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ARTICLE INFO ABSTRACT

Keywords: The antioxidant function of the phospholipid hydroperoxide glutathione peroxidase (GPx4) is vital for the ho-
Red blood cells meostasis of many cell types, from neoplastic cells to normal erythroid precursors. However, some functional
GPx4

proteins in erythroid precursors are lost during the development of red blood cells (RBCs); whether GPx4 is
maintained as an active enzyme in mature RBCs has remained unclear. Our meta-analyses of existing RBC
proteomics and metabolomics studies revealed the abundance of GPx4 to be correlated with lipid-anchored
proteins. In addition, GPx4 anti-correlated with lyso-phospholipids and complement system proteins, further
supporting the presence of active GPx4 in mature RBCs. To test the potential biological relevance of GPx4 in
mature RBCs, we correlated the rate of hemolysis of human RBCs during storage with the abundance of GPx4 and
other heritable RBC proteins. Of the molecules that anti-correlated with the rate of hemolysis of RBCs, proteins
that mediate the cellular response to hydroperoxides, including GPx4, have the greatest enrichment. Western
blotting further confirmed the presence of GPx4 antigenic protein in RBCs. Using an assay optimized to measure
the activity of GPx4 in RBCs, we found GPx4 to be an active enzyme in mature RBCs, suggesting that GPx4
protects RBCs from hemolysis during blood bank storage.

Blood storage

1. Introduction

Over 100 million units of blood are collected worldwide each year
[1]. In blood banks, blood products, such as red blood cells (RBCs), are
typically stored for days to weeks, but units of RBCs degrade and he-
molyze during storage at variable and unpredictable rates [2,3]. The
ability to predict and reduce rates of hemolysis during storage of RBCs
could improve transfusion therapy. Transfusions would be more effica-
cious because: more functional RBCs would enter recipient circulation;
there would be a lower burden of cellular debris and its potential
adverse effects; the condition of RBCs delivered to remote areas during
disaster responses would be enhanced; neonates receiving multiple
transfusions from a single blood unit over time would receive more
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effective transfusions with reduced donor exposures; reduced risk of
alloimmunization; and reduced risk of transfusion reactions.

Methods for predicting the rate of hemolysis during storage of RBCs
are lacking in part because the molecular underpinnings of hemolysis
during storage of RBCs are poorly understood. We hypothesized that
genetic variation in donors leads to variability in select biochemical
pathways that impact the rate of hemolysis during storage of RBCs.

In a classic twin study, analyses of RBCs collected from a set of
monozygotic and dizygotic twin pairs revealed that the rate of hemolysis
in RBCs during storage is a heritable trait [3]. Heritability estimates
ranged from 28% to 54% across 14, 28, 42, and 56 days of storage [3].
However, the identity of genetic variants and downstream alterations in
biochemical pathways underlying the heritability of storage-hemolysis
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have not been explored. Previous proteomic and metabolomic studies of
RBCs from the twin study revealed a set of 119 heritable RBC proteins
and 148 heritable RBC metabolites [4-6]. In the present study we
interrogated our twin database for relationships between storage he-
molysis and heritable molecule abundances.

In an orthogonal approach, a genome-wide association study
(GWAS) of >11,000 donors conducted by the REDS-III RBC-Omics group
[7]1 demonstrated that features such as ancestry and sex, which reflect
differences in genetic background, are modifiers of the rate of hemolysis
of RBCs [2]. Integration of hits from this GWAS with hits from our
orthogonal twin study has the potential to identify high-confidence
targets for further investigations of key biochemical pathways that
impact RBC hemolysis.

Here, our integrative analysis reveals correlations between heritable
RBC proteins, heritable RBC metabolites, and the rate of hemolysis
during storage of RBCs. We used a subset of the resource generated by
this work to reveal that the rate of hemolysis during storage of RBCs is
altered by heritable differences in enzymes that mediate the cellular
response to oxidative distress arising from exposure to hydroperoxides.
We identified a central role in RBC homeostasis for glutathione peroxi-
dase 4.

Glutathione peroxidase 4 (GPx4), alias, phospholipid hydroperoxide
glutathione peroxidase, is a selenium-containing, membrane-associated
peroxidase that reduces phospholipid hydroperoxides in lipid regions of
cellular membranes to their corresponding phospholipid alcohol [8].
The removal of phospholipid hydroperoxides by GPx4 was established in
the 1980s [8,9]. Beyond its role in the peroxide-removal systems of cells
and tissues, GPx4 is essential for mammalian development; mice lacking
Gpx4 die in utero [10]. GPx4 activity has recently been shown to have
central roles in cancer biology, e.g. ferroptosis, and is a target for
investigational small-molecule anti-cancer agents [11-14]. Recent
studies have shown that GPx4 prevents necroptosis in mouse erythroid
precursor cells [15]. An in-depth quantitative analysis of the red blood
cell (RBC) proteome revealed that GPx4 protein is present in RBCs [16].
These findings suggest that GPx4 may have a role in maintaining ho-
meostasis in RBCs. However, it is known that during the maturation of
sperm the biochemical function of GPx4 changes from a peroxidase
enzyme to a structural protein without peroxidase activity [17]. This
raises the question whether GPx4 is an active enzyme with peroxidase
activity in mature RBCs.

Establishing that GPx4 as an active enzyme in mature RBCs will
enhance our understanding of RBC biochemistry and biology. In clinical
application, the presence of GPx4 in RBCs could affect their stability
during blood bank storage. Units of blood are collected worldwide and
stored for up to six weeks [1]. During storage, RBCs hemolyze and
degrade. However, the rate of degradation of RBCs during storage is
variable and unpredictable from donor to donor [2,3]. Developing the
ability to predict and reduce rates of hemolysis during storage of RBCs
could improve transfusion therapy.

We hypothesized that genetic variation in donors of RBCs leads to
variability in select biochemical pathways that impact the rate of he-
molysis during storage. We analyzed a subset of the twin study database
to reveal that rates of hemolysis of RBCs during storage are altered by
heritable differences in enzymes that mediate the cellular response to
oxidative distress arising from exposure to hydroperoxides, including
GPx4. Based on this, we adapted our GPx4 assay to determine if GPx4 is
an active enzyme in human erythrocytes. We also provide tools that may
lead to further development of methodologies that can be used to esti-
mate the rate of deterioration of RBCs during storage.

2. Materials and methods

All aspects involving the use of human subjects in this study were
approved by the Human Subjects Office of The University of lowa.
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2.1. Data set integration

The rates of hemolysis during storage for RBCs were integrated into a
compiled RBC donor twin study data set containing the “day 0” RBC
proteomics data set (mass spectrometry-based measurements of the
abundances of 1280 RBC proteins at “day 0” of storage; raw data from
Ref. [4]) and the “day 0" RBC metabolomics data set (mass
spectrometry-based measurements of the abundances of 330 RBC me-
tabolites at “day 0” of storage; raw data from Ref. [4]) using Microsoft
Excel for Mac version 16.16.15. Available heritability estimates for RBC
molecules from the twin study [4] were added to this compiled data set
(Supplementary Data Set 1), which was used as the foundational data
set for the subsequent analyses in this study.

2.2. Storage hemolysis vs. molecule abundance correlations

Correlation coefficients were calculated for all hemolysis-molecule
abundance pairs using a python script based on SciPy’s Spearman’s
ranked-ordered correlation package (https://docs.scipy.org/doc/scip
y-0.14.0/reference/generated/scipy.stats.spearmanr.html)  (Supple-
mentary Data Set 2). The analysis did not assume linear relationships
between the abundances of molecules and hemolysis rates and did not
assume normal distributions. Spearman’s rank correlation coefficients
were therefore used instead of Pearson’s coefficients. To focus analyses
on correlations containing at least 20 data points and molecules with
adequate data for heritability estimates, the correlation matrix was
trimmed to include only molecules with valid heritability calculations,
as described in Ref. [4], regardless of the magnitude of heritability es-
timates. The trimmed correlation matrix containing molecules with
heritability estimates is depicted as a heatmap. Further detailed analyses
of individual molecules correlated or anti-correlated with storage he-
molysis focused on relationships in which the absolute value of the
Spearman’s rank correlation coefficient was >0.3. This cutoff of |p| >
0.3 approximated a significant (p < 0.05-0.10) correlation, which var-
ied depending on the number of data points included in the individual
hemolysis-molecule pairs. The number of data points included in each
hemolysis-molecule pair varied because of the stochastic nature of mass
spectrometry proteomics in which proteins are not always observed
across all samples.

2.3. Gene ontology (GO) category analysis of proteins anti-correlated
with storage hemolysis

GO analyses were performed using GoMiner [18], as accessed online
at https://discover.nci.nih.gov/gominer 2020.07. The full set of pro-
teins used in the analysis comprised all RBC proteins with estimated
heritability (n = 385). The subset of proteins used in the analysis was
comprised of proteins anti-correlated with storage hemolysis (n = 33), as
defined by p < —0.3. UniProtKB limited to H. sapiens was used as the
online data source, including all evidence code levels. Lookup settings
included “Cross Reference” and “Synonym”. A p-value constraint of
<0.05 was used as a cutoff for statistical reports. 100 randomizations
were used. Categories with <5 members in the data set were excluded
from the analysis. The root categories were limited to biological
processes.

2.4. Calculation of rates of hemolysis of RBCs during storage

Standard red blood cell units were collected from volunteer twin
subjects and stored in extended storage media (AS-3) under standard
blood bank conditions and then sampled for hemolysis as previously
described [5]. Measurements of RBC hemolysis (% hemolyzed RBCs
compared to the total number of RBCs) at days 0, 14, 28, 42, and 56 of
cold storage were available for 17 of the 18 twin pairs (n = 34 in-
dividuals) (raw data from Ref. [3]). These data (n = 170 hemolysis
measurements) were used in subsequent analyses without removal of
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possible outliers because units with high hemolysis rates could reflect
meaningful biology. Hemolysis rates (% hemolysis per day) across the
56 days of storage were determined by calculating the slope of the line of
best fit for percent hemolysis across each of the five timepoints.

2.5. Validation of the GPx4 antibody for the use on RBC samples

Control HepG2 cells were cultured in MEM, containing 10% fetal
bovine serum supplemented with 500 nM selenomethionine to maxi-
mize expression of GPx1 and GPx4 [19]. In addition to our previous
work on validation [19], to extend our efforts to validate the anti-GPx4
antibody (Abcam [EPNCIR144] ab125066), proteins were extracted
from RBCs and HepG2 cells using stock buffer of Tris-Base (0.10 M, pH
8.0) containing EDTA, NaN3 (2.0 mM, 1.5 mM), and Triton X-100 (0.1%)
to solubilize membrane bound proteins.

RBCs from a single study subject were washed 1-5 times to deter-
mine if GPx4 protein was lost in washing. For these experiments, 10 ug
of RBC protein and 3, 6, and 9 pg of protein from HepG2 control cells
were loaded onto a 4-20% precast polyacrylamide gel (Mini-Protean
TGX Precast Protein Gels, Bio-Rad). The proteins were electrophoresed
for 70 min at 110 V and 2.0 A. Total protein mass was determined using
the DC™ Protein Assay (Bio-Rad). Protein was electro transferred to
polyvinylidene fluoride (PVDF) membranes for 1 h at 100 V and 2.0 A.
After blocking in 5% non-fat milk in phosphate buffered saline with
Tween 20® (TPBS) (1-2 h), the membranes were incubated with the
primary antibody (overnight at 4 °C) followed by secondary antibodies
conjugated with horseradish peroxidase (1:20,000, Millipore, Temecula,
CA) (1-2h at room temperature). Membranes were washed for 5-10 min
5 times and treated with SuperSignal West Pico Plus chemiluminescent
substrate (ThermoFisher) for 5 min. X-ray film was then exposed to the
membrane for 5-120 s to visualize bands on the film.

Because common loading controls (e.g., GAPDH, f-actin, and
tubulin) were unreliable for western blots of RBCs, we used whole gel
Coomassie stains to determine protein loading consistency. The gel was
submerged in Coomassie Brilliant Blue R-250 Staining Solution
#1610436 (Bio-Rad) for 2 h followed by washes in a solution containing
10% acetic acid, 50% methanol, and 40% H>O until the background was
nearly clear. Coomassie-stained bands identified the location of residual
proteins.

2.6. Optimization of the GPx1 and GPx4 combined activity assays for
human RBCs

2.6.1. Combination assay overview

The enzymatic activities of GPx1 and GPx4 were determined using
the combined assay for GPx1 and GPx4, which monitors oxidation of
NADPH via UV-Vis spectroscopy [19]. The substrate for GPx4 activity
was phosphatidylcholine hydroperoxide, as prepared by the detailed
procedure of [19]. HyO5 was the substrate for GPx1. Whole blood
collected in heparin tubes from 4 subjects was centrifuged (2000 g, 20
min), then a portion of packed RBCs was aspirated, avoiding the buffy
coat. RBCs were washed and counted. As it is crucial to ensure the
linearity of activity (i.e., more cells yield more observed activity), the
suspension of RBCs was diluted to generate a set of samples consisting of
(0.5-5) x 10° cells. The packed RBCs were resuspended in Tris-Base
(0.10 M, pH 8.0) containing EDTA, NaNs3 (2.0 mM, 1.5 mM), and
0.1% Triton X-100. Observed activities were normalized to protein
content as determined by the DC™ Protein Assay (Bio-Rad, Hercules,
CA, USA), which is based on the Lowry assay [20].

2.6.2. Enzymology sample preparations

Heparinized whole blood was collected and centrifuged (2000 g, 20
min). Plasma was removed and a portion of the packed RBCs was
aspirated, avoiding the buffy coat. RBC samples were washed in PBS and
counted using a Z2™ Coulter Counter® Cell and Particle Counter
(Beckman-Coulter, Miami, FL). To reduce the interference of the Soret
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band, the RBCs (approximately (2-4) x1 08 cells) were suspended in 30
mM phosphate buffer and 4 mM magnesium sulfate to lyse the cells. To
remove hemoglobin, the suspension was centrifuged at 13,200 g for
10-20 min, the supernatant was removed, and the process was repeated
5 times. When the supernatant appeared transparent, the resulting pel-
lets were suspended in Tris-Base buffer containing Triton X-100 (0.1%).
However, interference of the Soret band of residual contaminating he-
moglobin led to invalid results in several RBC samples; see Fig. S4 for
examples. Cells from human cell lines (HepG2 and H1299) and rat liver
were homogenized in the same buffer.

HepG2 (human hepatocellular carcinoma) and H1299 (human lung
carcinoma) cells were purchased from American Type Culture Collec-
tion (ATCC). The cell lines were cultured in media recommended by
ATCC. As appropriate, confirmation of all cell lines was accomplished by
IDEXX-RADIL. The genetic profiles of cell stocks were compared to the
genetic profiles of cell lines available in the DSMZ STR database to
ensure that they do not match any other reported profiles in the DSMZ
database. Rat liver (male Sprague-Dawley) was flash frozen in liquid
nitrogen directly after harvesting and stored at —80 °C until analyzed.

3. Results
3.1. Select RBC molecule abundances correlate with storage hemolysis

Our prior twin study [3,5,6] established an RBC donor cohort with
variable RBC hemolysis during storage across five study time points
(days 0, 14, 28, 42, and 56 of storage) (Fig. 1A and B, and Supplemen-
tary Fig. S1A) and donor-dependent variability in the abundances of
RBC proteins and metabolites quantified at “day 0 of storage (e.g.,
glutathione synthetase (GSS), Fig. 1C) (Supplementary Data Set 1).
Here, to explore the biochemical basis for the donor-dependent vari-
ability in RBC storage hemolysis, we investigated correlations between
hemolysis at each of the five time points in this study and the abun-
dances of RBC proteins and RBC metabolites at “day 0” of storage
(Fig. 1D). For example, GSS was found to be anti-correlated with storage
hemolysis at each of the five time points (Fig. 1E and Fig. S1B), sug-
gesting that GSS plays a role in protecting RBCs from storage hemolysis.
Similar pairwise comparisons were made between all RBC molecules
and each time point in the data set (Fig. 1F and Supplementary Data Set
2). This analysis identified 205 RBC molecules anti-correlated with
storage hemolysis (Fig. S1C).

3.2. Select RBC molecule abundances correlate with storage hemolysis

To explore heritable biochemical pathways associated with the rate
of hemolysis during RBC storage, further analyses were conducted with
a subset of data containing molecules for which sufficient data to
calculate heritability estimates were available (Supplementary Data Set
3). In this trimmed data set, correlations and anti-correlations between
storage hemolysis and molecule abundances were observed at each of
the time points in the study (Fig. 2A). Many molecules were consistently
correlated or anti-correlated at each time point. For example, the
glycoprotein CD59, in which mutations can cause paroxysmal nocturnal
hemoglobinuria from uncontrolled complement-mediated RBC hemo-
lysis [21] was strongly anti-correlated with storage hemolysis at every
time point (Fig. 2B). However, differences were observed across time
points for some molecules, likely due to previously described varying
biological conditions during storage [22].

We focused the analysis on hemolysis at day-14 of storage because
day-14 was the time point nearest the estimated median time of storage
at which RBC units are transfused (20 days) [23]; also, day-14 is a
defining storage time for fresh vs. older blood in clinical trials that
examined the relationship between the age of RBC units and clinical
outcomes [24-26]. Biochemically, day-14 of storage approximates an
inflection point at which significant age-dependent biochemical alter-
ations in RBCs (e.g., ATP depletion) have been previously observed [5,
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Fig. 1. Abundances of select RBC molecules anti-correlate with rates of hemolysis during storage.
(A) Schematic of the 13 monozygotic twin pairs and the 5 dizygotic twin pairs analyzed in this study.
(B) Red blood cell (RBC) hemolysis (percent of the total RBCs that were hemolyzed) at day 14 of cold storage across the individual donors in the twin study. Raw data

from Ref. [3].

(C) Abundance of the protein glutathione synthetase (GSS; arbitrary units, a. u, based on mass spectrometry signal) in RBCs from donors in the twin study. Raw data

from Ref. [4].

(D) Schematic depicting the time points at which samples of the stored RBC units were analyzed for hemolysis. Using samples isolated on the day of donation, RBC
proteins and metabolites were quantified by mass spectrometry (“day 0” time point).

(E) Scatter plot of RBC hemolysis at day 14 of storage (%) versus the abundance of the protein GSS.

(F) Rank-ordered plot of RBC molecule correlations (p) with hemolysis at day 14, highlighting GSS. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

22,27]. Upon infusion of stored RBCs containing cell-free hemoglobin,
nitric oxide homeostasis can be impaired leading to endothelial
dysfunction, platelet activation, and vasculopathy [28]. We hypothe-
sized that heritable differences in RBC proteins or metabolites are
significantly associated with the rate of hemolysis of RBCs at this bio-
chemically dynamic time point.

Analyses showed robust hemolysis-molecule abundance anti-
correlations at storage-day-14 time point (Fig. S3A). Using a strict cut-
off of Spearman’s p < — 0.45, we observed eight molecule-hemolysis
anti-correlations at storage-day-14 — more than at any of the other
time points (Figs. S3B and S3C). These included CRLF3 (Fig. 2C), an
erythropoietin receptor homolog [29], and PARK7 (Fig. 2D), a deglycase
involved in cellular antioxidant responses [30]° An unbiased gene
ontology analysis demonstrated that molecules anti-correlated with
hemolysis at day-14 of storage were enriched for proteins that mediate
the cellular response to hydroperoxides (Fig. 2E and F and Supple-
mentary Data Set 4), suggesting that these proteins protect RBCs from
early storage hemolysis. These anti-correlated proteins included PARK7
(Fig. 2D), catalase (CAT) (starred in Fig. 2B), and GPx4 (Fig. 2G). This
suggests that GPx4 enzyme activity in mature RBCs may be part of a
heritable biological program for protecting RBCs from oxidative
damage.

3.3. GPx4 protein is correlated with functionally related molecules in
RBCs

We mined our existing RBC twin study data set for multi-omic evi-
dence of GPx4 activity in RBCs. Specifically, we examined correlations
between the abundance of GPx4 protein and the abundances of other
biomolecules in our publicly available proteomics and metabolomics
data set from an RBC donor twin study [4]. In this prior work, over a

4-fold variance in GPx4 abundance was observed across 31 RBC donors
[4] (Fig. 3A). Within the proteomic data set, GPx4 abundance correlates
with lipid-anchored signaling proteins (Fig. 3B and Fig. S1), suggesting
that GPx4 activity supports lipid membrane-associated pathways. GPx4
abundance anti-correlates with several members of the complement
system (Fig. 3B). This included an anti-correlation with complement
factor H (CFH), which directly binds lipid peroxidation-generated
malondialdehyde epitopes [31]. Low malondialdehyde levels in RBCs
resulting from higher GPx4 activity could account for a lower
RBC-associated CFH abundance, and vice versa.

GPx4 is also anti-correlated with lyso-phospholipids (Fig. 3B). Lyso-
phospholipids are generated by phospholipase A-catalyzed hydrolysis of
phospholipid-hydroperoxides [32], which is an alternative
phospholipid-hydroperoxide degradation pathway in the absence of
GPx4 activity. Lack of GPx4 activity in tumor cells elevates levels of
lyso-phospholipids [14]. Thus, higher levels of lyso-phospholipids in
RBCs could result from lower GPx4 activity. The anti-correlations be-
tween GPx4 abundance and CFH and lyso-phospholipids also suggest
that GPx4 is an active enzyme in human RBCs.

3.4. Validation of the antibody for Western blot analysis of GPx4 in RBCs

To examine if GPx4 is active as a peroxidase enzyme we employed
western blotting as a probe for protein abundance in conjunction with
an activity assay specific for GPx4. To validate the use of the anti-GPx4
antibody in samples of RBCs probed by western analysis, we compared
results from RBC samples to the results from HepG2 cells. We have
previously validated this antibody for use with samples from HepG2
cells grown and prepared with the same protocols [19]. We observed
that loss of GPx4 protein due to washing of RBC samples is minimal,
even after 5 washes (Fig. 4A). The bands of GPx4 appeared at



J.M. Stolwijk et al. Redox Biology 46 (2021) 102073

Hemolysis Hemolysis
correlations correlations

1.2

e
N

. p=-053

o
[

\'b Q '\ ’1, b‘ 93 ’b D '\ ’1, b( ‘3

\
o”’o*o P SR *o* Popies”
] —— CA1
| Lzic
CAT % .
— | B | cAPNs 0

Cpso ; T T T ,

— GPX4 % 0 '5 10 415 20 '
CRLF3 Cytokine receptor-like factor 3 Protein deglycase DJ-1

Propionylcarnitine CRLF3 (a.u. x10%) W PARK? (a.u. x10°)

— MDH1
YWHAQ
CA2 E
COASY
— OXSR1
LASP1
EIF4A1
| onm2
DEFA3
— o IPOS Gene ontology (GO) 0 2 4 6
UBE20 categories with P < 0.05 Enrichment in proteins anti-
Dimethyl sulfoxide ’ correlated with hemolysis (p < -0.3)
ACAT2
. PARK? W G
COPS3 0.6 -
TUBB4B
GAPVD1
Lathosterol
GLRX3

Spearman’s rank RHOA

coefficient (p) E:QAI\?Z

ADSL
-075 0 075 ' RANGAP1

o
®
.

o
IS
[
IS

Hemolysis on day 14 (%)
Hemolysis on day 14 (%)

Hydrogen peroxide metabolic process

Response to hydrogen peroxide

O, and reactive oxygen species metabolic process
Cellular modified amino acid metabolic process
Response to reactive oxygen species

Response to abiotic stimulus

Response to oxidative stress

Red blood cell proteins and metabolites

.,.,
=

038

—PRDX2 0.6

0.4

Correlation with
hemolysis at day 14 (p)

02

Hemolysis on day 14 (%)

CFLA1 0.0

T T 1
TXNRD1 0 200 400 600 800 0 5 10 15 20 25

[E— ] WNK1 _ ;
0 25 50 75 T RBC proteins and metabolites Glutathione peroxidase 4

ESD
GO category: K GPX4 (a.u.x10)
HOOH metabolic process

Heritability

Fig. 2. Select heritable RBC molecule abundances anti-correlate with rates of hemolysis during storage.

(A) Heatmap of Spearman’s rank correlation coefficients (p) between the abundances of individual RBC proteins or RBC metabolites (arrayed on the ordinate)
(proteomics data from Ref. [4])and measures of RBC hemolysis during storage (arrayed on the abscissa) (hemolysis data from Ref. [3]), organized by correlations
with hemolysis at day-14 of storage. The heritability of each protein or metabolite (as defined previously in Ref. [4]) is also indicated (black and white column on far
left).

(B) Detailed view of the molecules most anti-correlated with hemolysis at day-14, as defined by p < —0.3 and sorted by heritability. Stars mark molecules highlighted
in panels C-G.

(C) Scatter plot of RBC hemolysis at day-14 of storage (%) (hemolysis data from Ref. [3]) vs. the abundance of the protein CRLF3 (arbitrary units, a. u, based on mass
spectrometry signal) (proteomics data from Ref. [4]).

(D) Scatter plot of RBC hemolysis at day-14 of storage (%) (hemolysis data from Ref. [3]) vs. the abundance of the protein PARK7 (proteomics data from Ref. [4]).
(E) Gene Ontology (GO) categories significantly (p < 0.05) enriched in proteins anti-correlated with hemolysis (n = 33), as defined by p < —0.3, compared to all RBC
proteins with measured heritability (n = 385).

(F) Rank-ordered plot of RBC molecule correlations (p) with hemolysis at day-14, highlighting proteins observed from the GO category for “hydrogen peroxide
metabolic process”.

(G) Scatter plot of RBC hemolysis at day-14 of storage (%) (hemolysis data from Ref. [3]) vs. the abundance of the protein GPx4 (proteomics data from Ref. [4]).
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Fig. 3. RBCs have GPx4 and its abundance
varies across RBC donors and correlates with
select RBC molecules.
(A) Relative abundance of GPx4 protein in
RBCs at “day 0” of cold storage across the
individual donors in the twin study. Prote-
omics data from Ref. [4].
(B) Rank order plot of RBC molecules
correlated or anti-correlated with GPx4,
highlighting select lipid-anchored proteins
correlated with GPx4 (red), complement
proteins anti-correlated with GPx4 (purple),
-1.0 = T T T 1 and lysophospholipids anti-correlated with
0 200 400 600 800 GPx4 (blue). Proteomics and metabolomics
Proteins and metabolites (rank order) data from Ref. [4]. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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Fig. 4. Validation of GPx4 antibody and loading
control for Western blot analysis of RBCs.
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(A) Western blot of samples from RBCs and HepG2
cells. Approximately 4 x 10® RBCs from one subject
were washed 1-5 times and 10 pg of protein from
each wash was loaded onto the gel. After 3 washes
there may be a small loss of GPx4 protein. This is to
be expected as GPx4 is non-covalently bound to
membranes [33]. HepG2 lysate, as a positive control,
shows an increase in GPx4 as more cellular protein is
loaded.

(B) The Coomassie-stained gel shows that the in-
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densitometry measurements, panel C-

(C) Quantification of the Coomassie bands for RBCs
shows that the amount of protein loaded in each of
the 5 lanes is approximately the same. The Coomassie
stain for the HepG2 samples shows the expected in-
crease in band density with increasing amounts of
protein loaded (i.e., 3, 6, and 9 g of protein loaded
would be expected to have relative intensities of 1x,
2x, and 3x, respectively). The observed intensities are
as anticipated.
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approximately 20 kDa, consistent with the molecular weight of the
cytosolic form of the enzyme (19.5 kDa) and information from the
supplier of the antibody. In samples from HepG2 cells, there was an
expected increase in the density of the GPx4-band as more protein as
loaded (Fig. 4A). The bands for GPx4 from RBCs showed variation,
suggesting that some protein was lost with repeated washing. Off-target
bands were observed that could represent nonspecific binding of the
antibody but are more likely due to one or more oxidases in the RBCs
that activate the electro-chemiluminescence compound, generating the
observed bands.

A Coomassie stain was used to visualize the amount of protein loaded
on the gel (Fig. 4B). The Coomassie bands were used to determine if the
amount of protein loaded correlated with the amount of protein
observed in the gel. This is important because it was unclear if loading a
certain mass of protein was the correct approach for Western blot
analysis of RBCs.

Quantification of the Coomassie bands was performed using ImageJ
(Fig. 4C). The densitometry reading of the protein bands was determined
and normalized. For the RBCs, wash #3 was used to normalize the RBC
bands. For HepG2 cells, the 3-pg lane was used for normalization. RBC
samples equivalent to 10 pg of protein were loaded for all of the washes.
This amount would be expected to generate equal Coomassie staining of
the bands. As a positive control, an increasing amount of protein from
the HepG2 cells was loaded (3, 6, and 9 pig) to generate expected relative
band intensities of 1x, 2x, and 3x, respectively. The measured relative
intensities were, 1.0x, 2.0x and 3.2x, closely reflecting the expected
intensities. These results validated the approaches used to detect GPx4
antigenic protein in RBCs.

Ideal ratios of protein/loading control are 1, as shown for the HepG2
samples. This means that the band intensity of GPx4 increases parallel to
the amount of protein loaded onto the gel. Upon normalization of the
GPx4 band for RBCs in the Coomassie-stained gel, a decreased ratio was
observed after wash #4 suggesting that a small amount of GPx4 protein
may have been lost (Fig. 4D).

# of washes

normalized to the intensities of the Coomassie-stained
bands. An apparent decrease of RBC GPx4 was
observed with increasing numbers of washes. Because
increasing amounts of protein were loaded for the
HepG2 positive control samples, the relative GPx4
expression is similar for all three samples, as

Hg protein

These data validate the use of the antibody for the detection of GPx4
antigenic protein in RBCs.

3.5. GPx4 is an active enzyme in mature red blood cells

To measure the activities of GPx1 and GPx4, a kinetic UV-Vis
experimental setup is typically used. We used an assay that measures the
activities of both GPx1 and GPx4 in a single sample [19]. The activity of
GPx1, which is considerably greater in RBCs than GPx4, can be used as a
control to determine the reliability of the determination of GPx4 activ-
ity. If GPx1 activity is not within the expected range, the GPx4 activity
measurement is assumed to be invalid, probably due to a technical issue
in sample preparation or running the assay.

The combined GPx activity assay relies on the oxidation of NADPH,
which is the source for electrons needed to recycle GPxs. Recycling of
GPxs is required after it reduces (phospholipid) hydroperoxides to their
alcohol equivalent. NADPH is oxidized as GPx is recycled; its loss is
observed in a UV-Vis spectrophotometer at 340 nm. To apply this
methodology to RBCs, it was necessary to overcome the technical
challenge of very high concentrations of hemoglobin (intracellular
levels of ~5 mM; 20 mM in heme), which interferes with spectropho-
tometry. Due to hemoglobin, the UV-Vis spectrum of RBC lysates has an
intense absorbance at approximately 415 nm, referred to as the Soret
band, €415 = 5.2 x 10° M~ ! em~L. The which is considerably greater
than the extinction coefficient of NADPH at its peak of 340 nm, £349 =
6.3 x 103 M~! em ™. Because of its absorbance at 340 nm, hemoglobin
must be minimized in samples to allow detection of NADPH at 340 nm.
Optimization and validation of the combined GPx activity assay for
RBCs was performed by determining linearity of activity vs. cell number
(Supplemental Fig. S4).

We used the optimized assay to explore if the GPx4 antigenic protein
found in human RBCs is functional, i.e. does this protein have the ex-
pected enzyme activity of GPx4? Activity of GPx4 is required to reduce
phospholipid hydroperoxides (PLOOH) to their alcohol equivalents
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Fig. 5. RBCs have GPx4 protein that has the classic peroxidase activity of GPx4.

(A) Schematic of the peroxidase activity of GPx4.

(B) GPx4 protein expression detected by Western blot analysis of RBCs and HepG2 cell lysates. The expected increase in intensity is observed with increasing amounts
of protein loaded.

(C) RBCs have lower activity of GPx4 compared to human lung carcinoma (H1299), human hepatocellular carcinoma (HepG2) cell lines, and rat liver. Error bars
(standard deviation) represent replicates of a single sample ran >3 times in our combined assay for GPx1 and GPx4 activities.

(D) GPx1 activity of RBCs was comparable to human carcinoma cell lines, but lower than rat liver. The observed activity of GPx4 is approximately 1% of that of GPx1
in each of the samples, although absolute comparison of measured activities of GPx4 and GPx1 is not possible due to different kinetics in the activity assays. Note the
scales for the ordinates of panels C and D differ by a factor of 100. (See Supplementary Data for a discussion of the kinetics of the combination assay.) Error bars
(standard deviation) represent replicates of a single sample ran >3 times in our combined assay for GPx1 and GPx4 activities. The subjects, A — D, in this figure are

different from subjects #1 — #4 in Fig. S4.

(E) GPx4 may prevent potential oxidative damage of RBCs by removing phospholipid hydroperoxides.
(F) Reduced concentration and activity of GPx4 could lead to increased oxidative damage by the reactions of phospholipid-OOH, leading to increased rates of

hemolysis during storage of RBCs.

(PLOH) (Fig. 5A). Upon oxidation of the enzyme, two molecules of GSH
supply the two electrons needed to recycle GPx4, forming GSSG. This
reaction is essential to efficiently blunt the damaging chain reactions of
lipid peroxidation.

The copious amount of hemoglobin in RBCs is a major interference
for determining the presence of GPx4. RBCs were therefore lysed and
centrifuged to remove hemoglobin. The resulting pellet representing the
membrane fraction was used to determine the presence of GPx4 protein.
To demonstrate the presence of GPx4, immunoblots were loaded with
varying amounts of total protein from the membrane fraction (See Fig. 4
for validation of the antibody for western blotting for GPx4 in RBCs.).
We observed a corresponding increase in the intensity of the band for
GPx4 with increasing amounts of total protein loaded (Fig. 5B). A lysate
of HepG2 cells was used as a positive control for Western blot detection
of GPx4 protein. A similar increase in the intensity of the bands for GPx4
was observed with increasing amounts of total protein loaded (Fig. 5B).
These observations strongly support the presence of GPx4 protein in
RBCs.

Enzyme activity assays were performed to confirm the presence of
functional GPx4 in RBCs. Results were compared to assays of human cell
lines and rat liver (Fig. 5C). Samples from a total of four human subjects
were analyzed to provide a survey of GPx4 activity in RBCs. As expected,
the activity of GPx4 in RBCs is low compared to that of liver-derived cell
lines and liver tissue. However, enzyme activity for GPx4 in RBCs was
observed well above the limit of detection of the assay (Fig. 5C).

To confirm the comparatively low activity of GPx4, we measured the

activity of GPx1 in RBCs, two human cell lines, and rat liver (Fig. 5D). As
expected, considerably greater GPx1 activity was observed in liver tissue
compared to our membrane preparations of RBCs. Although a precise,
quantitative comparison of the enzyme activities of GPx1 and GPx4 is
not possible due to differing enzyme kinetics, the observed activity of
GPx4 is approximately 1% of that of GPx1 in each of the different
samples. Furthermore, the removal of hemoglobin as described above
will also reduce the amount of GPx1 available. GPx1 is mainly localized
in the cytosol of cells of which a large fraction was removed. Therefore,
our data may be an underestimation of the actual GPx1 activity. This
hypothesis is consistent with the data of Bryk and Wisniewski on the
proteome of RBCs in which the copy number for GPx4 protein is about
5% of that of GPx1, each as monomers [16]. (See Supplementary Data
for a discussion of the kinetics of the combination assay.) Together,
these data indicate that the GPx4 antigenic protein we detected in
mature RBCs is an active peroxidase (Fig. 5).

4. Discussion

RBCs maintain homeostasis despite constant exposure to reactive
oxygen species both in vivo and during blood bank storage, but the
mechanistic details of how RBCs protect themselves from oxidative
damage are incompletely defined [34]. While many biomolecules in
RBCs have the potential to be oxidatively damaged, lipid oxidation has
recently been shown to be particularly detrimental to RBC homeostasis
[35]° Our study indicates that functional GPx4 is present in RBCs and



J.M. Stolwijk et al.

likely plays a role in blood bank storage by protecting RBCs from
oxidative damage to lipids. The presence of GPx4 protein in mature
RBCs has now been demonstrated by both immunoblot and mass spec-
trometry proteomics. Furthermore, our ex vivo enzymology experiments
have shown that GPx4 is an active enzyme in mature RBCs, with the
capacity to catalyze glutathione-dependent reduction of phospholipid
hydroperoxides to their corresponding phospholipid alcohols (Figs. 2
and 3). The antioxidant function of GPx4 in RBCs is further supported by
multi-omic analyses that correlated or anti-correlated GPx4 with
metabolically-related biomolecules such as complement factor H (CFH)
and lysophospholipids. Importantly, the abundance of GPx4 is highly
heritable and varies at least 4-fold across subjects; this variance in the
abundance of GPx4 anti-correlates with the rate of hemolysis of RBC
during storage.

GPx4 activity plays a key role in the biology of cancer cells by
regulating ferroptosis, a type of cell death triggered by lipid oxidation
[11-14]. GPx4 is a focal point for ferroptosis because it catalyzes the
reduction of lipid hydroperoxides into non-toxic lipid alcohols. Small
molecule GPx4 inhibitors can cause cancer cell death; but, for unclear
reasons, cancer cell lines exhibit variable sensitivity to GPx4 inhibition
[36]. The variability can be partially attributed to differences in a
recently described coenzyme Q (CoQ)-dependent pathway mediated by
ferroptosis suppressor protein 1 (FSP1) that acts in parallel with GPx4
[37]1. However, genetically-driven differences in GPx4 abundance, as
occurs in RBCs, could also play a role in tumor sensitivity to the inhi-
bition of GPx4. Our findings that abundance of GPx4 in RBCs is 75%
heritable and varies at least 4-fold across RBCs from a small cohort of
individuals suggest that similar person-to-person variability in GPx4
could be present in other tissues as well as neoplasms. These
genetically-determined differences in GPx4 have the potential to
modulate the effects of GPx4 inhibitors, including both on-target fer-
roptosis in tumor cells and off-target hemolysis in RBCs.

In addition to this focused investigation of GPx4 in RBCs, our study
defines a list of heritable RBC proteins and metabolites correlated or
anti-correlated with RBC storage hemolysis, adding to the growing
resource provided by our twin study of RBC donors. Our results:

1. Provide a set of new candidate biomarkers for predicting rates of
storage hemolysis;

2. Identify biochemical pathways that could be enhanced or inhibited
to reduce storage hemolysis; and

3. Advance our understanding of the biological mechanisms that un-
derlie RBC storage hemolysis.
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