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Supplementary Text

Mouse RNA-seq analyses

Comparison of transcriptional patterns for genes expressed across tissues revealed correlations
amongst almost all tissues. An exception was observed for left ventricle (LV) where the extent of
differential expression across genotypes was only loosely correlated with that of other tissues or
showed an inverse correlation (up-regulated in left ventricle and down-regulated in right
ventricle). Although we were unable to conclusively identify the cause of this artifactual
observation, we hypothesize that timing and order of dissection in the context of a hypoxia-
responsive enhancer played a role. Left ventricle was the final of the seven tissues to be dissected
and frozen, and therefore had the longest exposure to normoxia, particularly in the second mouse
to be euthanized and dissected. Nevertheless, inclusion or exclusion of data from this tissue did
not substantially alter the results of downstream analyses. The differences in the expression
patterns observed in the analysis including or omitting the LV data were negligible, as shown in
fig. S6.
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Fig. S1. Summary data for ATAC-seq and RNA-seq analyses in HAEC’s exposed to 24
hours of normoxia or hypoxia (1% O:). (A) Principal component analysis of the ATAC-seq
data labeled by treatment condition. (B) Volcano plot of differentially accessible ATAC-seq
peaks. (C) Principal component analysis of RNA-seq data labeled by treatment condition. (D)
Annotation of differentially accessible ATAC-seq peaks. (E) Change in chromatin accessibility
at ATAC-seq peaks plotted against the change in transcript levels for DE genes (padj<0.05) with
a peak in their promoter. F) Position of ATAC-seq peaks within the EPASI gene relative to
enhancer elements with differential activity.
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Fig. S2. Genetic architecture of the EPASI locus. (A) All HOMER interaction windows for
the EPASI promoter ascertained, from top to bottom, at Skb, 10kb, and 20kb windows. The blue
highlighted region encompasses the union of the three distal overlapping interaction windows in
EPASI, as described in the text. (B)Boxes below the EPASI gene show the locations of the
luciferase reporter constructs used to test for allelic effects. Blue regions show enhancer regions
with significant allelic effects (p < 0.05) . Black tick marks underneath indicate the position and
rsID of all SNPs tested in enhancer assays (listed in table S2).
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Fig. S3. Location of luciferase reporter constructs relative to oxygenated hemoglobin
association signals and to chromatin states. (A) Locus-zoom plot for the GWAS signal with
oxygenated hemoglobin concentration in Tibetans, data from (/7). (B) Locations of the 12
regions assessed for allelic effects via luciferase reporter assays relative to the predicted
chromatin state across multiple tissues. (C) The global and Tibetan allele frequency of
1s375554942, the SNP with the top GWAS and selection signal in ENHS5. This SNP reached
genome-wide significance in a GWAS of Tibetan women for oxygenated Hb concentration (/7),
with the derived G allele being associated with reduced oxygenated hemoglobin concentration
among Tibetans.
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Fig. S4. Relative luciferase expression of mutagenized ENHS. This plot compares the relative
luciferase expression of the high and low-altitude alleles of ENHS to a construct in which one
SNP (rs375554942) has been altered by site directed mutagenesis. This construct has a high-
altitude haplotype with the low-altitude allele (A) at rs375554842. The results demonstrate that
altering this one allele is sufficient to increase the enhancer activity of ENHS.
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Fig. S5. Relative PRKCE transcript amounts measured by qPCR in the endothelial ENHS
KO clones over a 72-hour hypoxia time course. The red line indicates relative expression of
the three homozygous deletion clones, while the blue line indicates the WT controls. Error bars
reflect the SEM values for triplicate qPCR reactions performed in each of three clones. No
significant differences were observed between WT and KO clones at any hypoxia time point (t-
test P> 0.05).
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Fig. S6. Inclusion and exclusion of left ventricle from the mashR analysis yield strongly
correlated expression patterns. (A) Scatterplot showing the correlation in posterior mean (PM)
values of differential expression across genotypes (WT vs. KO) inferred by mashr including all
tissues (x-axis) compared to excluding left ventricle (y-axis) for all genes. Strong positive
correlation in PM values indicates that inclusion or exclusion of LV does not substantially alter
predicted direction of effect for genes in other tissues. For the analyses presented in the main
text, we chose to include the LV data. (B) Numbers of significantly DE genes shared between
mashr analyses including (all) or excluding (noLV) the left ventricle data. The majority of
significantly DE genes are the same across analyses.



Table S1. Differential gene expression and chromatin accessibility in aortic endothelium in
response to hypoxia. This Excel file contains results from ATAC-seq and RNA-seq in HAECs
exposed to 24 hours of normoxia or hypoxia (1% O.). First tab shows DE genes identified by
DESeq?2 in hypoxia vs. normoxia. Second tab shows all peaks identified in normoxia or hypoxia
by DiffBind (78). The final tab displays all significantly differentially accessible (DA) peaks
identified by DiffBind and annotated by Hypergeometric Optimization of Motif EnRichment
(HOMER).

Table S2. Candidate SNPs tested in luciferase enhancer assays. This Excel file shows all
SNPs contained within the ENH enhancer regions that were tested in luciferase assays. For each
SNP we show the rs number, position, p values for oxygenated Hb and Hb concentration, PBS
score, and PBS P value all ascertained in (/7), as well information on whether the predominant
high-altitude allele is shared with Denisovans (335).

Table S3. All relative luciferase expression values. This Excel file contains all relative
luciferase expression data points calculated for each independent transfection performed. Each
tab contains data for a different enhancer region as labeled.

Table S4. Statistical analysis of reporter gene assays in multiple cell types. This Excel file
shows P values for all comparisons made in reporter gene assays for all luciferase vectors found
to have differential enhancer activity between high-altitude and low-altitude alleles. SNPs
contained in each validated enhancer region are listed. Results shown represent a minimum of
two DNA preparations for each construct with 6 transfection replicates per construct in hypoxia
and normoxia. P values are from a 1-tailed student’s paired t-test between alleles, and a 2-tailed
test student’s t-test for comparison between normoxia and hypoxia).

Table S5. Positional Weight Matrix (PWM) analysis of all ENHS5 candidate SNPs. This
Excel file contains the results of HOCOMOCO transcription factor PWM analysis in ENHS.
Every other column contains a p value for the indicated mutation combination, the r value is the
ratio of the p-value of the mutation over the p-value of the reference sequence for ENHS. The
highlighted factors are those for which one or more mutations oblates transcription factor
binding which was predicted to be significant in the reference sequence (p < 1x10°%4). The
second tab contains the key for which mutation numbers correspond to which SNP and allele.



Table S6. Statistical analysis of site-directed mutagenesis of ENHS. The results of luciferase
assays comparing the enhancer activity of the high-altitude haplotype, low-altitude haplotype,
and high-altitude haplotype with rs375554942 mutated to the low altitude ancestral allele (A). P
values are from a paired 1-tailed student’s t tests and represent triplicate transfection replicates
per allele and condition.

_value hieh vs p-value high- p-value low-
Region Condition p l\é)wl-lal i tﬁ deV altitude vs altitude vs
1s375554942 edit | rs375554942 edit
Normoxia 0.0000153 0.0002692 0.0000011
ENHS5 Hypoxia 0.0012009 0.0058489 0.0063173
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Table S7. Summary data from RT-qPCR of CRISPR-modified teloHAECs across hypoxia
timepoints. This Excel file shows summary data from qPCR of WT and ENH5 KO teloHAEC
lines. Results represent 3 biological replicates per genotype with the value for each clone
averaged over 3 qPCR replicates. P values were calculated by 1-tailed student’s t-test on delta
CT values.

Table S8. Blunting of transcriptomic response to chronic hypoxia in CRISPR-modified
endothelial cells. This Excel file shows differential expression (Hypoxia — Normoxia) in
response to sustained hypoxia (1% O, 14 days) assessed by RNA-seq in teloHAEC WT and
ENHS KO clones. Expression was modeled as ~ Byenotype G€NOLYPE; + BrongiionCondition; +
BinteractionGenotype;: Condition; and significantly DE genes in response to hypoxia were
assessed for each genotype by setting the alternate genotype and normoxia as the baseline in the
model. Tabs 1 and 2 show the results of DE analysis for the KO and WT, respectively. These
results are polarized as Hypoxia-Normoxia for each. The third tab shows the union of all
significantly DE genes detected in the KO and WT along with their respective logFC values,
their blunting score (defined in methods), and their interaction term coefficient (Siyeraction)-
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Table S9. Statistical analysis of mENHS reporter gene assays. P values for testing mENHS
enhancer activity in endothelial, kidney, and cardiac cell lines by luciferase reporter gene assays.
Results are for three independent transfection replicates for each of three DNA preparations of
the constructs. P values are for a paired student’s t-test.

Cell type mENHS vs negative mENHS vs negative mENHS (normoxia) vs
(normoxia) (hypoxia) mENHS (hypoxia)
HEK293T 2.89E-08 1.38E-07 4.96E-05
HL-1 3.79E-08 3.89E-10 2.01E-06
teloHAEC 1.82E-05 3.83E-07 0.1898
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Table S10. Single-tissue analysis of differential expression between KO and WT mice
exposed to hypoxia: This Excel file shows differential expression results for all 7 tissues
comparing KO and WT mice after hypoxic exposure. Analyses were performed independently
for each tissue using a standard limma-voom pipeline.

Table S11. Results of mashr Analyses of differential gene expression between KO and WT
mice exposed to hypoxia. This Excel file shows mashr results for all 7 tissues comparing KO
and WT mice after hypoxic exposure. Table shows posterior mean (PM) and local false sign
rates (Ifsr) for each gene in each tissue.
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Table S12. Number and direction of differentially expressed genes identified by mashr (/fsr

<0.05) in KO vs WT mice exposed to acute hypoxia using data from 7 tissues

Tissue Total DE Genes % Up % Down
Left Atrium 231 79.2 20.8
Right Atrium 665 50.7 49.3

Left Ventricle 761 83 17

Right Ventricle | 369 72.3 27.1
Lung 783 30.7 69.3
Kidney 141 73 27
Adrenal Gland 268 27.6 72.4
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Table S13. Selected differentially expressed genes between KO and WT mice exposed to
hypoxia. Several genes of interest identified in the mashr analysis as differentially expressed
between the mENHS KO and WT. The sign indicates the direction of effect, significance is
calculated by the Ifsr statistic and is indicated as follows: * < 0.1, ** < (.05, *** <(.01.

Right
Atrium

Left
Atrium

Right
Ventricle

Left
Ventricle

Lung

Kidney

Adrenal
Gland

DESCRIPTION

Epasl

NS

*

NS

NS

*

NS

NS

Gene target of enhancer
mENH3

Cox2

%

skeksk

kK

ek

kK

k%

NS

COX2, a widely expressed
proinflammatory HIF-2a.
target gene which may
impact heart rate,
vasoconstriction, and
hypertension (49, 52, 57)

1d3

4Kk

4Kk

4Kk

NS

4Kk

4Kk

4Kk

1d3, a signaling/ proliferation
gene known to be inversely
regulated by HIF-2a and
thought to be involved in the
pathogenesis of hypoxia-
induced pulmonary
hypertension (21)

Socs3

4Kk

4Kk

4Kk

NS

4%

NS

Socs3 a potent anti-
inflammatory protein which
is typically repressed in
hypoxia and can inhibit
pathogenic angiogenesis in
hypoxic conditions (93, 94)

Ddit4

skeksk

skeksk

skeksk

skeksk

skeksk

_dkokok

NS

Ddit4, or REDDI, a stress
response gene known to be
activated by HIF-a, which is
involved in metabolism,
proliferation, and the
regulation of apoptosis in
response to hypoxia (93, 96).

Dusp5

4Kk

4Kk

4Kk

4Kk

4Kk

4Kk

NS

Dusp5, a gene which is
suppressed by hypoxia, is a
potent vasodilator which acts
through suppression the
proliferation of smooth
muscle cells thereby
protecting against pulmonary
hypertension (55)

Angptl

skeksk

skeksk

skeksk

skeksk

NS

NS

NS

Angptl a known endothelial
HIF-2a target gene involved
in angiogenesis and
microvascular maintenance
(48,97)
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Table S14. Gene ontology and pathway enrichment analysis for all significantly DE genes
from the mashr analysis. Enriched terms of interest are listed.

Term ID Term name Adjusted p
value
GO:BP  GO:0009893  positive regulation of metabolic process 1.23E-28
GO:BP  GO:0006950 response to stress 9.56E-22
GO:BP  GO:0072359  circulatory system development 1.10E-20
GO:BP  GO:0001944  vasculature development 2.58E-19
GO:BP  GO:0001525 angiogenesis 6.35E-14
GO:BP  GO:0007155  cell adhesion 3.84E-11
GO:BP  GO:0070482  response to oxygen levels 9.92E-11
GO:BP  GO:0008219  cell death 3.35E-10
GO:BP  GO:0010941 regulation of cell death 6.71E-09
GO:BP  GO:0060048  cardiac muscle contraction 0.000167617
GO:BP  GO:1903522  regulation of blood circulation 0.001031152
KEGG KEGG:04933 AGE-RAGE signaling pathway in 1.83E-07
diabetic complications
KEGG KEGG:04210 Apoptosis 3.28313E-05
KEGG  KEGG:05200 Pathways in cancer 0.000328847
HP HP:0011025  Abnormal cardiovascular system 4.08E-08
physiology
HP HP:0031546  Cardiac conduction abnormality 0.000401466
HP HP:0001297  Stroke 0.000401752
HP HP:0000822  Hypertension 0.000980866
HP HP:0002092  Pulmonary arterial hypertension 0.032362484
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Table S15. List of CRISPR guides used in human and mouse ENHS deletion. CRISPR guide
sequences used for deleting ENHS in human teloHAECs and mENHS in mice along with on- and

off-target scores given by IDT’s custom guide design tool.

Design ID | Strand | Sequence PAM | On-Target | Off-Target | Species | Side
Score Score

ENHS5 L1 |+ GTCCTGGAACTTC AGG 69 75 | H. Left
TCGGAGT sapiens

ENHS5 L2 |+ TTCTCGGAGTAGG AGG 83 50 | H. Left
AAACAAG sapiens

ENH5 R1 |+ GAGGGCAACTAGT | AGG 82 6l | H Right
TCCACAG sapiens

ENHS5 R2 | + AGGGCAACTAGTT GGG 86 44 | H. Right
CCACAGA sapiens

mENHS-L | - ACGGCAAACATAAA | GGG 77 53 | M. Left
GAGTGT musculus

mENHS5-R | + GGAAGGGGCCACA | TGG 71 41 | M. Right
CCCAAGC musculus
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Table S16. All primers used in RT-qPCR and genotyping in CRISPR modified cells and
mice. Primers used in CRISPR-edited human cell lines and mice. RT-qPCR primers were used
to assess expression of genes in endothelial ENHS KO compared to WT controls. Genotyping
primers were used to genotype and identify presence of the desired deletion in both human and
mouse deletion lines.

Gene Left Primer Right Primer purpose
hEPAS] CGGAGGTGTTC AGCTTGTGTG RT-gPCR
TATGAGCTGG TTCGCAGGAA
hEGLN3 ATC CGG GAAAT GCAGGATCC RT-gPCR
GGAACAGGT CACCATGTAGC
hPRKCE CGAGGCCGTGA GCAATGTAGGG RT-gPCR
GCTTGAAG GTCGAGAAGG
hRPLPO TCAGCAAGTGGGA TCAGCAAGTGGG RT-gPCR
AGGTGTAATC AAGGTGTAATC
hEPAS] ACC GGGGCT CAG GGT CTCT External deletion
ATTTTTAGCAT TCCCTCTGTG genotyping primer - used to
identify presence of a
deletion band or WT band.
hEPAS1 GAGCCATCTCT TAAGGTGATGCC Internal deletion genotyping
CGTCTTTGG ACAATCCA primer — Used to identify
presence or absence
sequence within the ENHS5
enhancer.
mEPAS] ACTGACTGTA GTCCAGCACG External deletion
GCGCCCCATA CT TACTTCCA genotyping primer — used to
identify presence of a
deletion band or WT band.
mEPAS] CTGCCACCTG CTACATCCTG Internal deletion genotyping
CTAGTTCACA GCCATTTGCT primer - Used to identify
presence or absence
sequence within the
mENHS enhancer.
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Data file S1. HiCUP Processing report (separate file in PDF format). This file contains QC
information pertaining to the analysis of Capture Hi-C data and is automatically generated by the
HiCUP processing pipeline (98). This report indicates the overall good quality of the capture Hi-
C analysis performed in HAEC
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