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disease.

PIEZO1, AQP1, and SEC14L4.

hemolytic diseases, such as sickle cell disease and malaria.

Introduction
Blood transfusion is one of the most common procedures during
hospital stays, with more than 36,000 red blood cell (RBC) trans-
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Background. The evolutionary pressure of endemic malaria and other erythrocytic pathogens has shaped variation in genes
encoding erythrocyte structural and functional proteins, influencing responses to hemolytic stress during transfusion and

Methods. We sought to identify such genetic variants in blood donors by conducting a genome-wide association study
(GWAS) of 12,353 volunteer donors, including 1,406 African Americans, 1,306 Asians, and 945 Hispanics, whose stored
erythrocytes were characterized by quantitative assays of in vitro osmotic, oxidative, and cold-storage hemolysis.

Results. GWAS revealed 27 significant loci (P < 5 x 10-8), many in candidate genes known to modulate erythrocyte structure,
metabolism, and ion channels, including SPTA1, ALDH2, ANK1, HK1, MAPKAPK5, AQP1, PIEZO1, and SLC4A1/band 3. GWAS
of oxidative hemolysis identified variants in genes encoding antioxidant enzymes, including GLRX, GPX4, G6PD, and SEC14L4
(Golgi-transport protein). Genome-wide significant loci were also tested for association with the severity of steady-state
(baseline) in vivo hemolytic anemia in patients with sickle cell disease, with confirmation of identified SNPs in HBA2, G6PD,

Conclusions. Many of the identified variants, such as those in G6PD, have previously been shown to impair erythrocyte
recovery after transfusion, associate with anemia, or cause rare Mendelian human hemolytic diseases. Candidate SNPs in
these genes, especially in polygenic combinations, may affect RBC recovery after transfusion and modulate disease severity in

fusions performed daily in the United States. Clinically, RBC
transfusions are largely considered to be homogeneous. However,
a growing number of studies have evaluated the potential impact
of unique donor characteristics, such as sex, age, and body mass
index, on RBC storage integrity (1-3), posttransfusion recovery
and survival of RBCs, and consequent clinical outcomes (4-7).
In addition, the US donor population is ethnically diverse, with
hundreds of functionally and immunologically relevant RBC
single-nucleotide polymorphisms (SNPs) (8, 9).

Studies evaluating inbred mouse strains demonstrated strong
heritable determinants of RBC susceptibility to canonical in vitro
stressors such as cold-storage hemolysis, osmotic hemolysis, and
oxidative hemolysis; importantly, these in vitro responses also cor-
related with posttransfusion RBC recovery and function (4, 10, 11).
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In humans, in vitro hemolysis of donor RBCs in response to osmot-
ic or oxidative stress is a reproducible and heritable trait that can
be further modulated by factors such as donation history, ancestry,
age, and sex (12, 13). Human studies of RBC recovery and survival
following blood bank storage have demonstrated variability among
donors that is reproducible over time, suggesting donor-specific
factors such as sickle cell trait (7) and glucose-6-phosphate dehy-
drogenase (G6PD) deficiency (14-16), can reduce posttransfusion
RBC recovery (17). Indeed, in a recent study, the posttransfusion
RBC recovery was evaluated in 10 volunteers with G6PD defi-
ciency using chromium-51 cell labeling. Recovery was 78.5% in
G6PD-deficient subjects versus 85.3% for transfusion in 27 control
subjects without G6PD (P = 0.0009; ref. 16).

Genetic variability also contributes to the intensity of hemolysis
observed in Mendelian hemolytic diseases, such as SCD. In patients
who are homozygous for the hemoglobin S variant allele (HbS),
there is significant variability in the intensity of steady-state or base-
line hemolysis (18-21). Coinheritance of a- and p-thalassemia and
mutations modulating the expression of fetal hemoglobin (HbF)
influence hemoglobin levels and hemolysis in patients with SCD
(21, 22). Furthermore, variability in severity of hemolysis influenc-
es clinical outcomes (23), promoting vasculopathy and the devel-
opment of end-organ complications, such as pulmonary hyper-
tension, cutaneous leg ulceration, and chronic kidney injury. We
and others have demonstrated that cell-free hemoglobin released
during hemolysis in the setting of SCD and transfusion of aged,
stored blood is toxic, driving nitric oxide depletion, oxidative injury,
heme-mediated inflammation, and iron overload (19-21, 23, 24).

These findings inform the hypothesis that rare and common
genetic variants modulate various characteristics of erythrocytes
leading to altered susceptibility to hemolysis that may influence
erythrocyte storage in blood banks, transfusion outcomes, and
potentially the severity of hemolytic diseases. Considering this
hypothesis, the aim of this study was to identify genes that mod-
ulate hemolysis in cold storage and hemolytic disorders by con-
ducting a genome-wide association (GWA) study in RBC donors
enrolled in the National Heart, Lung, and Blood Institute (NHLBI)
RBC-Omics project (2, 25). We tested the associations between
in vitro measures of stress hemolysis in cold-stored RBCs (spon-
taneous storage hemolysis, osmotic fragility, and oxidative hemo-
lysis) and high-density GWA SNPs (26) to discover candidate loci
that regulate the function of human RBCs and their resilience to
stress. This GWA cohort of 12,353 volunteer donors was enriched
for groups with African, Hispanic, and Asian ancestry. Collected
and stored RBCs were characterized by quantitative assays for in
vitro osmotic, oxidative, and cold-storage hemolysis. Consistent
with the anticipated genetic variability in donor RBCs, our analy-
sisidentified 27 GWA-significant loci (P <5 x 10-¥), many in candi-
date genes known to modulate erythrocyte structure, metabolism,
and ion channels. We further verified whether the SNPs identified
from our in vitro hemolytic stress phenotyping have relevance to
hemolytic disease by analyzing their association with in vivo mea-
surements of the severity of steady-state (outpatient) hemolytic
anemia (low hemoglobin values and high indices of hemolysis) in
2 cohorts of SCD patients.

These studies suggest that the identification of genetic vari-
ables that modulate the stability of RBCs in storage, response to
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stressors, and the functional integrity of RBCs after transfusion
could advance donor selection criteria and procedures and storage
policies. Identification and removal of genetically susceptible RBC
donors/units that rapidly degrade in storage (exclusion of “frag-
ile” RBC donors/units) and selection of profiled “super donors”
that might be stable for longer periods of storage or survive longer
after transfusion could provide for a precision transfusion med-
icine strategy, more advanced than current random sampling of
donors and transfusion of RBC units irrespective of recipient dis-
ease status or short- or long-term transfusion requirements. In
addition, the variants could provide information about risk and
severity of hemolytic anemia in patients with hemolytic diseases,
such as SCD, thalassemia, and malaria, as well as advance the dis-
covery of proteins and enzymes that modulate RBC function.

Results

Population ancestry of REDS-III RBC-Omics cohort. The RBC-Om-
ics cohort included a diverse group of US blood donors born in
many (n = 71) countries. Initially, groups were divided into con-
tinental ancestry groups; however, we have followed recent rec-
ommendations to divide the Hispanic (27, 28) and Asian ances-
try groups into multiple subgroups based on country of birth.
Donors of Hispanic ancestry were divided into 2 groups: Mex-
ican and Central American Hispanics (MCAH) (Supplemental
Figures 1 and 2; supplemental material available online with this
article; https://doi.org/10.1172/JCI146077DS1) and Caribbean
Island Hispanics (CIH) (Supplemental Figures 1 and 3). Donors
of Asian ancestry were divided into East Asians and South Asians
to reflect the diversity of these RBC-Omics subpopulations (27,
28). In total, the REDS-III RBC-Omics populations (Figure 1A)
were divided into 7 ancestry groups that included non-Hispanic
Whites (n=7,586), East Asians (n =1,049), South Asians (1 =257),
MCAH (n = 456), CIH (n = 489), African Americans (n = 1,046),
and “Other” participants (n = 1,336). “Other” participants is a
heterogeneous group including all individuals that did not cluster
within the other groups, but included people who self-identified
as Native Americans, Native Hawaiians, Native Alaskans, multi-
ple races, or were from countries like Iran and the Philippines. We
also considered the entire RBC-Omics as a single group referred
toas ALL Ancestries.

GWA studies of osmotic, oxidative, and storage hemolysis in
mega-analysis. The SNP-based heritability from linkage disequilib-
rium (LD) score regression for osmotic hemolysis was 0.348 (SEM
= 0.062), and for oxidative hemolysis was 0.156 (SEM = 0.073).
The heritability score for storage hemolysis was not different from
zero. Genome-wide analysis of 12,353 subjects from the REDS-III
RBC-Omics cohort was conducted between 14.1 million geno-
typed and imputed SNPs for osmotic (Figure 1B), oxidative (Figure
1C), and cold-storage hemolysis (Figure 1D). GWA analyses using
ALL Ancestries samples identified 14, 4, and 2 genome-wide sig-
nificant regions that were associated with osmotic, oxidative, and
spontaneous cold-storage hemolysis, respectively (Table 1). Q-Q
plots (Supplemental Figure 4) did not exhibit any P-value inflation.

Genome-wide analysis of osmotic hemolysis in the entire
data set (ALL Ancestries) revealed that the genome-wide signif-
icant variants were in or close to several logical candidate genes
known to modulate RBC structure and function, such as spectrin
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Figure 1. Ancestry of RBC-Omics population and Manhattan plots. (A) Plot of the first 2 principal components (PCs) of the extended RBC-Omics popu-
lation overlaid on the 1000 Genomes phase 3 samples. Individuals are labeled by genetic ancestry (AFR, African American; EAS, East Asian; SAS, South
Asian; EUR, non-Hispanic White; AMR, admixed American; CIH, Caribbean Island Hispanics; MCAH, Mexican and Central American Hispanics; OTH, other/
multiple ancestry) overlain by ancestry groups from 1000 Genomes v3. (B-D) Manhattan plots summarizing the mega-analysis results for osmotic hemoly-
sis (n = 12,215, A = 1.003; B), oxidative hemolysis (n = 10,007, A = 1.048; C), and storage hemolysis (n = 12,177, » = 1.002; D). Each data point corresponds to a
-log, (P value) from a multivariant linear regression model’s P value for an SNP. The black horizontal line represents an accepted P-value level of genome-
wide significance (P = 5 x 10°8). Circles represent noncoding variants, and triangles are coding variants.

o chain, erythrocytic 1 (SPTAI/band 1; P < 1.01 x 102, ankyrin 1
(ANK1/band 2.1; P < 5.85 x 10°%%), aquaporin 1 (AQPI; P < 4.23 x
10719), and solute carrier family 4 member 1 (SLC4A1/band 3; P
< 3.62 x 107%) (Table 1). In addition, a number of potentially nov-
el GWA-significant variations were found in metabolic enzymes
(hexokinase 1 [HK1]; P < 4.90 x 10), stress kinases (MAPKAPK5;
P < 2.24 x 108), ion channels (piezo-type mechanosensitive ion
channel component 1 [PIEZOI]; P < 4.04 x 10'), and other pro-
teins, such as myosin IXB (MYO9B; P < 9.88 x 107%). Supporting
the internal validity of these findings, many of these SNPs are in
proteins known to cause RBC disorders such as spherocytosis (23),
elliptocytosis (29), xerocytosis (30), and o-thalassemia (31).

GWA analysis of oxidative hemolysis identified genome-wide
significant SNPsin G6PD (P<2.66 x10), SEC14-like 4 (SECI4L4;
P <9.85 x 107), glutaredoxin (GLRX; P < 1.15 x 10?), and gluta-
thione peroxidase 4 (GPX4; P < 3.80 x 10"#). G6PD, GLRX, and
GPX4 are all known to have roles in protecting cells from oxidative
damage. Analysis of storage hemolysis (Figure 1D) identified only
2 genome-wide significant loci: one on chromosome 8 more than
500 kb from the nearest genes, and another on chromosome 17
(TMC8;P<1.34x107%).

Ancestry-specific GWA results. Individual principal component
analysis-defined (PCA-defined) ancestry-group GWA revealed a
high degree of overlap with the ALL Ancestries analysis; however,

J Clin Invest. 2021;131(13):e146077 https://doi.org/10.1172/)CI146077

7 additional genome-wide significant loci were observed in genes
such as EYS (P < 3.20 x 10™°), HBB (P < 3.66 x 107°), HBA2 (P <
2.90 x 10™), and G6PD (P < 2.66 x 1077) within specific ancestry
groups (Table 1) and in only some cases (G6PD and HBA2) were
the results significant in the ALL Ancestries analysis. Several loci
such as GPX4 and SECI4L4 were only significant when considered
with ALL Ancestries groups together. Only studying hemolysis in
ancestry-specific analysis and in combined analysis enabled the
discovery of all 27 of these loci.

Identification and bioinformatics analysis of variation. We iden-
tified 12 directly genotyped genome-wide significant (P <5 x 107)
nonsynonymous variants (NSVs) for hemolysis measures in the
entire population or in the ancestry-specific groups, predicted
using SIFT (https://sift.bii.a-star.edu.sg/) or PolyPhen2 (http://
genetics.bwh.harvard.edu/pph2/). SPTAI contains the NSV
rs857725 (Lys1693GlIn, P < 8.75 x 102 Figure 2A). Notably, the
marker for a-thalassemia (Figure 2B) deletion (chr16: 223678) and
the HbS variant modulated osmotic, oxidative, and spontaneous
storage hemolysis (7). In HBB, the HbS variant (rs334, Glu7Val)
was significantly associated (P < 3.66 x 1071°) with osmotic hemo-
lysis in the African American ancestry group (Figure 2C). For oxi-
dative hemolysis, SEC14L4 AX-83171224/rs9606739 (Argl24Gly,
P < 3.07 x 107 Figure 2D) and G6PD rs1050828 (Val68Met, P <
2.66 x 107Y; Figure 2E) were significant NSVs, whereas for sponta-
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Figure 2. Box-and-whisker plots of various hemolysis levels by genotype for GWA-significant nonsynonymous variants by ancestry group. Osmotic
hemolysis: (A) Osmotic SPTAT (rs857725/Lys1693GIn); (B) osmotic HBAZ (chr16: 223678); (€) osmotic HBB (rs334/Gul7Val) (HbS). n = 12,219 for all osmotic

analyses. Oxidative hemolysis: (D) Oxidative SEC14L4 (AX-83171224/rs960673
some; therefore, male and female sample members are displayed separately.
TMC8 (rs7208422) Asn306lle. Minor allele homozygotes are in shades of red,
n =12,219 for all storage analyses. For the box-and-whisker plots, the bounds

9) Arg112Cly; (E) oxidative G6PD (rs1050828) Val68Met is on the X chromo-
n =10,007 for all oxidative analyses. Spontaneous hemolysis: (F) Storage
heterozygotes in green, and reference allele homozygotes in shades of blue.
of the box are the 25th and 75th percentiles, the line in the box is the 50th

percentile/median. The whiskers are 1.5 times the interquartile range (25%-75%), and black dots are values outside the whiskers. Ancestry groups: AFR,

African Americans; EUR, non-Hispanic Whites; EAS, East Asians; SAS, South
Hispanics; OTH, other.

neous storage hemolysis, TMCS8 rs7208422 (Asn306lle, P < 1.23 x
10°%; Figure 2F) was GWA significant.

Chromosome 8 had 2 nonoverlapping genome-wide signifi-
cant loci for osmotic hemolysis within ANKI (Figure 3, A-D). The
first locus is centered on rs4737010 (Figure 3A), and the second
is 87 kb away and centered on the NSV rs34664882 (Alal14Val;
Figure 3B). PolyPhen2 and SIFT suggested that rs34664882is del-
eterious. The SNP appears to have a large quantitative effect on
osmotic hemolysis across multiple ancestry groups, accounting for
3.2% of the variation in osmotic hemolysis in the combined data
set. The second GWA-significant locus near ANKI is centered on
rs4737009, which is in the canonical binding motif for the MAZ
and STATS5A transcription factors (Supplemental Figure 5). It is
likely that both rs34664882 and rs4737009 are independent and
functionally consequential mutations for osmotic hemolysis. Con-
ditional GWA showed these loci (rs34664882 and rs4737009) are
fully independent and each is genome-wide significant, condi-
tional on the other locus. Additional conditional GWA suggested
there may be 2 or more independent loci at SECI14L4 and PIEZO1
(data not shown).

Within G6PD, the rs1050828 Val68Met variant associated
with oxidative hemolysis in this study is a common class III vari-
ant, also referred to as G6PD A-. Individuals with class III G6PD
variants are susceptible to acute hemolytic anemia when their
RBCs are exposed to oxidative stress (32). G6PD deficiency is
a chromosome X-linked disorder. Figure 2E shows that female
A- heterozygotes have intermediate phenotypes for oxidant-
induced hemolysis between the female major allele homozy-
gotes and the few (n = 4) female A- homozygotes who are sim-
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Asians; CIH, Caribbean Island Hispanics; MCAH, Mexican/Central American

ilar to the male A- hemizygotes. This supports the observation
that heterozygotes for many disorders potentially have altered or
intermediate phenotypes (33).

Pathway and gene-set enrichment analysis (GSEA) identified
3 Bonferroni-corrected significant groups for osmotic hemolysis:
spectrin-associated cytoskeleton (P, =6.77 x10™), Steiner erythro-
cyte membrane genes (P, =2.58 x 107, and Nikolsky breast cancer
19p13 amplicon (P, = 0.028). For oxidative hemolysis, there were
no gene sets significantly enriched after the Bonferroni correction.

Inference of differential expression. MetaXcan (https://github.
com/hakyimlab/MetaXcan) was used to infer expression patterns
for all genes based on the genotypes that have been identified by
GTEx (https://www.gtexportal.org/home/) as expression quan-
titative trait loci (eQTLs). The inferred gene expression was cor-
related with spontaneous storage, osmotic, and oxidative hemo-
lysis in the RBC-Omics cohort. Thirteen genes were predicted to
be significantly (P < 0.05) differentially expressed and significant-
ly (P < 0.05) associated with osmotic (r = 11) or oxidative (n = 2)
hemolysis but not spontaneous storage hemolysis (n = 0; Table 2).
Of these, 10 were situated within one of the genome-wide signifi-
cant regions, and 2 others were close (<700 kb). Most of the genes
(SLC4A1, SWAP70, and MFSD2B) found by MetaXcan encode
kinases, channels, and metabolic genes whose mechanisms could
be affected by changes in gene expression (34-36). MetaXcan did
not identify RBC membrane structural genes, such as ANKI and
SPTAI, which is consistent with the previous observations that dis-
ease causative variations in genes encoding structural genes tend
to be to gain- or loss-of-function mutations, as opposed to chang-
es in gene expression levels (37-39). The most significant SNP in
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Figure 3. LocusZoom and box-and-whisker plots for 2 nonoverlapping genome-wide significant loci in ANK1. (A) LocusZoom plot centered on rs4737010
in ANK1. (B) LocusZoom plot of rs34664882 in ANKT. In these plots, each data point represents an SNP passing quality control in the linear regression
analysis of imputed dosage plotted with its P value as a function of genomic position (GRCh38 Assembly). The lead SNP is represented by the purple sym-
bol. The color coding of all other SNPs indicates LD with the lead SNP (estimated by Phase Il HapMap CEU r? values): red, r* > 0.8; gold, 0.6 < r* < 0.8; green,
0.4 <r*<0.6; cyan, 0.2 < r? < 0.4; blue, r? < 0.2; gray, r> unknown. Recombination rates are estimated from 1000 Genomes phase 3 data. (C) Box-and-
whisker plot of osmotic hemolysis measure by genotype and genetic ancestry group for rs4737010. (D) Box-and-whisker plot of osmotic hemolysis mea-
sure by genotype and genetic ancestry group for rs34664882. These figures illustrate 2 nonoverlapping genome-wide significant loci with the ANK1 gene.
For the box-and-whisker plots, the bounds of the box are the 25th and 75th percentiles, the line in the box is the 50th percentile/median. The whiskers are
1.5 times the interquartile range (25%-75%), and black dots are values outside the whiskers. Ancestry groups: AFR, African Americans; EUR, non-Hispanic
Whites; EAS, East Asians; SAS, South Asians; CIH, Caribbean Island Hispanics; MCAH, Mexican/Central American Hispanics; OTH, other.

GLRX (rs72785409; P=6.14 x 10*) is an eQTL for GLRX in whole
blood based on 15 cohorts in the eQTLGen database (40).

Polygenic scores. We modeled the polygenic scores (PGSs) by
using data from two-thirds of the population, whereas data from
the remaining third was used for validation. We found the pruning
and thresholding model in osmotic hemolysis (at P <107 and r? <
0.4) to validate better than the best LDPred score (correction of
best LD pruning = 0.173 versus best LDPred model = 0.0904; Sup-
plemental Figures 6-9). According to these data for osmotic and
oxidative hemolysis, pruning and thresholding is a more precise
method of developing PGSs than LDPred.

Table 3 highlights the correlation of each of the 3 hemolysis
PGSs within each ancestry group with the observed hemolysis mea-
sures. Within non-Hispanic White samples, the correlation with
osmotic hemolysis was 0.221, which explained more of the variabil-
ity in osmotic hemolysis than any single marker. The best model for
oxidative hemolysis was in African American and MCAH samples,
where the PGS correlation is approximately 0.260. Some ancestry
groups did not yield PGSs because of small sample sizes or lack of
markers with a Pvalue ofless than 1 x 107 when split for cross valida-
tion. To develop predictors within these groups, hemolysis measures
by ancestry group were correlated with the non-Hispanic White PGS.

This revealed that an ancestry-specific PGS was more precise than
those developed in other ancestry groups, even if the latter sample
size is larger. Therefore, when possible, PGS should be developed
in ancestry-appropriate groups; if not applicable, scores from other
ancestry groups can be used but will give diminished precision.

Unlike single-gene disorders in which only a few people con-
tain causal loci, for polygenic traits such as hemolysis everyone
has a combination of alleles that increase or decrease hemolysis
across all identified loci. For example, for the top 50 loci identi-
fied in the non-Hispanic White PGS for osmotic hemolysis, all
RBC-Omic donors are heterozygous for between 7 and 34 of the
loci (mean *+ SD = 18.3 * 4.6). Thus, genetic factors modulated
osmotic and oxidative hemolysis in all individuals.

Genetic analysis of in vivo hemolysis in the WALK-PhASST and
PUSH SCD cohorts. To test the hypothesis that the genetic find-
ings obtained from in vitro stress hemolysis perturbations of cold-
stored RBCs from healthy blood donors may also be relevant to the
in vivo severity of steady-state hemolytic anemia in human dis-
eases, the genome-wide significant SNPs identified in the 27 loci
for each hemolysis GWA were then tested in 2 cohorts of patients
with SCD (Walk-PHaSST and PUSH). Note that there were 232
significant SNPs within these 27 loci. The same SNPs were test-
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Table 2. MetaXcan analysis of genes whose expression is modeled to be associated with osmotic and oxidative hemolysis

Gene name Hemolysis Chromosome location BF-corrected P value P qvalue Number of SNPs  Under GWA Hit?
PFN4 Osmotic chr2: 24,338,241-24,346,347 5.0x10* 0.04 123x10°8 8 Yes
MFSD2B Osmotic chr2: 24,232,951-24,286,191 13 %107 0.08 1.27 x 107" 28 Yes
ESYT2 Osmotic chr7:158,523,686-158,622,944 45x107 040 3.92x 107 49 Yes
C(8orf40 (SMIM19) Osmotic chr8: 42,396,298-42,409,603 79x10°3 0.26 173 x10°® 31 No
SLC20A2 Osmotic chr8: 42,273,993-42,397,069 34 %107 0.23 1.28 x 10 24 No
SWAP70 Osmotic chr1: 9,685,624-9,774,538 1.8 %102 0.08 5.51x10" 35 Yes
NAA25 Osmotic chr12: 112,464,49-112,546,826 1.6x10° 0.03 6.09 107 17 Yes
SH2B3 Osmotic chr12: 111,843,752-111,889,427 11x10™ 0.04 1.06 %107 21 Yes
FAM109A Osmotic chr12: 111,798,455-111,806,925 1.0x10° 0.06 113 x 10" 18 Yes
TMEM116 Osmatic chr12: 112,369,086-112,451,023 14 %107 0.16 3.33x10% 30 Yes
SLC4A1 Osmotic chrl17: 42,325,753-42,345,509 9.7x10* 0.01 114 x10° 7 Yes
C170rf59 (BORCS6) Oxidative chr17: 8,091,651-8,093,564 2.7 %107 0.02 490x10° 27 No
GPX4 Oxidative chr19: 1,103,936-1,106,787 3.2x10°® 031 849 x 107 74 Yes

Presented are the gene name, chromosome location of the gene, Bonferroni-corrected (BF-corrected) P value, predicted performance (r?) of the models of
the gene’s expression, predicted performance g value of the model, number of SNPs in the gene used to estimate the gene’s expression level, and whether

the gene is under one of the genome-wide significant peaks.

ed for association using an in vivo measure of intensity of steady-
state hemolytic anemia as a quantitative trait in the SCD patient
cohorts. Results between in vitro and in vivo hemolysis were con-
sidered consistent if the initial GWA P value was significant at the
genome level (P <5 x 107®) and the P value for the association in
the 2 SCD cohorts was also significant (P < 0.05).

Consistent results were found in 7 regions, including 4 regions
for osmotic hemolysis GWA and 3 of 4 regions from the oxidative
hemolysis GWA (P < 0.05; Table 4). Significant results were found
for osmotic hemolysis on chromosomes 7 (AQPI), 12 (several
genes), and 16 (HBA2, PIEZO]). Oxidative hemolysis was concor-
dant for 3 of the 4 genome-wide significant loci including on chro-
mosome 5 (GLRX), 22 (SEC14L4), and X (G6PD). Even using more
conservative assessments, the HBA2 and G6PD loci were signifi-
cant in the SCD cohorts with Bonferroni’s testing correction.

Discussion
This study is the first genome-wide evaluation to our knowledge
of in vitro RBC stress hemolysis in cold-stored samples from blood
donors, with secondary assessment of GWA-significant findings
on the in vivo severity of baseline (steady-state) hemolytic ane-
mia in SCD patients. Increased hemolysis is a hallmark of several
diseases, including SCD, and is associated with worse transfu-
sion outcomes, such as poor RBC recovery and increased rates of
posttransfusion sepsis. This notion is supported by recent murine
studies demonstrating mouse strain-specific susceptibility to
RBC cold-storage injury that correlates with posttransfusion RBC
recovery and function (4, 7,11). In addition to limiting storage time
and reducing posttransfusion RBC recovery, hemolysis drives
endothelial dysfunction and vascular injury. We and others have
demonstrated that cell-free hemoglobin released during hemo-
lysis in the setting of SCD and transfusion of aged stored blood
is toxic, driving nitric oxide depletion, oxidative injury, heme-
mediated inflammation, and iron overload (19-21, 23, 24).

We identified 20 loci that were genome-wide significant in
All Ancestries sample analysis (P <5 x 10°®) for at least one of the
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hemolysis measures (Table 1). Many of the identified variants
were concentrated in proteins known to cause human RBC dis-
orders characterized by RBC fragility such as dehydrated hered-
itary stomatocytosis (PIEZOI; refs. 41, 42), spherocytosis (ANKI,
SPTA1, and SLC4AI; refs. 23, 43), ellipto-poikilocytosis (SPTAI;
ref. 44), xerocytosis (PIEZOI; ref. 30), o-thalassemia (HBAZ2; ref.
31), and spontaneous and oxidative stress-induced hemolytic ane-
mia (HKI and G6PD; refs. 16, 45). Providing additional validity,
many of the implicated SNPs have been associated with laborato-
ry complete blood cell count measurements, such as reticulocyte
counts (SPTAI and PIEZOI; ref. 46) and other complete blood
count indices (G6PD; ref. 47). Consistent with the relevance of our
in vitro quantitative measures of stress hemolysis, the identified
SNPs from the RBC donor GWAS cohort in a-thalassemia, G6PD,
PIEZOI, AQP1, SEC14L4, and GLRX were found to GWA-signifi-
cantly associate with hemoglobin and hemolytic lab indices in the
blood of SCD patients.

In addition to genes known to alter RBC function and hemo-
lytic propensity and promote disorders (e.g., spherocytosis and
xerocytosis), we identified a number of genes not previously
known to impact RBC function, including MYO9B. We also iden-
tified 7 loci, including HBB, HBA2, G6PD, and EYS2, that were
genome-wide significant in at least one non-Hispanic White
ancestry group (African American, East Asian, South Asian, CIH,
MCAH, and Others, which includes multiracial people, Alaska/
Hawaiian/Native Americans, and Pacific Islanders) (Table 1),
highlighting the importance of studying diverse populations to
provide a more comprehensive evaluation of genetic factors that
affect RBC hemolysis. The number of discoveries in the specific
ancestry groups is fewer than in the non-Hispanic White popula-
tion in part due to the lower power from reduced sample sizes in
these populations. For some of the loci such as G6PD and HBB in
African Americans, the effect is likely due to known variation in
these genes such as the A- and HbS variants that are mostly absent
in non-Hispanic White populations. This was not always the case;
the specific variants identified in MCAH in EYS or rs118149920
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Table 3. Ancestry and cross-ancestry polygenic risk scores

Genetically defined ancestry* Sample Correlation with
size osmotic hemolysis®

Non-Hispanic White (EAU) 7757 0.221

African American 1,052 NA

East Asian 1112 0180

South Asian 265 NA
Caribbean Island Hispanics 497 NA

Mexican Central American Hispanics 459 0.251

Other 598 NA

Correlation with EAU Correlation with Correlation with EAU
osmotic PGS* oxidative hemolysis® oxidative PGS*
0.221 0.0834 0.0834
0n7 0.259 0.103
0134 NA 0.0126
0.184 NA 0125
0182 NA 0.0635
0184 0.263 0.0901
0.208 NA 0.0855

Summary of correlation of polygenic score (PGS) calculated in ancestry-specific groups with each hemolysis measure in the entire ancestry-specific

group. AThe ancestry groups are defined by principal component analysis based on genetic data (Figure 1). BThe correlation within ancestry was calculated
between the PGSs trained within each ancestry and the measured osmotic or oxidative hemolysis in each ancestry group. NA indicates that no PGS could
be calculated that was different from zero. ‘The correlation from non-Hispanic White (EAU) was calculated between the PGS trained in this group and the

measured osmotic or oxidative hemolysis within each ancestry group.

on chromosome 13 are unlikely to be the causative variants but are
likely to be in LD with actual causative variants that could be on
chromosomes of Native American ancestry, especially since the
G allele at rs118149920 is absent in European and African popu-
lations, but common in Native American and Asian populations.

The validity of the identified regions in the current study of
hemolysis in the RBC-Omics cohort is supported by 4 observa-
tions: (a) the biological plausibility of the identified SNPs, with
mostin proteins known to cause RBC disorders such as dehydrated
hereditary stomatocytosis (PIEZO]; ref. 41), spherocytosis (ANKI,
SPTAI, and SLC4AI; refs. 23, 43), ellipto-poikilocytosis (SPTAI;
ref. 44), xerocytosis (PIEZOI; ref. 30), a-thalassemia (HBAZ2; ref.
31), and spontaneous and severe nonspherocytic hemolytic ane-
mia (HKI; ref. 45); (b) some of the SNPs have been associated with
laboratory complete blood cell count measurements, such as retic-
ulocyte counts (SPTAI and PIEZOI; ref. 46) and other complete
blood count indices (G6PD; ref. 47); (c) MetaXcan (Table 2) finds
that the variation in a number of GWA-significant genes contain
eQTL for those genes and that the genes’ expression are associ-
ated with hemolysis measures; and (d) the consistency of GWA
findings with significant SNPs that modulate the severity of in vivo
hemolysis in patients with SCD (Table 4).

There were a number of variants identified in RBC antioxi-
dative enzymes. For example, the finding that genetic variations
in the GPX4 gene modulated oxidative hemolysis is of interest
because this enzyme has been linked to key regulatory pathways
in erythropoiesis, including erythroblast enucleation and reticu-
locyte maturation (48-50). With regard to antioxidative activity,
GPX4 neutralizes bioactive lipid hydroperoxides to lipid alco-
hols, thereby preventing iron-dependent cell death, or ferropto-
sis (51, 52). Metabolomics studies of the RBC storage lesion have
demonstrated the formation and accumulation of inflammato-
ry bioactive lipids (oxylipins; e.g., 12-hydroxyeicosatetraenoic
acid) during cold storage (53, 54). Therefore, genetic mutations
that compromise RBC GPX4 function may contribute to transfu-
sion-related oxidative injury and inflammatory reactions. There
were also significant associations between X-linked G6PD A-
(the V68M variant) and both in vitro oxidative hemolysis and the
in vivo severity of hemolytic anemia in patients with SCD. The

enzyme G6PD controls the pentose phosphate pathway-depen-
dent generation of reduced NADPH, necessary for reduction of
intracellular glutathione. G6PD A- (V68M) is common in Afri-
can Americans; approximately 11% of African American men
are hemizygous for this SNP. The enzymatic activity of G6PD
A- in erythrocytes is moderately decreased: 10% to 23% of nor-
mal activity. Hemizygotes do not have chronic hemolysis but
can undergo acute hemolysis if exposed to oxidative stress (32).
The finding of more marked hemolysis in G6PD A- hemizygous
and homozygous SCD persons under basal circumstances in this
study would reflect the ongoing oxidative stress that sickle cell
erythrocytes experience (55). As mentioned in the Introduction,
this variant has also been shown to directly relate to posttrans-
fusion RBC recovery (16), highlighting the potential relevance of
our GWA findings to transfusion medicine outcomes.

PGSs were developed for oxidative and osmotic hemolysis in
several of the ancestral groups (Table 3) that were able to predict far
more of the variance in hemolysis than any one SNP or gene locus
alone. The application of non-Hispanic White-developed PGSs to
other ancestry groups has enabled the calculation of a PGS when
there is not sufficient power to develop an ancestry-specific PGS
(56), although the transferability of PGSs across ancestry groups
should be viewed with caution (56-58). For example, in African
Americans the correlation for PGS with oxidative hemolysis with
an ancestry-specific PGS was 0.259, but with the non-Hispanic
Whites the PGS was only 0.103. When possible, ancestry-specif-
ic PGSs should be developed and used appropriately. PGS will be
useful for leveraging the combined genetic effect on individuals
and can be combined with other clinical and omics data to gain
insights into the pathways leading to RBC function. All individ-
uals in the cohort have some combination of alleles across the
loci contribution to the PGS. For the top 50 loci identified in the
non-Hispanic White PGS for osmotic hemolysis, none, across all
racial groups, contains minor alleles at fewer than 7 of the loci or
more than 34. Thus, genetic variation contributes to variation in
oxidative and osmotic hemolysis in all individuals.

We were unable to identify a true replication cohort for the
in vitro hemolysis measures of the RBC-Omics cohorts since this
is the first such study to our knowledge to explore stress hemoly-
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Table 4. Testing of osmotic, oxidative, and storage hits from the REDS-11l RBC-Omics full data in the combined Walk-PHaSST and

PUSH cohorts

Nearest Hemolysis Rsid Chr  Position  Minor

gene allele MAF
GLRX Oxidative 510067881 5 95162475 A 0.10

AOP1 Osmotic ~ rs73305784 7 30990948 A 017

Several Osmotic 157967238 12 112378371 A 0.17

Several Osmotic ~ rs10850001 12 112553032 A 044

HBA2 Osmotic  chr16:223678 16 223678 C 0.024
PIEZO1 Osmotic ~ rs34383297 16 88845444 T 047

SEC14L4  Oxidative  rs9606739 22 30891294 C 019

G6PD Oxidative 578751796 23 153416537 A 0.017
G6PD Oxidative  rs115202723 23 153677778 A 0.036
G6PD Oxidative  rs28844711 23 153726824 T 0.032

REDS-III SCD

r BSNP  Pvalue MAF r BSNP  Puvalue
0.99 15 9.02 x 10" 0.065 091 -0.36 0.021
0.99 1.2 448 x10°® 013 0.98 0.24 0.0350
0.92 -14 913 %107 0.31 093 019 0.0241
0.95 1.0 6.80 x 107 on 0.98 -0.26 0.0297
0.80 -44 127 x10™ 0.6 0.84 -0.54  8.08x107
0.86 0.98 1.02x10°8 039 0.87 0.17 0.0338
1.0 1.0 3.07x10°° 013 0.99 0.27 0.0138
049 25 2.08x10°® on 0.83 0.25 0.0210
0.93 1.8 198 x10°8 0.25 0.94 018 0.019
0.83 2.2 6.50 x 10" 0.24 091 0.29 896 %10

Significant SNPs with nominal P value < 0.05 in the SCD study were pruned so that linkage disequilibrium r? < 0.3 in SCD cohorts. Information includes Rsids
for markers, the nearest genes, chromosome location, the nucleotide for the minor allele, the minor allele frequency (MAF) from the REDS-I1I RBC-Omics full
data and from the combined Walk-PHaSST and PUSH cohorts, the r for imputation accuracy, and P value and 3 estimation of the association between minor
allele and hemolysis trait. Given different measures of hemolysis, the directions of the s are not necessarily consistent between the in vivo and in vitro
measures. RBC-Omics n = 12,219 for oxidative hemolysis and 10,017 for osmotic hemolysis. SCD n = 711 (Walk-PHaSST n = 429; PUSH n = 282).

sis as a quantitative trait in a large donor population. Instead, we
chose to test whether the RBC-Omics results can be generalized
to in vivo levels of anemia and hemolysis in the Walk-PHaSST and
PUSH SCD cohorts. We found that several variants and regions
associated with in vitro hemolysis measures in the REDS-III
RBC-Omics donor population were also significant for in vivo
hemolysis measures within the SCD WALK-PhASST and PUSH
cohorts, such as HBA2, HBB, GLRX, AQPI, and SECI14L4 (Table
4). These observations suggest that the in vitro stress measure-
ments identified known and new variants that, under the stress of
human disease, may modulate RBC biology. Such findings could
lead to identifying rare variants that may modulate the outcomes
of many hemolytic diseases. Consistent with this hypothesis, one
of the variants identified, G6PD A-, has been recently shown to
reduce posttransfusion RBC recovery (16).

We propose that the identification of genetic variables that
modulate the stability of RBCs in storage after response to stress-
ors and the functional integrity of RBCs after transfusion could
advance donor selection and storage policies and improve transfu-
sion outcomes. Identification and removal of genetically suscepti-
ble “fragile” RBC donors/units that rapidly degrade in storage and
selection of profiled “super donor” blood components that might
be stable for longer periods of storage or survive longer after trans-
fusion could provide for a precision transfusion medicine strategy,
more advanced than current random sampling of donors and trans-
fusion of RBC units irrespective of donor genotypes, recipient dis-
ease status, or short- or long-term transfusion requirements.

Further studies are needed to understand the manner in which
the genetic variation leads to changes in expression, protein, epig-
enome, and metabolome, and to understand the interaction net-
work that led to interindividual differences in hemolysis (59, 60).
For example, we have studied the metabolomic changes induced
by the G6PD A- variant associated with oxidative hemolysis and
identified significant effects on the NADPH- and glutathione-
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dependent detoxification pathways of oxidized lipids (61), which
could lead to alterations in the dynamics of the RBC membrane.

The genetic information developed in this study is being used
in new studies of donor-blood component-recipient outcomes
to evaluate the consequences of some of the reported gene vari-
ants for transfusion efficacy in patients (62, 63). Additional effort
is aimed at evaluating nongenetic factors (64, 65) that influ-
ence RBC-recipient outcomes. Current studies are underway to
advance the field of precision transfusion medicine via the devel-
opment of a transfusion-specific microarray that would provide
enhanced tools for the screening of blood donors.

Methods
RBC-Omics cohort. The REDS-III RBC-Omics cohort donor recruit-
ment and study design are described in detail in Endres-Dighe et
al. (25). Briefly, 13,403 whole-blood donors over the age of 18 were
recruited from December 2013 to December 2015 at 4 REDS-III
blood centers. All subjects were healthy allogeneic blood donors
who passed screening and were not anemic. Samples were excluded
because of duplicate enrollment, low call rate (<97%), sample swap,
if blood donation quantity was not sufficient, and if markers of infec-
tious disease were reactive. We analyzed only 1 relative per family,
selected based on having the most complete data. The final informa-
tive sample size was 12,353. Institutional review board approvals were
obtained at all institutions.

Evaluation of donor predisposition to in vitro hemolysis. Stored (39-
42 days) leukocyte-reduced RBCs were evaluated for spontaneous
(cold storage) and 2 stress hemolysis assays including osmotic fragility
and oxidative hemolysis using 2'-azobis(2-amidinopropane) dihydro-
chloride, as detailed elsewhere (2, 66). Each of the hemolysis mea-
sures is a quantitative trait on the range from 0% to 100% (osmotic
mean = 28%, oxidative mean = 36%, and storage = 0.4%) (2).

Genotyping. Samples were genotyped on a Transfusion Medicine
microarray (TM-Array) (26) that contained a total 879,000 SNPs (gen-
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otype coverage of >90% for SNPs with MAF > 5%) for non-Hispanic
White, Hispanics, African Americans, and Asians. The data from this
study are available in dbGAP with accession number phs001955.v1.pl
(67). We used PLINK (68) to perform quality control for genotyped
data to eliminate potential biases. Individuals for whom calculated
genetic sex and self-reported gender differed as well as individuals
with more than 3% missing genetic data were excluded. SNPs with
genotype-missing rates higher than 3% or failing a Hardy-Weinberg
equilibrium validation (P <1 x 10#) in any ancestry group were exclud-
ed from the study. A total of 811,782 SNPs passed these steps and were
used for the imputation.

Imputation. Statistical phasing was conducted by Shape-IT (69).
Imputation was then conducted for each 2-Mb interval with 1-Mb flank-
ing regions on each side using Impute2 (70) and 1000 Genomes Project
phase 3 as reference haplotypes. Imputation results were further filtered
by using an INFO score greater than 0.8 before conducting association
analyses (70). The final high-quality data set had 8.1 million SNPs at
MAF greater than 5% and 14 million SNPs at MAF greater than 1%. We
ran GWA analysis in all ancestry groups for the 14 million SNPs.

Ancestry. Ancestry analysis was conducted in the RBC-Omics
cohort with 1000 Genomes phase 3 samples (Figure 1A and Supple-
mental figures 1-3). Ancestry principal components (PCs) were cal-
culated using Bioconductor package SNPRelate (71) in the entire data
set and separately for participants within each genetic ancestry group.
The RBC-Omics subjects were then divided into 7 ancestry groups:
non-Hispanic White, African American, East Asian, South Asian,
CIH, MCAH, and Others, which includes multiracial people, Alaska/
Hawaiian/Native Americans, and Pacific Islanders for GWA analyses.

GWA study of common genetic variation. Association analyses were
conducted using the software ProbABEL (72). In previous studies,
we determined that sex, age, ancestry, and donation frequency were
associated with the levels of storage, osmotic, and oxidative hemolysis
and were thus were used as covariates as well as the first 10 ances-
try PCs in our genetic analyses (2). The distributions of osmotic and
oxidative hemolysis were normally distributed, but storage hemolysis
was skewed; thus, we used log-transformed storage hemolysis values
(Supplemental Figure 10).

We conducted 2 types of analysis: The first was an analysis of all
subjects, called ALL Ancestries in the Tables and Figures. In the sec-
ond, we conducted individual ancestry GWA analyses for non-Hispan-
ic Whites, East Asians, South Asians, CIH, MCAH, and African Amer-
icans. A GWA analysis for this study is a multivariable linear model
with P-value threshold of 5 x 108 defined as statistically significant for
all GWA analyses (Table 1). Conditional GWA analysis verified wheth-
er any of the significant loci were independent by incorporating the
SNPs with the smallest P value in a region as a covariate in the GWA
model and testing the region 50 kb on each side of this SNP. LD score
regression (74) was used to estimate the SNP-based heritability (h?) of
both osmotic and oxidative hemolysis.

Bioinformatic analyses. HaploReg v4.1 (75) was used to annotate
the genes nearest to the index SNPs. Version 1.3 of LocusZoom (76)
was used, with 1000 Genome phase 3 LD estimation. MetaXcan was
implemented to infer gene expression patterns based on genotyped and
imputed SNPs from the REDS/RBC-Omics in 922 whole-blood expres-
sion profiles from the Depression Gene Network (Table 2 and ref. 71).
MetaXcan uses a combination of linear and multivariate linear models
with a Bonferroni-corrected (based on number of genes) P value of less
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than 0.05 being the significance cutoff. FUMA (77) was used to explore
the biological pathways and enriched gene set related to osmotic and oxi-
dative hemolysis using the P values from the GWA results for all subject
analyses. The curated gene sets and Gene Ontology (GO) terms tested
were from the Molecular Signatures Database (MSigDB) in GSEA (78).

PGS for hemolysis. PGSs provide a quantitative metric of the effect
of the magnitude of an individual’s inherited factors on a trait based on
the cumulative impact of many common polymorphisms (79). Several
methods for calculating PGS exist including LD pruning, P-value thresh-
olding, and LDPred (80), which were applied to calculate PGSs for oxi-
dative, osmotic, and storage hemolysis. Models were built in two-thirds
of the samples selected at random without reference for various P-val-
ue and LD prunes that were validated independently in the remaining
third. The two-third/one-third split was chosen as an intermediate of
the possible splits suggested by different machine-learning approaches
(81). The LD pruning and P-value thresholding (Supplemental Figures
6-9) model provided the best estimate, as measured by the correlation
between the hemolysis measure in the omitted one-third and the PGS
model built in the remaining two-thirds, with LD pruning 72 less than
0.2 and P-value thresholding at Pless than 1 x 107. This set of thresholds
was then used in the entire data set to estimate the final PGS (Table 3).
All markers in the final PGS had a P value of less than 1x 107"

Invivo studies in WALK-PHaSST and PUSH SCD cohorts. The SNPs
that were genome-wide significant from the REDS-III cohort were
tested in the Treatment of Pulmonary Hypertension and SCD with
Sildenafil Therapy (WALK-PHaSST dbGAP accession PHS001513.
v1.pl) and Pulmonary Hypertension and Hypoxic Response in SCD
(PUSH dbGAP accession PHS001682.v1.p1). This included 232 SNPs
in 27 loci common in SCD cohorts (MAF > 0.05) and imputed with r?
greater than 0.8, all with P values less than 5 x 1078 in the REDS-III
cohort. We evaluated the association of SNPs with a mathematical
measure of the severity of in vivo hemolysis at steady state (baseline,
not during a vaso-occlusive event). The endpoint used is the first factor
of a previously validated PC measure of severity of steady-state hemo-
lysis in SCD patients (21). The PC is derived from clinically available
standard lab measures that reflect RBC hemolysis. These measures
include log-transformed serum lactic acid dehydrogenase, aspartate
aminotransferase, and total bilirubin, as well as the square root-trans-
formed percentage reticulocytes, and venous hemoglobin levels (21).
These measures were adjusted for clinical site of blood collection and
were standardized. This estimate of the severity of hemolytic anemia
has been previously validated in patients with SCD and shown to sig-
nificantly correlate with plasma hemoglobin and plasma RBC micro-
particles, as well as associate with clinical measures that modulate
the intensity of hemolysis (HbF level and a-thalassemia; refs. 21, 82).
Genetic association of the severity of hemolysis by PCA adjusted for
age, sex, hemoglobin genotype severity (SS and S-B° versus SC and
S-B+), cohort, use of hydroxyurea validated by HbF level, recent trans-
fusion, and population stratification. Recent transfusion was defined
by hemoglobin A level greater than 50% in Walk-PHaSST and transfu-
sion within the past 2 months in PUSH. Results between in vitro and in
vivo hemolysis were considered consistent if the initial GWA P value
was significant (P <5 x 10-%) and the P value for the association in the 2
SCD cohorts was significant (P < 0.05).

The Walk-PHaSST study has 429 analyzable informative patients
at least 12 years of age from 9 US Centers and 1 UK Center (83, 84).
The PUSH study was conducted at 4 tertiary medical centers in the
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United States and contains 282 analyzable patients 3 to 20 years of
age (82). These SCD samples were genotyped on the Illumina Human
610-Quad SNP Array, which covers 588,451 genome-wide SNPs. Sam-
ple and SNP quality control was described previously (85). Genotypes
were phased (85) and imputed (86) to 1000 Genomes phase 3 data
using African reference population samples. PCs of autosomal SNPs
were estimated using GCTA software (86).

Statistics. Primary GWA analysis was evaluated using 2-sided
multivariate linear models, with P values less than 5 x 10°® considered
significant. In the SCD cohorts, the replication analysis was a 2-sided
multivariable linear model with a P value of less than 0.05 considered
replication. MetaXcan analysis was a 2-sided linear model with Bon-
ferroni’s correction for the number of genes, with a Pvalue of less than
0.05 considered significant.

Study approval. RBC-Omics was conducted under regulations
applicable to all human subject research supported by federal agen-
cies. The Data Coordinating Center (RTI International) of REDS-III
was responsible for the overall compliance of human subjects to reg-
ulator protocols, including institutional review board approval from
each participating blood center, from the REDS-III Central Laborato-
ry (Vitalant) and the Data Coordinating Center. Approval of the Walk-
PHaSST study protocol (clinical trial NCT00492531) was obtained
from local institutional review boards or ethics committees, and writ-
ten informed consent was obtained from all study subjects in accor-
dance with the Declaration of Helsinki.
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