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Primitive erythropoiesis is a critical component of the fetal cardiovascular network and

is essential for the growth and survival of the mammalian embryo. The need to rapidly

establish a functional cardiovascular system is met, in part, by the intravascular

circulation of primitive erythroid precursors that mature as a single semisynchronous

cohort. To better understand the processes that regulate erythroid precursor maturation,

we analyzed the proteome, metabolome, and lipidome of primitive erythroblasts isolated

from embryonic day (E) 10.5 and E12.5 of mouse gestation, representing their transition

from basophilic erythroblast to orthochromatic erythroblast (OrthoE) stages of

maturation. Previous transcriptional and biomechanical characterizations of these

precursors have highlighted a transition toward the expression of protein elements

characteristic of mature red blood cell structure and function. Our analysis confirmed a

loss of organelle-specific protein components involved in messenger RNA processing,

proteostasis, and metabolism. In parallel, we observed metabolic rewiring toward the

pentose phosphate pathway, glycolysis, and the Rapoport-Luebering shunt. Activation of

the pentose phosphate pathway in particular may have stemmed from increased

expression of hemoglobin chains and band 3, which together control oxygen-dependent

metabolic modulation. Increased expression of several antioxidant enzymes also

indicated modification to redox homeostasis. In addition, accumulation of oxylipins and

cholesteryl esters in primitive OrthoE cells was paralleled by increased transcript levels

of the p53-regulated cholesterol transporter (ABCA1) and decreased transcript levels of

cholesterol synthetic enzymes. The present study characterizes the extensive metabolic

rewiring that occurs in primary embryonic erythroid precursors as they prepare to

enucleate and continue circulating without internal organelles.

Introduction

Red blood cells represent �84% of total host cells in the human body.1-3 Although often regarded as
circulating bags of hemoglobin, which accounts for �90% of the dry weight of a mature erythrocyte, red
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Key Points

� Terminal maturation of
primary murine
primitive erythroid
precursors is
characterized by loss
of organelles and
anabolic components.

� Metabolic
reprogramming
includes depression
of mitochondrial
metabolism and
upregulation of the
pentose phosphate
pathway and redox
metabolism.
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blood cells are endowed with a complex proteome of more than
2000 proteins and participate in systems metabolism beyond their
role in gas transport.4 During development, erythroid cells play a
critical role in the formation of the cardiovascular network, which is
the first functional organ system in the mammalian embryo.5 This
system is initially seeded by cells of the primitive erythroid lineage,
which emerges in yolk sac blood islands6 as a transient wave of
committed progenitors present between embryonic day (E) 7.25
and E9.0 in the mouse embryo. These progenitors generate a semi-
synchronous cohort of erythroblast precursors that progressively
mature in the bloodstream between E9.5 and E12.5 and ultimately
enucleate and continue to circulate for several days after birth.7 As
part of this process, primitive erythroid precursors, like their definitive
counterparts, undergo several maturational cell divisions that are
accompanied by progressive decrease in cell size, nuclear conden-
sation, hemoglobin accumulation, and loss of RNA content.8 This
sequence of events provides the morphologic classification of ery-
throid precursors into proerythroblast, basophilic (BasoE), polychro-
matophilic, and orthochromatic erythroblast (OrthoE) maturational
stages (reviewed by Palis5). The semisynchronous maturation of
primitive erythroid precursors in the murine embryo affords the iden-
tification of progressive populations over time, with predominantly
BasoEs present at E10.5 and OrthoEs present at E12.5.8

Characterization of primitive erythropoiesis is relevant per se in addi-
tion to the identification of overlapping and diverging patterns with
definitive erythropoiesis, the latter of which can inform methods for
the ex vivo expansion and differentiation of erythroid cells.9 For exam-
ple, despite many similarities, primitive and definitive erythroid cells
have marked differences in cell size and globin gene expression.
Although primitive and definitive erythroid lineages share a large set
of nonhousekeeping genes, unique gene expression profiles are evi-
dent between chronologically equivalent populations during primitive
or definitive erythropoiesis, such as the case of aquaporin 3 (Aqp3)
and Aqp8, which are specifically expressed in primitive erythroblasts,
whereas Aqp1 and Aqp9 are expressed in adult definitive erythro-
blasts. These distinct gene expression profiles have functional impli-
cations, such as the capacity in primitive erythroblasts to accumulate
reactive oxygen species (ROS) as a function of Aqp3 and Aqp8.8

Beyond these specific examples, gene expression studies have con-
tributed significantly to the understanding of molecular processes
that drive primitive or definitive erythroid maturation.8,10-14 For exam-
ple, transcript levels are markedly modulated during terminal erythroid
maturation, but housekeeping genes are not preferentially lost.8 Spe-
cific stages of maturation, such as the transition from BasoE to
OrthoE, are characterized by a global reduction of transcription.8

Proteomics studies of in vitro cultured human and murine definitive ery-
throid precursors have been reported by Karayel et al15 and Gautier
et al.16,17 Here, we expand on existing studies of in vitro cultured cells
by focusing on a consolidated view of the proteome, metabolome, and
lipidome in primary primitive erythroid precursors directly isolated from
the bloodstream of murine embryos at E10.5 and E12.5 of gestation,
representing cells at the BasoE and OrthoE stages of maturation. We
previously characterized the transcriptome and acquisition of functional
biomechanical features of these cell populations.8,18 Our analysis of
the proteome highlights not only the accumulation of core proteins for
mature erythrocyte structure (band 3 and spectrin b) and function
(hemoglobins) but also the progressive loss of organelle-related pro-
teins. We find that terminal erythroblast maturation is characterized by
complex rewiring of energy and redox metabolism to satisfy the

delicate balance between cessation of a highly proliferative state and
completion of a unique differentiation process that removes organelles
and de novo synthesis capacity. Although decreases in proteostasis
machinery components are apparent, including within the spliceosome,
ribosome, and proteasome, primitive OrthoEs accumulate critical redox
homeostasis proteins that will function to protect the cells throughout
the remainder of their circulatory lifespans. Likewise, late-stage primitive
erythroid precursors activate recycling programs for membrane repair
and replenishment of damaged lipids and nucleotides.

Methods

Isolation of primary primitive erythroid precursor

cell populations

The University of Rochester Committee on Animal Resources
approved all experiments involving animals for this research. Timed
pregnant ICR mice (Taconic Biosciences) were euthanized by cervi-
cal dislocation at E10.5 and E12.5. Individual embryos were pro-
gressively freed of decidual, placental, and yolk sac tissues with
transfer into fresh PB2 media (Dulbecco phosphate-buffered saline
[PBS]; Gibco-BRL), 0.3% bovine serum albumin (BSA; Gemini Bio-
Products), 0.68 mM of calcium chloride (Sigma-Aldrich), 0.1% glu-
cose, and 12.5 mg/mL of heparin.19 Blood cells were collected as
embryos bled from umbilical and vitelline vessels and snap frozen in
liquid nitrogen. A minimum of 3 biologic replicates were obtained
for each data point analyzed.

Arginine isotope tracing

Isolated E10.5 blood was labeled in heavy or light arginine at a con-
centration of 1 3 106 cells per mL. The media consisted of Iscove
modified Dulbecco medium for stable isotope labeling with amino
acids in cell culture; GlutaMAX; 10% dialyzed serum; monothiogly-
cerol; mixture of recombinant human insulin, human transferrin, and
sodium selenite; BSA; and erythropoietin (2 U/mL). Cells were cul-
tured for various time points up to 48 hours.

Sample processing and metabolite extraction

Isolated cells were extracted to a concentration of 4 million cells per
mL in a methanol volume/acetonitrile volume/water volume ratio of
5:3:2. After vortexing at 4�C for 30 minutes, extracts were sepa-
rated from the protein pellet by centrifugation for 10 minutes at
18000g at 4�C and stored at 280�C until analysis.

Ultrahigh-pressure liquid chromatography–mass

spectrometry metabolomics and lipidomics

Analyses were performed using Vanquish ultrahigh-pressure liquid
chromatography (LC) coupled online to a Q Exactive mass spectrom-
eter (Thermo Fisher Scientific, Bremen, Germany). Samples were
analyzed using a 3-minute isocratic condition or a 5-, 9-, or 17-minute
gradient as described.20-22 Solvents were supplemented with 0.1%
formic acid for positive mode runs and 1 mM of ammonium acetate
for negative mode runs. Mass spectrometry (MS) acquisition, data
analysis, and elaboration was performed as described.20-22

Proteomics

Proteomic analyses were performed via filter aided sample prepara-
tion digestion and nano–ultrahigh-pressure LC–MS/MS identifica-
tion (nanoEasy LC 1000 coupled to Q Exactive HF; Thermo Fisher
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Scientific) as previously described.23 Redox proteomic analyses
were performed with a switch-tag approach that first uses alyklation
of free cysteines with N-ethylmaleimide, followed by reduction of
disulfide and oxidized cysteines with dithiothreitol and subsequent
alkylation with iodoacetamide before filter aided sample preparation
digestion and LC-MS/MS analysis, as previously described.24

Imaging flow cytometry

Fetal blood samples were stained with Hoechst 33342 (Molecular
Probes, Eugene, OR) and MitoTracker Deep Red (Invitrogen)
according to manufacturer directions. Cells were then blocked and
stained in 5% rat whole serum (Invitrogen) prepared in PB2 (Dul-
becco PBS and 0.1% glucose [Invitrogen] and 0.3% BSA [Gemini

Proteomics
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Figure 1. Proteomic analyses of primitive erythroid precursors at E10.5 and E12.5 of gestation. (A) Erythroid precursors were isolated from the bloodstream of

murine embryos at E10.5 and E12.5 of development, predominantly consisting of BasoEs and OrthoEs, respectively, and analyzed by LC-MS/MS proteomics. (B-D)

Significant changes between the 2 groups (n 5 5) were observed by unsupervised principal component analysis (PCA) (B), partial least square discriminant analysis

(variable importance in projection [VIP] plots for PC1 are shown) (C), and hierarchical clustering analysis of the top 1000 significantly different proteins (t test) (D).

(E) Highlight of the top 75 significantly different entries from this analysis is provided in the heat map.
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BioProducts]) with 1:200 dilutions of PE-CD71, Biotin-Ter119
(eBioscience, San Diego, CA), and 2 mg/mL of thiazole orange
(Sigma-Aldrich). After washing, cells were stained with 1:250
PE-Texas Red streptavidin (BD Biosciences, San Jose, CA). Data
were collected on the ImageStreamX and analyzed using IDEAS
6.2 (Luminex, Austin, TX); debris, calibration beads, and cell aggre-
gates were excluded by gating on size and aspect ratios, and
focused cells were selected based on sharpness of the brightfield
stain (gradient root mean square) as previously described.25

ROS staining with 29,79-dichlorofluorescin diacetate

Basophilic and orthochromatic primitive erythroblasts (E10.5 and
E12.5) were washed with PBS/10% fetal calf serum and then incu-
bated at 37�C for 15 minutes. CM-H2DCFDA (29,79-dichlorofluor-
escin diacetate [DCF]; Invitrogen) was freshly reconstituted and
added to a final concentration of 5 mM to stain for 30 minutes
according to manufacturer instructions. Cells were also stained with
the erythroid-specific Ter119-APC (Thermo Fisher Scientific), and
49,6-diamidino-2-phenylindole (Invitrogen) was used for live/dead
discrimination. Cells were challenged with freshly diluted hydrogen
peroxide (H2O2) at concentrations ranging from 0 to 30 mM for 15
minutes at 20�C and then assayed for DCF fluorescence, viability,
and presence of Ter119 using an LSRFortessa cell analyzer (BD
Biosciences). Cell analysis determining the mean fluorescence
intensity of DCA in live basophilic and orthochromatic erythroblasts
was calculated using FlowJo 10.8.1 (BD Biosciences). At least 3
biologic replicates were used.

Statistical analyses

Graphs and statistical analyses (either t test or repeated measures
analysis of variance) were prepared with GraphPad Prism 5.0
(GraphPad Software, Inc., La Jolla, CA) and MetaboAnalyst 4.0.26

Figures

Pathway illustrations were generated using Biorender (www.
biorender.com).

Results

Primary primitive erythroid precursors undergo

widespread proteome changes during

terminal maturation

Proteomic analyses were performed on primitive BasoEs and
OrthoEs isolated from murine embryos at E10.5 and E12.5, respec-
tively (Figure 1A). Results are reported extensively in supplemental
Table 1. Unsupervised PC analysis revealed significant differences
between the proteomes of the 2 populations, with PC1 explaining
71.7% of the total variance (Figure 1B). Variable importance in pro-
jection scores for proteins with the highest loading weights across
PC1 are reported in Figure 1C and include several components

enriched in E12.5 OrthoEs, including hemoglobins (Hba and Hbb-
b2), spectrin b, metabolic enzymes involved in redox homeostasis
(phosphogluconate dehydrogenase, catalase [CAT], and glutamate-
cysteine ligase regulatory subunit), and several components of the
ubiquitin system (ubiquitin-conjugating enzyme E2 D2 and E2/E3
hybrid ubiquitin-protein ligase [UBE2O]; Figure 1C). A hierarchic-
clustering analysis of the top 1000 proteins based on significance
(t test) is shown in Figure 1D, with a highlight of the top 75 entries
by statistical significance in Figure 1E. This analysis highlights the
massive downregulation of proteins that occurs during terminal ery-
throid maturation. To gather biologic clues from this analysis, gene
ontology (GO) pathway analyses were performed to identify path-
ways enriched in E10.5 vs E12.5 cell populations (supplemental
Figure 1A-B, respectively). Pathways related to transcriptional and
translational regulation, as well as mitochondrial and nucleic acid
metabolism, were enriched in BasoEs (supplemental Figure 1A). On
the other hand, several pathways involved in redox homeostasis and
ROS detoxification, including glutathione metabolism, were enriched
in proerythroblasts (supplemental Figure 1B). Protein levels were
also compared with their respective published transcript levels
(ErythronDB8; supplemental Table 1). Nearly 1 quarter (25.7%) of
the pairs demonstrated correlation (Pearson correlation coefficient
R . 0.7), whereas 4% of the pairs were anticorrelated (R , 20.7).
GO analysis of the positively associated transcripts and proteins
highlighted enrichment in processes of nuclear trafficking of protein
translational machinery (ribosomes and transfer RNA) and nucleo-
tide metabolism (IMP, XMP, and AMP). In addition, a number of
nuclear processes, including DNA replication and chromosome
architecture, were positively correlated, mirroring ongoing nuclear
condensation and enucleation (supplemental Figure 2).

Primitive erythroid maturation is characterized by

the loss of protein components of translational/

transcriptional machinery and mitochondria

To further the GO annotation analyses, proteomic data were
submitted to the Kyoto Encyclopedia of Genes and Genomes
pathway mapper tool (https://www.genome.jp/kegg/mapper.
html) to map which protein components were affected as primi-
tive BasoEs matured to OrthoEs. Results are extensively
reported in the data supplement (supplemental Figures 4-20),
in which we highlight in red the protein components that were
identified to be decreased in primitive OrthoEs compared with
BasoEs. Top results from these figures were distilled and plot-
ted in the form of heat maps in Figure 2A. Interestingly, primi-
tive erythroblast maturation was characterized by significant
decreases in the expression levels of several components of
the messenger RNA (mRNA) surveillance pathway, mRNA mat-
uration (spliceosome), and ribosome biogenesis and assembly
(Figure 2; details of these pathways are provided in supplemen-
tal Figures 3-7), suggesting an adaptation in these cells toward

Figure 2 (continued) Proteomic analyses highlight a significant loss of organelle protein components as primitive BasoEs at E10.5 transition into OrthoEs

at E12.5. (A) Erythroid precursors were isolated from the bloodstream of murine embryos at E10.5 and E12.5 and analyzed by LC-MS/MS proteomics. A widespread loss

of organelle protein components, especially in mitochondria, ribosomes, and spliceosome and proteasome components, occurs during terminal erythroid maturation (further

detailed view of these pathways is provided in supplemental Figures 3-8). (B) Representative imaging flow cytometric images of E10.5 and E12.5 primitive erythroblasts

stained with the erythroid marker Ter119, the DNA stain Hoechst 33342, the mitochondrial stain MitoTracker Deep Red (MtDR), and the RNA stain thiazole orange (TO).

(C) Histogram plots of cell and nuclear areas (upper panels) and RNA and mitochondrial signal intensity distributions of 13064 E10.5 and 10648 E12.5 erythroid

precursors. BF, brightfield.
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use of already-synthesized proteins rather than reliance on de
novo protein synthesis. Given these findings, we analyzed
E10.5 and E12.5 primitive erythroblasts using imaging flow
cytometry, staining for RNA (thiazole orange), DNA (DRAQ5),
and mitochondria (MitoTracker Red). As shown in representa-
tive images in Figure 2B and quantitated in Figure 2C, primitive

OrthoEs at E12.5 were smaller, with a more condensed
nucleus and markedly less staining of ribosomes and mitochon-
dria, compared with primitive BasoEs at E10.5.

Primitive OrthoEs were also characterized by decreases in compo-
nents of the protein processing pathway in the endoplasmic
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reticulum and proteasome (Figure 2; details of these pathways are
provided in supplemental Figures 7-8), further supporting a progres-
sive decline in the reliance on de novo protein synthesis as these
cells terminally mature. Most notably, the top pathways that were
upregulated in primitive BasoEs compared with OrthoEs involved

128 metabolic enzymes, mapped in red in supplemental Figure 10
against the comprehensive Kyoto Encyclopedia of Genes and
Genomes map 01100 of all metabolic reactions in human cells. Top
metabolic pathways affected included several mitochondrial compo-
nents (Figure 2), such as the electron transport chain and the
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tricarboxylic acid (TCA) cycle (supplemental Figures 11-12). In addi-
tion to these mitochondrial pathways, glycolysis/gluconeogenesis,
cofactor synthesis and metabolism, amino acid (especially arginine,
proline, cysteine, and methionine) and fatty acid metabolism, and
pyrimidine and purine metabolism for nucleoside synthesis ranked
among the top differentially regulated pathways as primitive BasoEs
transitioned to OrthoEs (supplemental Figures 12-19).

Metabolomic analyses confirm proteomic and

transcriptomic evidence of metabolic rewiring upon

maturation of primitive BasoEs to OrthoEs

To expand on the proteomic evidence of metabolic rewiring during
terminal erythroid maturation, metabolomic analyses were also per-
formed on primitive BasoEs and OrthoEs (Figure 3A; supplemental
Table 1). Unsupervised PC analysis confirmed distinct metabolic
phenotypes between the 2 populations, with PC1 explaining 45.7%
of the total variance (Figure 3B). Top metabolites by loading weights
on PC1 included several metabolites from the pentose phosphate
pathway (PPP; pentose phosphate isobars, 6-phosphogluconate,
and sedoheptulose phosphate), glutathione synthesis and metabo-
lism (glutamine, g-glutamyl-Se-cysteine, and 5-oxoproline), TCA
cycle metabolites (citrate, fumarate, and malate), and other metabo-
lites involved in the metabolism of amino acids and lipids (creatine,
aspartate, and ethanolamine phosphate; Figure 3C). An overview of
the top 75 significant metabolites by t test is provided in the heat
map in Figure 3D for normalized data (ie, normalized to the pool of
measurements in BasoEs and autoscaled by mean centering and
divided by the standard deviation of each variable). This analysis
also highlighted key differences in free fatty acids and acylcarnitine
metabolism between the 2 populations. Raw data are further
graphed in the form of a volcano plot in Figure 3E.

Primitive OrthoEs are characterized by upregulation

of late glycolysis despite decreases in the levels of

several glycolytic enzymes

In line with decreased levels of TCA cycle intermediates and an
apparent shift toward the PPP, we next examined metabolite and
protein levels within the glycolytic pathway, which serves as a func-
tional intermediary between these 2 pathways (Figure 4). Although
the steady-state levels of early glycolytic intermediates, including glu-
cose and glucose 6-phosphate, decreased, the late glycolytic inter-
mediate glyceraldehyde 3-phosphate was higher in primitive
OrthoEs compared with BasoEs, whereas the downstream phos-
phoglycerate pool (a mixture of the 2- and 3-phospho isomers) was

lower, and pyruvate and lactate remained constant (Figure 4A).
These metabolic changes were accompanied by significant
maturation-dependent decreases in several rate-limiting glycolytic
enzymes, including phosphofructokinase, aldolase A, triose phos-
phate isomerase, phosphoglycerate kinase, enolase, and pyruvate
kinase (Figure 4B). Although inferred from steady-state measure-
ments, these results are suggestive of an increased flux rate through
glycolysis, resulting in faster consumption of upstream substrates in
conjunction with the accumulation of glycolytic end products. Inter-
estingly, the proteomic data presented here agree with previous
transcriptional evidence from our group8 about a maturation-
dependent increase in the expression levels of the rate-limiting
enzyme of the Rapoport-Luebering shunt, bisphosphoglycerate
mutase (P 5 .06; Figure 4B, highlighted in red boxes). This
observation is functionally relevant, given the role of this metabolite
in the promotion of hemoglobin oxygen offloading to counteract
hypoxia.27

PPP is activated during terminal

erythroid maturation

An alternative explanation can reconcile the observations of an
apparent decrease in the early glycolytic intermediates and accumu-
lation of late products of glycolysis: rerouting of early hexose phos-
phates to the hexose monophosphate shunt pathway, also known
as the PPP (Figure 5A). Consistent with this hypothesis, proteomic
(Figure 5B) analysis highlighted a maturation-dependent increase in
the expression of the nonoxidative PPP rate-limiting enzyme, transal-
dolase (Figure 5B). The changes of these proteins were accompa-
nied by increases in PPP metabolites 6-phosphogluconate, pentose
phosphate isobars, and sedoheptulose phosphate (Figure 5C),
despite decreases in free glutathione pools, both reduced and oxi-
dized (Figure 5D). As expected, primitive OrthoEs contained
increased intracellular levels of a (z and a) and b (Eg, bH1, b1, and
b2) hemoglobin subunits, as well as the band 3 anion exchanger 1
protein, which constitute the most abundant proteins in the cytosol
and membranes of mature red blood cells, respectively (Figure 5E).
A peptide coverage map for each globin chain is provided in sup-
plemental Figure 21.

Given the role of the N-terminus of band 3 as a docking site for
competitive binding of either glycolytic enzymes or deoxyhemoglo-
bin, increased expression levels of all components involved in
this network suggest the potential activation at the OrthoE stage of
the so-called oxygen-dependent metabolic modulation mechanism
(Figure 5F).28,29 In mature erythrocytes, this metabolic switch

Figure 5 (continued) The PPP is differentially regulated between E10.5 and E12.5 erythroid precursors. (A) Pathway map of the interplay between glycolysis and the

PPP is shown. (B) Relative abundance of PPP enzymes between E10.5 and E12.5 populations. (C-D) Relative abundance of PPP metabolites (C) and reduced (GSH) and oxidized

(GSSG) glutathione (D) in E10.5 and E12.5 populations. (E) Increased expression of hemoglobin (Hb) chains and band 3 (or solute carrier protein 4A1-SLC4A1). (F) These proteins

are involved in the phenomenon of oxygen-dependent metabolic modulation, which regulates metabolic fluxes through glycolysis and the PPP as a function of Hb oxygenation status

and competitive binding of deoxyhemoglobin and glycolytic enzymes for the N-terminus cytosolic domain of SLC4A1 band 3.59,73,74 (G-I) Switch-tag proteomic approach (G) revealed

differing cysteine oxidation status (H) in the 2 cell populations; these differences were accompanied by altered expression levels of many redox enzymes (I), including CAT, superoxide

dismutase 1 (SOD1), glutathione peroxidase 1 (GPX1) and GPX4, glutathione reductase (GSR), and peroxiredoxin 1 (PRDX1), PRDX2, and PRDX6. Metabolites are graphed as

violin plots and proteins as box-whisker plots. (J-K) Levels of ROS in E10.5 or E12.5 cells endogenously after collection (J) or after exogenous challenge (K) with 3, 10, or 30 mM

H2O2. *P , .05, **P , .01, ***P , .001, ****P , .0001. ALDO, aldolase; ATP, adenosine triphosphate; AU, arbitrary unit; DPG, diphosphoglycerate; DTT, dithiothreitol; emPAI,

exponentially modified protein abundance index; FBP, fructose-1,6-bisphosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; G3P, glyceraldehyde 3-phosphate;

IAM, iodoacetamide; LAC, lactate; MFI, mean fluorescence intensity; NADP, NAD phosphate; NADPH, reduced NADP; NEM, N-ethylmaleimide; ns, not significant; PFK,

phosphofructokinase; PPP, Pentose phosphate pathway; 6PGD, 6-phosphogluconate dehydrogenase; 6PGL, 6-phosphogluconolactonase; RPE, ribulose-phosphate

3-epimerase; RPI, ribose-5-phosphate isomerase; RPIA, ribose-5-phosphate isomerase A; SEM, standard error of the mean; TALDO, transaldolase; TKT, transketolase.
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functions to balance the catabolic routes of glucose toward promo-
tion of tissue oxygen delivery under low oxygen saturation conditions
(by way of the production of diphosphoglycerate, adenosine triphos-
phate, and lactate through glycolysis) or management of erythrocyte
intracellular oxidative stress that occurs under high oxygen condi-
tions (by way of reduced NADP production through the PPP). In
light of decreased glutathione pools in OrthoEs, we assessed the
oxidation of labile cysteine residues in hemoglobin chains as a mea-
sure of cellular redox status, because these sites are prone to oxida-
tion.30 A switch-tag redox proteomic approach24 (Figure 5G)
revealed that primitive OrthoEs compared with BasoEs were char-
acterized by a higher degree of both reduced and reversibly oxidized
functional thiols on hemoglobin chains. The relative rates of thiol

oxidation for the most abundant chain, Eg-globin, are shown in Fig-
ure 5G. This finding suggests an increased capacity to protect and/
or recycle oxidatively modified cysteine residues, in keeping with the
functional annotation of the differential proteomes between the 2
populations of primitive erythroid precursors (supplemental Figure
1B). In support, a marked increase in the levels of redox-modulating
enzymes, including CAT, superoxide dismutase 1, GPX1 and
GPX4, and PRDX1, PRDX2, and PRDX6, in primitive OrthoEs
points toward a strengthening of the redox defense system at termi-
nal stages of erythroblast maturation (Figure 5I). However,
decreased abundance of glutathione reductase, in combination with
lower total glutathione pools, may indicate a lower level of ROS pro-
duced in OrthoE cells relative to BasoEs. We therefore measured

Re
lat

ive
 a

bu
nd

an
ce

 (A
U)

Re
lat

ive
 a

bu
nd

an
ce

 (A
U)

Re
lat

ive
 a

bu
nd

an
ce

 (A
U)

Pe
ak

 a
re

a 
(A

U)

Aspartate

Aspartate
***

**
Malate

Acetyl-CoA

Malate

Fumarate

Fumarate

Succinate

Succinate

Acylcarnitines

Glutamine

Glutamine

Glutamate

Glutamate

Pyruvate Lactate

Citrate

Citrate

TCA
G

ly
co

ly
si

s
Cycle

OGDH

Mitochondrial fission

SUCLA2

SDHB

FH

MDH2SUCLA2

SDHB

FIS1
**

*

*

*

**

**

*

****

**

*** *

*
*

*

*

****

*

OGDH
**** **

***

BCL2L1

FH

MDH2
�-KG

NADH

NAD+

Glucose1.5�107

1.5�105

1�105

5�104

C4 C6 C8
C8:1

C10
C12

C12:1
C14

C14:1
C16

C16:1
C18

C18:1

C18:2

C20:4
0

1�107

5�106

0

8�106

6�106

4�106

2�106

0

5�105

4�105

3�105

2�105

1�105

0 Re
lat

ive
 a

bu
nd

an
ce

 (A
U) 1�106

Re
lat

ive
 a

bu
nd

an
ce

 (A
U)

Re
lat

ive
 a

bu
nd

an
ce

 (A
U)

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

Re
lat

ive
 a

bu
nd

an
ce

 (A
U)

2.5�106 0.6

0.4

0.2

0.0

10

8

6

4

2

0

0.6

0.8

0.4

0.2

0.0

–0.2

0.5
0.4
0.3
0.2
0.1
0.0

–0.1

1.0

2.5 0.5

0.4

0.3

0.2

0.1

0.0

2.0

1.5

1.0

0.5

0.0

0.8
0.6
0.4
0.2
0.0

–0.2

2�107

1.5�107

1�107

1�107

8�106

6�106

4�106

2�106

5�106

0

0

2�106

1.5�106

1�106

5�105

0

8�105

6�105

4�105

2�105

0

A B

C D

E10.5

E12.5

Oxaloacetate

Figure 6. Mitochondrial metabolism decreases in primitive OrthoEs, in line with an increased mitophagy signature. (A-C) Decreased TCA cycle carboxylic

acids and amino acids (A) and proteins (B), along with depleted levels of fatty acid oxidation intermediates acylcarnitines (C), are shown. (D) Despite decreases in all

mitochondrial enzymes and metabolites, OrthoE cells were characterized by higher levels of mitochondrial fission and antiapoptotic pathways FIS1 and BCL2L1. *P , .05,

**P , .01, ***P , .001, ****P , .0001. AU, arbitrary unit; FH, fumarate hydratase; MDH, malate dehydrogenase; NADH, reduced NAD with hydrogen; OGDH, oxoglutarate

dehydrogenase; SDHB, succinate dehydrogenase B; SUCLA, succinyl-CoA ligase.

24 MAY 2022 • VOLUME 6, NUMBER 10 OMICS ANALYSIS OF PRIMITIVE ERYTHROBLASTS 3081



PC

34:2 *
**
**

**
**

**
**
**

**
**
**
**

**
*

*
*
*
*

*

*
*

*
*
*
*

*
*
*

*

*

*

**

*

*

**

**

**

**

*

36:3
36:2

36:4
16:1_18:1

16:0_14:0
18:1_18:2
18:1_18:1

18:2_18:2
18:2_20:4
20:5_18:2
18:1_20:3
16:1_16:1

16:1_20:5
18:2_14:3

14:0_18:3
14:0_14:0

21:1_11:3

22:5_20:4
14:0_20:5

29:0

44:3

21:4

16:0

18:0

a-linolenic acid
Adrenic acid
Dihomo-g-linolenic acid
Hexadecanoic acid
Octadecanoic acid
Eicosapentaenoic acid
Icosapentaenoic acid
Docosapentaenoic acid
Docosapentaenoic acid
Arachidonic acid
Hexadecenoic acid
Linoleate
Linoleic acid
Octadecenoic acid
Tetradecanoic acid
12(13)-DiHOME
Prostaglandin A2
9(S)-HODE
13(S)-HODE
18-HEPE
Docosahexaenoic acid
Dihydro-keto-prostaglandin
14-HDoHE
LPA_20:4
Leukotriene B4
Taurochenodeoxycholic acid
20:3 cholesteryl ester
18:3 cholesteryl ester
20:5 cholesteryl ester
20:2 cholesteryl ester
18:2 cholesteryl ester
16:2 cholesteryl ester
20:1 cholesteryl ester
20:4 cholesteryl ester
16:1 cholesteryl ester
18:1 cholesteryl ester
16:0 cholesteryl ester
18:0 cholesteryl ester

18:3 cholesteryl ester

Min

E10.5 E12.5

Storage

Max

Cholesterol

18:2

18:1

20:4

20:3

26:0

16:1

15:0

14:0

18:3

17:0

24:0

20:0

22:6

35:1

32:3
38:2
38:7
33:2

34:5
36:6
28:0

0.6

0.4

0.2

0.0

**

FASN

PC

LPC

Total lipid class

A

F

H

G

B

C

D

E

I

Carnitine Phospholipid

PLA2ROS

Acylcarnitine

FA

Acyl-CoA

Pantothenate Lysophospholipid

Lands cycle for membrane repair

1010

109

108

107

106

105

10 8

6

4

2

**** *

* *** ***

Tp53 Steap3

Abca1 Hmgcr Mvk Pmvk

8

6

4

2

0

8 10

Uptake Synthesis

8

7

6

5

4 4

6

8

10

9

8

7

6

6

4

2

0

0 1 2 3 4 5 6 7 8 9 10111213141516 17 18

34:0
32:2

PE
CL
PI

SM
TG
PS
DG
PA

Hex1Cer
phSM

Cer
PG

GM3
PEt
LPC
ChE
LPE

MLCL
MG

Hex2Cer
ZyE
Co

Hex3Cer
PIP2
AEA
LPI

CerG3GNAc1
LPS

OAHFA
LPG
SPH
CerP
CmE

DLCL
CerG3GNAc2

104 105 106 107

log10 (peak area sum) log10 (peak area)

log10 (peak area)

Re
lat

ive
 a

bu
nd

an
ce

(e
m

PA
I)

log
10

 (p
ea

k 
ar

ea
 su

m
)

No
rm

ali
ze

d 
ex

pr
es

sio
n

No
rm

ali
ze

d 
ex

pr
es

sio
n

No
rm

ali
ze

d 
ex

pr
es

sio
n

No
rm

ali
ze

d 
ex

pr
es

sio
n

Lipid degree of unsaturation (sum)

108 109 1010 104

104 105 106 107 108 109

105 106 107

E10.5
E12.5

–0.2

0.0

0.2

0.4

0.6

0.8 ***

STEAP3

Re
lat

ive
 a

bu
nd

an
ce

 (e
m

PA
I)

10

8

6

Scd2

*

No
rm

ali
ze

d 
ex

pr
es

sio
n

8

6

4

*

Scd1

2

0No
rm

ali
ze

d 
ex

pr
es

sio
n

3

2

1

0

Scd3

No
rm

ali
ze

d 
ex

pr
es

sio
n

Figure 7.

3082 NEMKOV et al 24 MAY 2022 • VOLUME 6, NUMBER 10



endogenous ROS levels using DCF fluorescence and after incu-
bation with progressively increasing amounts of H2O2 from 3 to
30 mM. Indeed, OrthoEs have higher transcript levels of Aqp8
relative to BasoEs, and primitive erythroblasts have higher basal
levels and uptake capacity of ROS in comparison with definitive
erythroblasts.8 We found here that E10.5 cells had higher levels
of ROS at baseline (Figure 5J) and increased levels in response
to challenge with H2O2 (Figure 5K). Meanwhile, E12.5 cells

treated with the same amount of H2O2 did not exhibit elevated
intracellular ROS levels, indicating enhanced ability to neutralize
H2O2 (Figure 5K). In mature erythrocytes devoid of mitochon-
dria, ROS are primarily derived from autoxidation of heme and
subsequent Fenton and Haber-Weiss reactions.31 However, in
most other cells, ROS are produced largely as a result of mito-
chondrial function. Therefore, we next focused on mitochondrial
networks during this maturational progression.

Figure 7 (continued) Lipidomic analysis of primitive erythroid precursors at E10.5 and E12.5 of gestation. (A) Peak areas for detected lipids were summed

according to head groups and classes plotted as horizontal bar plots according to log10 (peak area sum). Top significant lipids from phophatidylcholines (PCs) and

lysophosphatidylcholines (LPCs) are highlighted. (B) Relative protein levels for fatty acid (FA) synthase (FASN) along with an illustration of the Lands cycle are shown.

(C) Relative transcript levels for steayl-CoA desaturase 1 (SCD1), SCD2, and SCD3 are plotted. (D) Peak areas for lipids were consolidated by the cumulative degree of

unsaturation in acylchains and plotted as bar graphs. (E) Heat map depicting z score normalized values for FAs and oxylipins. (F-G) Transcript levels of Tp53 (F) and STEAP3

(G) along with protein levels are shown. (I) Transcript levels for cholesterol pathway proteins (ABCA1), HMG-CoA reductase (Hmgcr), mevalonate kinase (Mvk), and

phosphomevalonate kinase (Pvmk) are shown. (J) Heat map depicting z score normalized values for cholesteryl esters. *P , .05, **P , .01, ***P , .001, ****P , .0001.
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Primitive OrthoEs are characterized by decreased

levels of mitochondrial protein components and

depression of mitochondrial metabolism

Metabolomic analyses of primitive BasoEs and OrthoEs indicated a
significant decrease in TCA intermediates, including citrate, fuma-
rate, and malate, along with the levels of respective amino acid
transaminase substrates aspartate glutamate and glutamine, with
maturation (Figure 6A). Mirroring these changes, mitochondrial
enzymes involved in the TCA cycle, including oxoglutarate dehydro-
genase, succinyl-CoA ligase, succinate dehydrogenase B, fumarate
hydratase, and malate dehydrogenase 2, also significantly
decreased (Figure 6B). Furthermore, acylcarnitines, which are pro-
duced during fatty acid oxidation to fuel the TCA cycle through the
generation of acetyl-CoA, also significantly decreased in OrthoEs
(Figure 6C). Together, these results are consistent with the loss of
mitochondrial mass that occurs during terminal erythroblast matura-
tion (Figure 2B-C). Interestingly, despite decreases in OrthoEs of
virtually all mitochondrial proteins we tested in this study (Figure
2A), the levels of mitochondrial fission regulators (FIS1) and the
apoptotic cascade component BCL2L1 were increased (Figure
6D).

Nitrogen, purine, and 1-carbon metabolism are

modulated during terminal erythroblast maturation

Given the apparent downregulation of mitochondrial activity evi-
denced by the loss of mitochondrial mass and by the decreased lev-
els of TCA cycle intermediates, we next assessed the urea cycle
that is also localized to mitochondria (supplemental Figure 22A).
The transition from primitive BasoEs to OrthoEs was accompanied
by depression of arginine levels, along with downstream metabolites
such as creatine, phosphocreatine, and their precursor guanidinoa-
cetate (supplemental Figure 22B). Although no significant changes
were observed in the levels of ornithine and citrulline, an increase in
the citrulline/arginine ratio, but not in the ornithine/arginine ratio, sug-
gests increased nitric oxide synthase activity. Notably, decreases in
spermine were accompanied by increases (P 5 .06) in spermidine,
suggesting that polyamine metabolism may be modified during ter-
minal erythropoiesis. Indeed, its production was fueled directly by
arginine, which was capable of contributing to nearly 20% of sper-
midine after 72 hours, as revealed by 13C6,

15N4-arginine tracing
(supplemental Figure 23). Because polyamine synthesis is tied to
S-adenosylmethionine as a methyl group donor, we observed signifi-
cant decreases in S-adenosylmethionine precursor methionine and
serine, another key metabolite in 1-carbon metabolism (supplemen-
tal Figure 22C). One-carbon metabolism provides carbon atoms as
building blocks for de novo nucleotide synthesis. Notably, the transi-
tion from primitive BasoEs to OrthoEs was characterized by
increases in adenine (not significant) that were accompanied by sig-
nificant decreases in AMP and its oxidation products, including the
end product (in mice) allantoate (supplemental Figure 22D). Of
note, when combining metabolomic data from the present study
with transcriptomic data from Kingsley et al,8 purine metabolism
emerged as the top metabolic pathway affected by terminal erythro-
blast maturation (supplemental Figure 3A-D). Among the top 10
pathways from this analysis, we also noted several classes of lipids
(glycosphingolipids, sphingolipids, and linoleic acid metabolism;
supplemental Figure 16). Therefore, we next decided to analyze the
lipidome of maturing primitive erythroblasts.

Maturation of primitive erythroid precursors is

accompanied by decreases in many but not all lipid

classes, indicating complex remodeling of

the lipidome

Acquisition of MS2 fragmentation spectra improved lipid identifica-
tion confidence and enabled identification of lipid acyl chains and
the relative abundance of 1084 lipids (supplemental Table 1) in
primitive BasoEs and OrthoEs. A systems analysis revealed that the
abundance of many lipid classes, including phosphatidylcholines
and phosphatidylethanolamines, the 2 most abundant lipid classes
in red blood cell membranes, decreased as primitive BasoEs transi-
tioned to OrthoEs (Figure 7A). Although speculative at this stage,
this change may reflect either a decrease in membrane surface area
as these cells mature and decrease in size8 or an alteration in rela-
tive membrane lipid composition, which is dependent upon lipid syn-
thesis or extracellular lipid availability.32 Interestingly, the significant
decrease in phosphatidylcholine species was mirrored by an
increase in lyophosphatidylcholines in primitive OrthoEs, indicating
activation of the Lands cycle, which serves to recycle oxidized mem-
brane lipids because of the lack of capacity for de novo lipid synthe-
sis. Reprogramming in membrane repair was further evident here,
because primitive OrthoEs were also characterized by lower levels
of fatty acid synthase (Figure 7B). The Lands cycle uses a network
of phospholipase and acyl-CoA transferase proteins to remove oxi-
datively damaged acyl chains and replace them with new fatty acids
mobilized by CoA or stored as acylcarnitines.33,34 This process
involves fatty acid desaturases, which become activated in mature
red blood cells in environments of increasing oxidative stress.35

Although the transcript levels of SCD1, SCD2, and SCD3 only
modestly decreased in primitive OrthoEs (Figure 7C), the amount of
unsaturated fatty acyl chains in the lipidome increased (Figure 7C),
evidencing accumulation of oxidative stress to membranes within
this cell population. In parallel, the levels of all free fatty acids, satu-
rated and polyunsaturated, decreased during maturation, except for
docosahexaenoic acid (Figure 7E). On the other hand, several oxyli-
pins (including 9- and 13-hydroxyoctecedenoic acids and leukotri-
ene B4) were found to accumulate in primitive OrthoEs (Figure 7E).
Of note, p53, a negative indirect repressor of cholesterol synthesis
as a result of direct transcriptional regulation of the cholesterol
transporter ABCA1,36 was significantly downregulated in primitive
OrthoEs compared with BasoEs at the transcript level (Figure 7F).
In contrast, the expression levels and activity of the ferrireductase
STEAP3, a transcriptional target of p5337 that regulates secretion
of exosomal38 and autophagic endosomal vesicles,39 have been
shown to correlate with oxylipin accumulation in mature murine red
blood cells.40 Despite the accumulation of oxylipins and increases in
the transcriptional levels of STEAP3 during the transition from
BasoEs to OrthoEs, STEAP3 protein levels were found to decrease
during maturation (Figure 7G). Given the role of the p53 signaling
axis in ferroptosis,41 it is interesting to note that the protein levels of
ferroptosis-related mitochondrial GPX4 were significantly higher in
primitive OrthoEs compared with BasoEs (Figure 5I). In addition,
unexpected increases in transcriptional levels of ABCA1 and
decreases in transcripts for several rate-limiting enzymes of the cho-
lesterol synthesis pathway, including hydroxymethyl-glutaryl-CoA
reductase and mevalonate and phosphomevalonate kinases (Figure
7H), suggest that cells rely on cholesterol uptake from the milieu
rather than at terminal stages of primitive erythropoiesis. Although
these proteins were not observed in our proteomic data set, they
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have been found to progressively decrease during definitive ex vivo
erythroid maturation in murine cells17 (supplemental Figure 24). In
support of this conjecture, we observed the accumulation of choles-
teryl esters (16:0, 16:1, 18:0, 18:1, 20:1, and 20:4 above all),
which functioned to store cholesterol as it accumulated (Figure 7I).
This consideration may have implications for the ex vivo culturing of
erythroid precursors for expansion and/or maturation.10

Discussion

In the present study, we performed proteomic and metabolomic
analyses of primary erythroid precursor populations isolated from
E10.5 and E12.5 mouse embryos, which predominantly contain
semisynchronously maturing primitive BasoEs and OrthoEs, respec-
tively7,8 (the traits of erythroid precursor populations was reviewed
by Palis5). The main results for protein and metabolite levels involved
in central carbon and nitrogen metabolism are summarized in Figure
8. A substantial upregulation of the PPP was observed during primi-
tive erythroid maturation, both at the protein and metabolite levels.
This finding supports a central role for the management of ROS dur-
ing the course of erythropoiesis rather than anabolism, because the
decreasing levels of many anabolic enzymes and organelles suggest
a diminishing synthetic capacity of OrthoEs. Furthermore, PPP acti-
vation suggests that G6PD deficiency, which is the most common
enzymopathy in humans, affecting �400 million people worldwide,
may affect not only mature red blood cells with a reduced redox
capacity42,43 but maturing erythroid precursors as well. Because
the redox regulator ataxia telangiectasia mutated (ATM) is a direct
transcriptional regulator of G6PD,44 with a role in chemoresistance
in malignant hematopoiesis,45 it is interesting to note that ATM is
downstream of FOXO3 in the bone marrow and participates in the
regulation of ROS in erythropoiesis.46,47 Interestingly, the most
upregulated pathway in primitive OrthoEs compared with BasoEs
involved components related to the regulation of ROS, both in the
soluble (CAT and peroxiredoxins) and lipid fractions (GPX4).
Indeed, despite increases in oxylipins and decreases in free glutathi-
one, primitive OrthoEs were characterized by lower levels of ROS
at baseline and after H2O2 supplementation.

With a direct role in ROS management, ATM is an upstream posi-
tive regulator of the tumor suppressor protein p53.48 Despite
decreases in the transcription of p53, primitive OrthoEs were char-
acterized by increases in the cholesterol transporter ABCA1, a p53
target,36 and were mirrored by increases in intracellular esterified
cholesterol and corresponding decreases in transcript levels of sev-
eral rate-limiting cholesterol synthesis enzymes that are regulated by
p53 (hydroxymethyl-glutaryl-CoA reductase and mevalonate and
phosphomevalonate kinases).36 These observations highlight an
additional role for p53 in erythropoiesis, in addition to its function of
driving a transcriptional program in maturing progenitors in coordina-
tion with arrested ribosome biogenesis.49 A role for p53 in modulat-
ing cholesterol dynamics36 highlights complex reprogramming for
membrane dynamics as well. Indeed, mature erythrocytes are inca-
pable of synthesizing new lipids and must replace oxidatively dam-
aged lipids using scavenged fatty acids from surrounding
environments through the Lands cycle.34 We observed a putative
activation of this process that was evident from decreasing phos-
phatidylcholine species and increasing lyophosphatidylcholine spe-
cies, indicating increased phospholipase activity. Although this
process has been characterized in circulating erythrocytes in the

contexts of health (such as in exercise50) and disease (including
sickle cell disease51 and hemodialysis for kidney dysfunction52), its
role in terminal erythropoiesis has not yet been studied in depth.

Membrane oxidative stress is in part managed by GPX4. In addition
to this role, GPX4 is also an inhibitor of p53-inducible41 ferroptosis.
Its increased levels observed here in primitive OrthoEs perhaps indi-
cate a compensatory mechanism to counteract the accumulation of
oxylipins in this population. Notably, decreases in the protein levels
of the p53-regulated ferrireductase STEAP353 were accompanied
by increases in the levels of its transcript. Increased STEAP3 activity
has been associated with accumulation of oxylipins in mature eryth-
rocytes upon storage in the blood bank, as well as with their capac-
ity to circulate upon transfusion into the recipient.40 Collectively,
these results indicate that p53 signaling may play a regulatory role
in terminal erythroblast maturation, a hypothesis that will warrant fur-
ther investigation in genetically ablated mice. In support of this
hypothesis, it is worth noting that p53 is a target of the master regu-
lator of hematopoiesis PU.1,54 which promotes p53 transcriptional
activity by mediating phosphorylation at S1555 and regulates the
proliferation of immature erythroid progenitors.56

Perhaps the most striking observation in this study is that terminal
erythroblast maturation was accompanied by widespread loss of the
protein machinery components responsible for mRNA maturation,
translation, and posttranscriptional regulation. Proteome remodeling
in this context was driven largely by proteasomal degradation, which
was dependent on the activity of UBE2O, a broad-spectrum ubiqui-
tin-conjugating enzyme that targets ribosomal proteins for degrada-
tion during terminal erythroid maturation.57 Of the 2112 proteins
measured in this study, UBE2O was one of the most significantly
increased proteins in OrthoE cells, thereby reinforcing its central
role in this developmental process. Furthermore, these results con-
firm and expand upon our previous observations of erythropoiesis at
the transcriptional level,8 in that they also highlight a parallel
increase in the levels of hemoglobin subunits,58 band 3, and antioxi-
dant enzymes. By augmenting an extant transcriptomic database8

with original proteomic and metabolomic analyses, our results com-
plement elegant studies from other groups who focused on the tran-
scriptome and proteomes of erythroid precursors during maturation
of in vitro cultured definitive erythroid precursors.17 Of note, con-
comitant increases in the expression of band 3 and hemoglobin
could help explain the activation of the PPP as a function of environ-
mental oxygen levels, a phenomenon termed oxygen-dependent
metabolic modulation.59 In this view, it is worth noting that primitive
OrthoEs were characterized by higher levels of biphosphoglycerate
mutase at the transcript and protein levels, which regulate bisphos-
phoglycerate synthesis and, in so doing, hemoglobin oxygen binding
curves.27 It remains to be assessed whether rare genetic anomalies
affecting the N-terminus of band 3 also result in impaired primitive
erythropoiesis, in addition to well-established defects in mature red
blood cell redox homeostasis (eg, band 3 Neapolis is accompanied
by reticulocytosis and erythrocytes with a compromised structure
and metabolism).60,61 Because this mechanism can also be regu-
lated by phosphorylation of the N-terminus of band 3 by Lyn and
Syk kinases, it will be interesting to probe whether the activity of
these enzymes plays a role in primitive erythroid maturation by regu-
lating the band 3 respiratory metabolon28,62 and overall interac-
tome,63 in addition to their well-established role in definitive
erythroid expansion, maturation, and differentiation via phosphoryla-
tion of GAB2/Akt/FoxO3 and STAT5.64,65
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Significant depletion of mitochondrial proteins, including structural
components, proteins involved in mitochondrial RNA metabolism,
electron transport chain components, and TCA cycle enzymes, was
accompanied by a significant depression of steady-state levels of
carboxylic acids, amino acids, acylcarnitines, and free fatty acids.
These results point to a loss of mitochondrial metabolism, which
contributes to explaining the progressive activation of glycolysis
despite decreases in the levels of glycolytic enzymes. Increases in
the levels of FIS1, a key mediator of mitochondrial fission and
mitophagy through the AMPK/FIS1 axis in malignant hematopoie-
sis66 and erythropoiesis,67 signal ongoing mitophagy during the later
stages of erythroid maturation. In particular, FIS1 drives peripheral
(rather than midzone) mitochondrial fission to promote cell survival
under stress rather than promoting mitochondrial biogenesis during
proliferation, and its function is preceded by loss of mitochondrial
membrane potential and increased ROS.68 Although loss of mem-
brane potential is elicited by numerous mechanisms, it is interesting
to consider the role that spermidine plays in inducing mitophagy via
accumulation of ROS and subsequent activation of ATM.69 Our
observations here of persistent spermidine levels at the OrthoE
stage despite decreases of the neighboring polyamine spermine
suggest a mechanistic role for this metabolite in erythroid maturation
that merits further exploration.

Combined analysis of metabolomic and transcriptomic data also
highlighted a potential role of linoleic acid metabolism in primitive
erythroid maturation. Recently, a role was suggested for linoleic acid
metabolism in hematopoietic stem cell function with aging, as con-
strained by the activity of fatty acid desaturase 2 and its lysosomal
degradation mediated by LAMP2A.70 Of note, this pathway also
contributes to chemoresistance in malignant hematopoiesis.71 How-
ever, we noted increases in very long chain, highly unsaturated fatty
acids in primitive OrthoEs that mirrored decreased catabolism, in a
manner similar recent observations in malignant hematopoietic stem
cells.72 Further characterization of this aspect of a requisite develop-
mental process in comparison with hematopoietic malignancy may
reveal new insights into understanding carcinogenesis.

This study is not without limitations. Here, we focused specifically
on 2 stages of primitive erythroblast maturation that can be isolated
at relatively high purity and in sufficient numbers from staged mouse
embryos to facilitate proteomic and metabolomic studies. However,
the collection of cells from the bloodstream likely led to some con-
tamination of the E12.5 samples with platelets, as evidenced by the
identification of a small set of upregulated proteins associated with
platelet activation and aggregation (Figure 1E; supplemental Figure
1B). A more extensive overview of primitive erythropoiesis would
have provided a better clue on the stage-specific sequence of meta-
bolic/proteomic events that occur as this unique lineage emerges at
E7.5 to E9.5 and ultimately transitions to enucleated erythrocytes

between E12.5 and E16.5. It would be of interest to compare our
findings in primitive erythroid cells with their definitive counterparts,
as well as with cells from other mammalian and nonmammalian spe-
cies, to determine which changes are common to erythroid precur-
sor maturation. Finally, clues to the potential functional roles of PPP
activation, altered membrane repair mechanisms, increased oxylipin
metabolism, and cholesterol uptake will all need to be tested with a
combination of pharmacologic or genetic interventions, ideally in the
presence of stable isotope–labeled tracers in vivo and ex vivo.
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