6p23 locus based on

datasets from HaploReg (v4.1) and GTEx (v8) databases, respectively. Because the genotype data of rs61644582 were not available

in the HaplorReg datasets, the rs1204168 (in HaploReg) was used as the proxy to rs61644582 due to strong LD between them in

Asians from 1000 Genomes Project (LD r2 = 0.99). The genotypes T/T, T/C, and C/C of rs1204168 correspond to the genotypes

C/C, C/del, and del/del of rs61644582, respectively. Given the significant eQTLs of RNF182 and TBC1D7 shown in GTEx database,

we assessed the associations between rs61644582 and mRNA levels of these two genes as well asMCUR1 in another independent

Tibetan population (i.e., above-mentioned TIB_replication 2), and finally linked the rs61644582 with the MCUR1 gene. We also as-

sessed the association between rs61644582 and mRNA levels of MCUR1 in the cord blood samples from TIB_replication 3 popu-

lation to replicate the eQTL findings of MCUR1. These Tibetans were genotyped using Sanger sequencing, and their MCUR1

mRNA levels were quantified using qRT-PCR assays and then log2 transformed. The associations between the genotypes of

rs61644582 and the expression levels of the corresponding genes were evaluated using a linear regression model. P values were

considered to be significant when below 0.05.

Association between rs61644582 and altitudes

The frequencies of the rs61644582 del allele were obtained from this study and several previous studies (Table S12). The altitude

information of most of the populations has been reported in the original public papers. For those populations which do lack altitude

information in the original paper, we obtained it by searching for the Google map of their recruitment location. The correlations be-

tween the frequency of rs61644582 del allele and altitudewere performed by Kendall rank test.We observed that the frequency of the

rs61644582 del allele is significantly associated with an increase of altitude in Asian populations, but not in populations from other

continents (Figure 1F). P values were considered to be significant when below 0.05.

Associations between rs61644582 and erythropoiesis-related phenotypes

Three in-house populations (i.e., TIB_replication 3, TIB_replication 4 and HAN_replictaion 1) and several other publicly available

populations were used for this analysis (Table S14). For the in-house populations, the cord bloods (from TIB_replication 3) or pe-

ripheral bloods (from TIB_replication 4 and HAN_replictaion 1) were sampled. The rs61644582 was genotyped by Sanger

sequencing, and the hematological phenotypes were measured by photometric method using HemoCue Hb 201+ analyzer

(Hemo Cue, Angelholm, Sweden) and auto hematology analyzer (Mindary BC-3000 plus, Shenzhen City, China). Additional eryth-

ropoiesis-related physiological phenotypes in cord bloods, such as erythroblasts (GPA+CD71+), were measured by FACS sorting

assays, and BFU-E/CFU-E was determined by colony-forming assays. The associations were evaluated by using a linear regres-

sion model corrected for age and sex when available. Especially, the analyses in TIB_replication 3 were corrected for age of their

mothers and sex of newborns. P values were considered to be significant when below 0.05. For the publicly available populations,

the associations were derived from the original papers, or re-estimated when the data are available by the same analyses as that

performed in the in-house populations.

Associations between MCUR1 mRNA levels and erythropoiesis-related phenotypes

TIB_replication 3 was used for this analysis. MCUR1 mRNA levels and erythropoiesis-related phenotypes were measured, respec-

tively, as the description in the aforementioned section of ‘‘associations between rs61644582 and erythropoiesis-related pheno-

types’’. The associations were evaluated by using a linear regression model.
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Publicly available MCUR1 expressions in multiple tissues and cell lines
The data of MCUR1 expression inmultiple tissues were obtained from the BodyMap 2.0 project (GSE30611) and DMAP dataset 20. In

the BodyMap 2.0 project, theMCUR1 expressions from 16 types of human tissue can be retrieved in GEPIA (http://gepia.cancer-pku.

cn/detail.php?gene=MCUR1). Additionally, to reveal the potential target cell(s) in which MCUR1 plays its roles in hematopoietic dif-

ferentiation, we searched for the expression levels of MCUR1 from the DMAP dataset, which contains 211mRNA expression profiles

of 38 types of cell lines of hematopoietic cell development lineage by the Affymetrix HumanGenomeU133 Plus 2.0 arrays (Affymetrix,

CA, USA). P values were obtained from the original paper.20

Publicly available MCUR1-associated phenotypes prediction
We searched for the potential phenotypes relevant to MCUR1 gene in humans and mice that were predicted by all RNA-seq and

ChIP-seq sample and signature search (ARCHS4).24 ARCHS4 integrated a large number of RNA-seq datasets from 72,363 mouse

and 65,429 human samples in the Sequence Read Archive (SRA) and the Gene Expression Omnibus (GEO); thus, ARCHS4 provides

predictions of phenotypes for genes in humans and mice based on prior knowledge combined with co-expression data. Based on

ARCHS4, we found that MCUR1 is relevant to specific HAA phenotype(s), e.g., erythropoiesis.

RNA-seq and GSEA analyses
Total RNAs were extracted from the cultured human CD34+ HSPCs using TRIZOL Reagent (Invitrogen, CA, USA), which stably ex-

pressed sh-MCUR1 or sh-Ctrl under hypoxia (1% O2) and 7 days of EPO stimulation (3 U/mL). Endogenous MCUR1 was knocked-

down by pooled shRNAs targeting MCUR1 (sh-MCUR1, including sh-MCUR1-1 and sh-MCUR1-2 [1:1]) in HSPCs. RNA-seq was

performed using Illumina NovaSeq6000 at Berry Genomics Co. Ltd. (Beijing, China), and a mean of 40 million paired-end reads

per sample was obtained. The Kallisto (v0.43.1) was used to estimate the gene expression levels based on the novel idea of pseu-

doalignment for rapidly determining the compatibility of reads with targets, without the need for alignment. The expression levels for

each gene were normalized to TPM to facilitate the comparison of transcript levels among samples. The relative abundances of tran-

scripts were measured by the normalized RNA-seq fragment counts.

Then, gene set enrichment analysis (GSEA)53 was performed based on the paired groups (MCUR1 knockdown vs. control) of the

RNA-seq data, with the genes ranking by their signal-to-noise ratios. The gene sets enriched byMCUR1 knockdown were identified

by the weighted Kolmogorov-Smirnov test on the basis of the Molecular Signatures Database (MSigDB, v6.2). The tests were

permuted 1,000 times to compute the FDR, and the FDR q values less than 0.05 were considered to be statistically significant.

Functional annotation of SNPs at 6p23 locus
HaploReg (v4.1) was used to search for SNPs which are tagged by rs61644582 (with LD r2 > 0.8 in East Asian population from the

1000 Genomes Project). HaploReg was also used to predict whether or not a non-coding variant was within amotif binding with tran-

scription factors (TFs), and the effects of the variant on binding strength of TFs. To investigate whether the candidate SNPs at 6p23

locus interacted physically with the promoter regions of nearby genes, the data of high-through chromosome conformation capture

(3C) from two types of human blood cell line (K562 and GM12878) 79 were used. We checked the promoter regions of five genes

located within 200 Kb surrounding the rs61644582 (including SIRT5, NOL7, RANBP9, MCUR1 and RNF182), and observed there

indeed exist chromatin interactions between the promoter regions of MCUR1 and DNA fragments containing the rs61644582.

Other statistical analyses
Fisher’s exact test or c2 test was used for analyses of contingency tables depending on the sample sizes, for analyses of difference in

allele frequencies between Tibetans and Hans, and for independence tests among SNPs in genomic regions subject to positive se-

lection at 6p23 locus. P values were calculated by two-sided Student’s t test for means of age, activities of reporter genes, genes

mRNA levels. The two-way Analysis of Variance (ANOVA) test was used for analyses on cells growth experiments. The estimate

of variation within each group of data was carried out by F-test. Pearson’s test was used to evaluate the correlation coefficiency

(r) and the two-tailed P values of the correlation between the mRNA levels of MCUR1 and those of PU.1. Multiple testing

correction was performed using the Benjamini-Hochberg FDR. All statistical analyses were performed using R package (https://

www.R-project.org). Data are shown as mean ± s.d.. Results were obtained from three independent experiments and each exper-

iment was done in triplicate. P values less than 0.05 were considered to be statistically significant unless otherwise specified.
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