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SUMMARY

Inhibition of the heterodimeric amino acid carrier SLC7A5/SLC3A2 (LAT1/CD98)
has been widely studied in tumor biology but its role in physiological conditions
remains largely unknown. Here we show that the SLC7A5/SLC3A2 heterodimer
is constitutively present at different stages of erythroid differentiation but ab-
sent in mature erythrocytes. Administration of erythropoietin (EPO) further in-
duces SLC7A5/SLC3A2 expression in circulating reticulocytes, as it also occurs
in anemic conditions. Although Slc7a5 gene inactivation in the erythrocyte line-
age does not compromise the total number of circulating red blood cells
(RBCs), their size and hemoglobin content are significantly reduced accompanied
by a diminished erythroblast mTORC1 activity. Furthermore circulating Slc7a5-
deficient reticulocytes are characterized by lower transferrin receptor (CD71)
expression as well as mitochondrial activity, suggesting a premature transition
to mature RBCs. These data reveal that SLC7A5/SLC3A2 ensures adequate matu-
ration of reticulocytes as well as the proper size and hemoglobin content of circu-
lating RBCs.

INTRODUCTION

Cells require specific transporters to take up different solutes, including amino acids. More than 400

different transporters have currently been identified and grouped into 60 families of Solute-Linked Carriers

(SLCs) based on their structure.1–3 Of these, 11 families are amino acid carriers that have been classified

according to their substrate specificity and the participation of Na+ ions in amino acid uptake.4,5 The het-

erodimeric transporter SLC7A5/SLC3A2, composed of SLC7A5 (LAT1) light chain and a SLC3A2 (CD98hc or

4F2hc) heavy chain, is fundamental for the uptake of extracellular L-leucine, and ensuing the activation of

the mammalian target of rapamycin (mTOR) pathway.6–9 SLC7A5/SLC3A2-dependent mTORC1 activation

has been largely explored in the context of tumor biology where it is essential to sustain tumor cell prolif-

eration.10–13 SLC7A5/SLC3A2 heterodimer also transports other large neutral amino acids including

branched-chain amino acids (L-isoleucine and L-valine), aromatic amino acids (L-phenylalanine,

L-tryptophan and L-tyrosine), L-histidine, L-methionine and L-glutamine.14,15 Therefore, SLC7A5 is essen-

tial not only to activate mTORC1-dependent pathways but also, to promote mTORC1-independent path-

ways, as seen in tumor cells and activated immune cells.13,16–20

SLC7A5 is strongly expressed by endothelial cells that form the blood-brain barrier (BBB),21,22 ensuring an

essential supply of amino acids to brain tissue. In this line, Slc7a5 gene inactivation in the endothelium of

mice triggers a phenotype compatible with autism as well as delayed motor activity.21,22 SLC3A2 is a type II

multifunctional membrane glycoprotein with a transmembrane domain and a large N-terminal glycosy-

lated ectodomain that stabilizes the SLC7A5 light chain on the plasma membrane.15,23,24 In addition to

SLC7A5, SLC3A2 can associate with other amino acid transporters including SLC7A8 (LAT2), SLC7A7

(y+LAT1), SLC7A6 (y+LAT2), SLC7A11 (xCT) and SLC7A10 (Asc-1). All of these are involved in the specific

uptake of amino acids not transported by SLC7A5/SLC3A2, such as cysteine, alanine, or glutamate.6,25–30

1Research Unit, Hospital of
Santa Cristina, Research
Institute Princesa (IP),
Autonomous University of
Madrid, 28009 Madrid, Spain

2Immunology Department,
Hospital de la Princesa,
Instituto Investigación
Sanitaria Princesa,
Universidad Autónoma de
Madrid, Madrid, Spain

3Departamento de Quı́mica
Fı́sica, Universidad
Complutense de Madrid,
Ciudad Universitaria s/n,
Madrid, Spain

4Translational Biophysics.
Instituto de Investigación
Sanitaria Hospital Doce de
Octubre (Imas12), Madrid,
Spain

5Facultad de Ciencias
Experimentales, Universidad
Francisco de Vitoria, Ctra.
Pozuelo-Majadahonda Km
1,800, 28223, Pozuelo de
Alarcón, Madrid, Spain

6Nephrology Department,
Hospital de la Princesa,
Instituto Investigación
Sanitaria Princesa,
Universidad Autónoma de
Madrid, Madrid, Spain

7Hematology Department,
Hospital Universitario La Paz,
Madrid, Spain

8Department of Vascular
Biology and Inflammation,
Centro Nacional de
Investigaciones
Cardiovasculares (CNIC),
Madrid, Spain

9Pathology Anatomy
Department, Instituto de
Investigación Sanitaria
Hospital 12 de Octubre
(imas12), Madrid, Spain

10CIBER de Enfermedades
Cardiovasculares, Carlos III

Continued

iScience 26, 105739, January 20, 2023 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105739&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Erythropoiesis is the biological process by which mature RBCs are generated through the differentiation of

hematopoietic stem cells (HSCs).31–34 HSCs cells can differentiate into myeloid precursors and then into

megakaryocyte-erythroid progenitors, which then turn into erythroid BFU-E (burst-forming unit-erythroid)

and CFU-E (colony-forming unit-erythroid) precursors.35,36 Subsequently, CFU-E cells differentiate into

proerythroblasts, and then successively, to basophilic, polychromatic, and orthochromatic erythro-

blasts.37,38 To form erythrocytes, these orthochromatic cells expel their nuclei to become enucleated cells

called reticulocytes. These reticulocytes still contain mitochondria, RNA and ribosomes, while protein syn-

thesis is lost progressively during the final step of erythroid differentiation when reticulocytes are converted

to mature erythrocytes, adopting a biconcave shape through extensive membrane remodeling.17,39–42

Erythroid maturation is morphologically identical in human and mouse erythroid cells, as reflected by

the similar patterns of surface proteins, cytoskeleton components and transcriptional regulators found

when these cells have been compared.43–45 However, there are some differences in terms of the size, life-

span and oxygen affinity between human and mouse erythroid cells.44 Moreover, at the molecular level

there are differences in the specific patterns of genes expressed by human andmouse cells at similar stages

of erythroid differentiation.43,44 The basal rate of erythropoiesis may increase when the oxygen supply is

compromised acutely (hypoxia), provoking an erythropoietic stress response.46,47 This response is initiated

when oxygen supply to the kidneys is reduced, which activates the hypoxia-inducible factor 2a (HIF2a) and

increases the transcription of the erythropoietin (Epo) gene, thereby elevating circulating EPO levels.48–52

In adults, EPO is mainly produced by peritubular cells of the kidney, characterized by the expression of

FOXD1, and to a lesser extent by hepatocytes.50,52–55 EPO promotes the expansion of erythroid BFU-E

and CFU-E precursors, acting through EPOR surface receptors that in turn activate signaling pathways,

such as those involving STAT5, MAPK and/or PI3K/AKT via JAK2.32,56–60

The biological role of SLC7A5/SLC3A2 has been mainly explored in tumor cells although its physiological

role remains largely unknown. Here we show that SLC7A5/SLC3A2 heterodimer is already expressed by

early erythroid precursors being highest in more advanced stages of erythrocyte differentiation although

its expression is finally lost in mature erythrocytes. Moreover, SLC7A5/SLC3A2 expression is further

elevated by erythropoietic stress under anemic conditions, as well as following recombinant human EPO

(rhEPO) administration. We also show that circulating RBCs of erythroid Slc7a5-deficient mice have

reduced size and hemoglobin content in parallel to an attenuated mTORC1 activity in erythroblasts. More-

over erythroid Slc7a5 gene inactivation results in circulating reticulocytes with signs of premature transition

to mature erythrocytes such as reduced CD71 transferrin receptor expression and lower mitochondrial

membrane potential in circulating reticulocytes. Finally, this erythroid dysfunction upon Slc7a5 gene inac-

tivation leads to compensatory hypererythropoietinemia.

RESULTS

Basal expression of the SLC7A5/SLC3A2 amino acid carrier in splenic erythrocyte precursors

To study the role of the SLC7A5/SLC3A2 (LAT1/CD98) amino acid carrier in biological scenarios other than

proliferating tumor cells, we assessed whether the SLC7A5/SLC3A2 heterodimeric amino acid carrier might

be expressed in the erythroid lineage, bearing in mind that sustained erythroblast proliferation is required

to renew circulating RBCs.61 To identify the different stages of erythrocyte differentiation we analyzed by

flow cytometry the expression of specific cell surface markers, such as CD71 (transferrin receptor) and

Ter119 (murine Glycophorin A).37,38 Indeed, immature erythroblasts are characterized by high CD71

expression in conjunction with low or no Ter119 expression (CD71HI/Ter119NEG/LOW), whereas erythro-

blasts express both CD71 and Ter119 strongly at more advanced stages of erythroid maturation

(CD71HI/Ter119HI) (Figure 1A). Moreover, fully differentiated erythrocytes are characterized by strong

Ter119 expression and the absence of CD71 (CD71NEG/Ter119HI). Finally, there are also cells that do not

express Ter119 together with very low or no expression of CD71 (CD71NEG/LOW/Ter119NEG), which includes

splenic cells that do not belong to the erythroid lineage (Figure 1A).

Cell surface expression of SLC3A2 was found in immature splenic CD71HI/Ter119NEG/LOW erythroblasts as

well as by CD71HI/Ter119HI cells (Figures 1A and 1B). By contrast, SLC3A2 on the surface of splenic mature

CD71NEG/Ter119HI erythrocytes was barely detected or absent (Figures 1A and 1B). We also found constitu-

tive SLC3A2 surface expression in splenic CD71NEG/LOW/Ter119NEG cells, although more weakly than on

CD71HI/Ter119HI double-positive erythroblasts (Figures 1A and 1B). There is not currently an antibody suit-

able to detect surface mouse SLC7A5 expression by flow cytometry. To ascertain whether this surface

SLC3A2 expression can be attributed to the SLC7A5/SLC3A2 heterodimer, it should be considered that

Health Institute, Madrid,
Spain

11These authors contributed
equally

12These authors contributed
equally

13Lead contact

*Correspondence:
julian.aragones@uam.es

https://doi.org/10.1016/j.isci.
2022.105739

ll
OPEN ACCESS

2 iScience 26, 105739, January 20, 2023

iScience
Article

mailto:julian.aragones@uam.es
https://doi.org/10.1016/j.isci.2022.105739
https://doi.org/10.1016/j.isci.2022.105739


protein expression of SLC3A2 depends on the heterodimerization with SLC7A5.10,62,63 Indeed, previous

studies have shown that SLC7A5 gene inactivation leads to a remarkable suppression of SLC3A2 protein

expression.10,62,63 Therefore, to ascertain whether the surface SLC3A2 expression can be attributed to

SLC7A5/SLC3A2 heterodimer, we generated ErGFPcre Slc7a5LoxP/LoxP mice in which Slc7a5 locus can be

deleted specifically in the erythroid lineage. To achieve this, we crossed Slc7a5LoxP/LoxP mice, in which a

genomic region including the exon 1 of Slc7a5 was flanked by two LoxP sites,19 with ErGFPcre mice that ex-

press the Cre recombinase under the control of the EPOR promoter.64 A PCR analysis using primers at 50 po-
sition of the 50 LoxP site and 30 position of the 30 LoxP site already used19 amplifies a 253 bp band from DNA

obtained from the spleen of ErGFPcre Slc7a5LoxP/LoxP mice that was not amplified in control mice, indicating

that exon 1 of Slc7a5was efficiently deleted in the ErGFPcre Slc7a5LoxP/LoxPmice (Figure S1). In this line, basal

splenic Slc7a5mRNA was lower in ErGFPcre Slc7a5LoxP/LoxP mice (Figure 2B). Importantly, basal SLC3A2 flow

cytometry signal was strongly reduced in splenic CD71HI/Ter119NEG/LOW erythroblasts, as well as in

CD71HI/Ter119HI cells of ErGFPcre Slc7a5LoxP/LoxP mice, whereas the SLC3A2 signal did not diminish in

splenic CD71NEG/LOW/Ter119NEG cells (Figure 1B), consistent with the ability of ErGFPcremice to specifically

inactivate genes in the erythroid lineage. These data demonstrate that the SLC7A5/SLC3A2 heterodimer is

specifically expressed at different stages of erythrocyte differentiation but markedly declined during the final

step of this differentiation toward fully differentiated mature erythrocytes.

SLC7A5/SLC3A2 expression in splenic erythroblasts in anemic conditions

Erythroblasts proliferate rapidly in anemic conditions to restore appropriate numbers of circulating mature

erythrocytes, as an erythropoietic stress response that largely relies on the erythropoietic potential of the

spleen.46,47,61 Therefore, we assessed SLC7A5/SLC3A2 expression in the spleen of control and ErGFPcre

Slc7a5LoxP/LoxP mice in anemic conditions. To study this we first induced anemia in mice by administering

phenylhydrazine (PHZ), an oxidizing agent that provokes severe hemolysis. These anemic conditions led to

a marked accumulation of splenic CD71HI/Ter119HI cells (Figure 2A). In comparison with baseline condi-

tions, PHZ-treated control mice showed higher expression of splenic Slc7a5mRNA whereas its expression

was remarkably lower in PHZ-treated ErGFPcre Slc7a5LoxP/LoxP mice (Figure 2B). Along this line, immature

splenic CD71HI/Ter119NEG/LOW erythroblasts and CD71HI/Ter119HI cells underwent a specific elevation of

Figure 1. Basal expression of SLC7A5/SLC3A2 in the erythroid lineage

(A) The panel represents the flow cytometry analysis showing the different splenic cell populations in basal conditions

based on the surface expression of CD71 and Ter119 in control mice. SLC3A2 expression is also represented by a color

code: yellow-orange representing the strongest expression and dark green-blue the weakest or absence of expression.

(B) Histograms showing SLC3A2 expression in the different splenic CD71HI/Ter119NEG/LOW, CD71HI/Ter119HI, CD71NEG/

Ter119HI and CD71NEG/LOW/Ter119NEG cell populations in control (in blue) and ErGFPcre Slc7a5LoxP/LoxP mice (in green).

The IgG control (in gray) is included. A representative experiment out of 23 is shown.
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SLC3A2 surface expression (Figure 2C, upper and middle left panels) while SLC3A2 was not altered in

CD71NEG/LOW/Ter119NEG non-erythroid splenic cells (Figure 2C, lower left panel). A parallel analysis in

PHZ-treated ErGFPcre Slc7a5LoxP/LoxP mice showed that - in contrast to baseline conditions (Figure 1B) -

SLC3A2 surface expression was partially reduced in immature CD71HI/Ter119NEG/LOW and CD71HI/

Ter119HI erythroblasts when compared with PHZ-treated control mice (Figure 2C, upper and middle

right panels), which might suggest that not only SLC7A5/SLC3A2 but also other amino acid carrier partners

of SLC3A2 might be induced in CD71HI/Ter119NEG/LOW and CD71HI/Ter119HI cells under conditions of

erythropoietic stress. A more detailed analysis of the CD71HI/Ter119HI cells in PHZ-treated ErGFPcre

Slc7a5LoxP/LoxP mice identified a subpopulation of CD71HI/Ter119HI cells in which SLC3A2 expression

was largely reduced and another in which SLC3A2 was only partially diminished when compared to PHZ-

treated control mice (Figure 2C, upper right panel in CD71HI/Ter119HI cells).

CD71HI/Ter119HI cells are nucleated basophilic, polychromatic, orthochromatic erythroblasts as well as

enucleated reticulocytes that only contain RNA.37,65 Indeed, a further analysis of the DNA/RNA content of

CD71HI/Ter119HI cells using the DNA/RNA fluorescent probe DRAQ5 indicated that the CD71HI/Ter119HI

population in PHZ-treated mice was composed of a subpopulation of nucleated cells with a high DRAQ5

signal (DRAQ5HI), and a second subpopulation of enucleated reticulocytes still having RNA molecules with

Figure 2. SLC7A5/SLC3A2 expression in splenic erythroblasts during erythropoietic stress

(A) Representative flow cytometry analysis showing the different splenic cell populations in control and PHZ-treated mice based on the surface expression of

CD71 and Ter119: CD71HI/Ter119NEG/LOW, CD71HI/Ter119HI, and CD71NEG/LOW/Ter119NEG.

(B) Relative Slc7a5mRNA expression in the spleen of control (n = 8) and ErGFPcre Slc7a5LoxP/LoxP (n = 3) mice in baseline conditions as well as control (n = 6)

and ErGFPcre Slc7a5LoxP/LoxP (n = 5) upon PHZ treatment. Data are shown as mean G SEM. Statistical analysis was performed using a two-tailed Student’s t

test with Welch’s correction to compare the groups as indicated in the figure (*p < 0.05).

(C) Histograms showing SLC3A2 expression in each of the populations indicated in untreated control mice (in blue) and control mice treated with PHZ (in red)

are shown in left panels. In the right panels, the same histograms of the left panels are shown, but overlaying the histogram of SLC3A2 expression of

ErGFPcre Slc7a5LoxP/LoxP (in green) mice treated with PHZ. The IgG-APC control is presented in gray. For A and C a representative experiment out of 9 is

shown.

(D) Representative flow cytometry analysis of DRAQ5 expression versus forward scatter (FSC) of the splenic CD71HI/Ter119HI erythroid population of PHZ-

treated control mice. Two CD71HI/Ter119HI populations differing in DRAQ5 signal can be distinguished, DRAQ5HI and DRAQ5LOW. The dashed line

represents unlabeled cells.

(E) Representative histograms of SLC3A2 expression in CD71HI/Ter119HI/DRAQ5HI and CD71HI/Ter119HI/DRAQ5LOW populations in control mice treated

with PHZ (in red) and ErGFPcre Slc7a5LoxP/LoxP (in green) mice treated with PHZ are shown. The negative signal of the IgG-PyC control is shown in gray. For D

and E a representative experiment out of 7 is shown.
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a low DRAQ5 signal (DRAQ5LOW) (Figure 2D). CD71HI/Ter119HI /DRAQ5HI nucleated cells showed a partial

decline of surface SLC3A2 expression in ErGFPcre Slc7a5LoxP/LoxP mice (Figure 2E), suggesting that nucle-

ated CD71HI/Ter119HI cells in conditions of erythropoietic stress not only express SLC7A5/SLC3A2 but also

other SLC3A2 partners. However, DRAQ5LOW reticulocytes were the CD71HI/Ter119HI subpopulation in

which surface SLC3A2 expression was more markedly diminished (Figure 2E), suggesting that SLC7A5 is

the predominant partner of SLC3A2 in splenic reticulocytes.

SLC7A5/SLC3A2 in circulating reticulocytes involves erythropoietin signaling

We next assessed the surface expression of SLC3A2 in circulating cells. The vast majority of them were

CD71NEG/Ter119HI mature erythrocytes in control mice, with a small proportion of CD71HI/Ter119HI cells.

However, PHZ administration produced a remarkable increase in the proportion of circulating CD71HI/

Ter119HI cells (Figure 3A), which are exclusively DRAQ5LOW (Figure S2), indicating that they are reticulo-

cytes released from the spleen during stress erythropoiesis. This increase in the proportion of circulating

CD71HI/Ter119HI cells was also observed when anemic conditions were generated by subjecting mice to

phlebotomy (Figure 3A). Therefore, and as observed in splenic reticulocytes, the basal SLC3A2 surface

expression of CD71HI/Ter119HI reticulocytes was further increased in both anemic conditions (Figure 3B).

Moreover, in circulating CD71HI/Ter119HI of PHZ-treated mice, SLC3A2 expression was strongly decreased

in homozygous ErGFPcre Slc7a5LoxP/LoxP and accordingly partially decreased in heterozygous ErGFPcre

Slc7a5LoxP/+ (Figure 3B). Therefore, these data further suggest that SLC7A5 is the principal partner of

SLC3A2 not only in splenic (Figure 2E) but also in circulating reticulocytes (Figure 3B). We further confirmed

SLC7A5 protein expression in circulating erythroid cells of PHZ-treated control mice but was undetectable

in PHZ-treated ErGFPcre Slc7a5LoxP/LoxP mice (Figure 3C). Moreover, SLC7A5 carrier activity in circulating

CD71HI/Ter119HI reticulocytes assessed by the uptake of L-phenylalanine was significantly reduced in circu-

lating CD71HI/Ter119HI reticulocytes of ErGFPcre Slc7a5LoxP/LoxP mice (Figure 3D). To evaluate the clinical

value of our data, we also analyzed circulating reticulocytes in anemic subjects by assessing by flow cytom-

etry the expression of CD71 and Glycophorin-A (GYPA or CD235a), the latter a surface marker homologous

to Ter119 in mice. There was a limited proportion of circulating CD71HI/GYPAHI reticulocytes in the blood

of control subjects, which increased markedly in anemic subjects (Figure 3E). In line with the data obtained

in mice, SLC3A2 was specifically induced in circulating CD71HI/GYPAHI reticulocytes from anemic relative

to control subjects while its expression was absent in mature circulating CD71NEG/GYPAHI erythrocytes in

both healthy and anemic subjects (Figure 3E).

Since surface SLC7A5/SLC3A2 expression was elevated in two different models of anemia such as PHZ and

phlebotomy, we asked whether this might be a consequence of elevated serum EPO levels in anemic con-

ditions. Therefore, we asked whether EPO signaling might be involved in the induction of SLC7A5/SLC3A2

expression in the erythroid lineage. To assess this, we injected recombinant human EPO (rhEPO) into con-

trol mice and after two days, we found an increased expression of surface SLC3A2 expression in circulating

CD71HI/Ter119HI cells (Figure 3F) as observed in anemic conditions. Moreover, this surface SLC3A2 surface

expression was markedly reduced in ErGFPcre Slc7a5LoxP/LoxP mice (Figure 3F). Therefore, the SLC7A5/

SLC3A2 expression induced in circulating reticulocytes might be a consequence of an increase in EPO in

response to anemic conditions.

Collectively, these data show that the SLC7A5/SLC3A2 heterodimer is expressed at different stages of

erythrocyte differentiation but finally, it is lost in mature erythrocytes. Moreover, our data suggest that

SLC7A5 is the predominant SLC3A2 subunit partner in splenic and circulating reticulocytes, with this

SLC7A5/SLC3A2 heterodimer induced in response to erythropoietic stress, as well as in response to rhEPO

administration.

Erythroid Slc7a5-deficient mice develop hypererythropoietinemia

Increased renal Epo gene expression and the ensuing elevation of circulating EPO levels are signs of insuf-

ficient tissue oxygenation in anemic conditions.51,54 Therefore, we considered that - in case of dysfunctional

erythropoiesis in ErGFPcre Slc7a5LoxP/LoxP - the circulating EPO levels might be higher in ErGFPcre

Slc7a5LoxP/LoxP than in control mice. Indeed, in anemic conditions - upon PHZ or phlebotomy treatment -

there was more serum EPO in ErGFPcre Slc7a5LoxP/LoxP mice than in control mice (Figure 4A). Moreover,

the induction of renal Epo mRNA was also stronger in ErGFPcre Slc7a5LoxP/LoxP than in control mice under

anemic conditions (Figure 4A). As shown above, SLC7A5/SLC3A2 is also expressed in erythroblasts under

basal conditions (Figure 1A); we, therefore, assessed whether basal serum EPO levels were also elevated in
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ErGFPcre Slc7a5LoxP/LoxP mice. Indeed, we also found higher basal serum EPO in ErGFPcre Slc7a5LoxP/LoxP

mice (Figure 4A). Notably, circulating EPO or Epo mRNA induction was not significantly altered in hetero-

zygous ErGFPcre Slc7a5LoxP/+ mice (Figure 4A), demonstrating that the inactivation of both Slc7a5 alleles is

required to develop this hypererythropoietinemia found in ErGFPcre Slc7a5LoxP/LoxP mice. Thus, we

reasoned that an erythroid SLC7A5 deficiency might affect the number of circulating RBCs, potentially ex-

plaining this hypererythropoietinemia. However, the number of circulating RBCs was not reduced in

ErGFPcre Slc7a5LoxP/LoxP mice under basal conditions or under anemic conditions after PHZ administration

(Figure 4B). In addition, we did not find significant differences in serum LDH activity (809.3 G 110.7 U/L in

control mice (n = 7) vs. 991.6 G 168.1 U/L in erythroid Slc7a5-deficient mice (n = 5), P=NS, non-significant)

suggesting that RBCs of ErGFPcre Slc7a5LoxP/LoxP mice did not show signs of hemolysis. Therefore, the

Figure 3. SLC7A5/SLC3A2 expression in circulating CD71HI/Ter119HI reticulocytes under anemic conditions and in response to rhEPO

(A) Representative flow cytometry analysis showing circulating CD71HI/Ter119HI reticulocytes in PHZ-treated and control mice, as well as in mice subjected to

phlebotomy. For PHZ a representative experiment out of 20 is shown. For phlebotomy, a representative experiment out of 8 is shown.

(B) Representative histograms of SLC3A2 expression in circulating CD71HI/Ter119HI reticulocytes of untreated control mice (in blue), mice treated with PHZ

or mice subjected to phlebotomy (in red), as well as ErGFPcre Slc7a5LoxP/LoxP mice treated with PHZ or subjected to phlebotomy (in green). The IgG-APC

control is represented in gray. Quantification of the mean fluorescence intensity (MFI) of SLC3A2 on circulating CD71HI/Ter119HI reticulocytes from control

untreated mice (n = 33), control mice treated with PHZ (n = 20), ErGFPcre Slc7a5LoxP/+ untreated mice (n = 11), ErGFPcre Slc7a5LoxP/+ mice treated with PHZ

(n = 10), ErGFPcre Slc7a5LoxP/LoxP untreated mice (n = 16) and ErGFPcre Slc7a5LoxP/LoxP mice treated with PHZ (n = 14). Quantification of the mean

fluorescence intensity (MFI) of SLC3A2 on circulating CD71HI/Ter119HI reticulocytes from control mice (n = 8), control mice subjected to phlebotomy (n = 8),

ErGFPcre Slc7a5LoxP/+ untreated mice (n = 4), ErGFPcre Slc7a5LoxP/+ mice subjected to phlebotomy (n = 4), ErGFPcre Slc7a5LoxP/LoxP untreated mice (n = 3)

and ErGFPcre Slc7a5LoxP/LoxP mice subjected to phlebotomy (n = 3).

(C) Western blot analyses of SLC7A5 relative to b-actin protein levels in circulating erythroid cells of control and ErGFPcre Slc7a5LoxP/LoxP PHZ-treated mice.

(D) L-phenylalanine uptake in isolated CD71HI/Ter119HI circulating reticulocytes from PHZ-treated control or ErGFPcre Slc7a5LoxP/LoxP mice (n = 5).

(E) Representative flow cytometry analysis of CD71 expression versus GYPA in healthy and anemic subjects (left panels). Histograms of SLC3A2 expression in

circulating CD71HI/GYPAHI and CD71NEG/GYPAHI populations of control (blue) and anemic (red) subjects (right panels). A representative experiment out of 3

anemic subjects and 3 control subjects is shown.

(F) Representative histograms of SLC3A2 expression in circulating CD71HI/Ter119HI reticulocytes of untreated control mice (blue) or mice treated with rhEPO

(200U) (red). The IgG-APC control is represented in gray. Quantification of the mean fluorescence intensity (MFI) of SLC3A2 on circulating CD71HI/Ter119HI

reticulocytes from untreated (n = 5) or rhEPO-treated control mice (n = 5), as well as from untreated (n = 3) or rhEPO-treated ErGFPcre Slc7a5LoxP/LoxP mice

(n = 5).

Data are shown as meanG SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test when comparingmore than two

groups or two-tailed Student’s t test with Welch’s correction when comparing two groups (**p < 0.01; ***p < 0.005).
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hypererythropoietinemia in ErGFPcre Slc7a5LoxP/LoxPmice cannot be attributed to significant differences in

the number of circulating RBCs relative to control mice.

SLC7A5 regulates red blood cell size and hemoglobin content

We next ascertained whether some specific features of circulating RBCs might be altered in ErGFPcre

Slc7a5LoxP/LoxPmice, which could explain their hypererythropoietinemia. Indeed, themean corpuscular vol-

ume (MCV) of circulating RBCs was significantly lower in ErGFPcre Slc7a5LoxP/LoxP mice already in baseline

conditions (Figure 4C). Furthermore, life imaging morphology cytometry (LIMC) revealed that the red

blood cell area and diameter were significantly reduced in ErGFPcre Slc7a5LoxP/LoxP mice while their elon-

gation was not significantly reduced (Figure 4D). In line with these data, ErGFPcre Slc7a5LoxP/LoxP mice

showed a lower hematocrit value (Table S1), which can be attributed to the smaller size of their circulating

RBCs and not to a reduction in their total number.

We also found that the mean corpuscular hemoglobin (MCH) was significantly lower in ErGFPcre Slc7a5LoxP/LoxP

mice and alreadymanifested at baseline conditions as in the case of MCV values (Figure 5A). Furthermore, May-

Grünwald-Giemsa staining also showed that SLC7A5/SLC3A2-deficient mature red blood cells have signs of hy-

pochromia (Figure 5B), which is in agreement with the reduced values ofMCH found in ErGFPcre Slc7a5LoxP/LoxP

mice. In agreement with these data ErGFPcre Slc7a5LoxP/LoxP mice showed lower hemoglobin in the blood

(Table S1). As mentioned above, the heterodimeric transporter SLC7A5/SLC3A2 is essential for the uptake of

Figure 4. Mice lacking SLC7A5 in the erythroid lineage develop hypererythropoietinemia and smaller circulating RBCs

(A) Serum EPO protein (pg/mL) in control mice (n = 18), ErGFPcre Slc7a5LoxP/+ mice (n = 4), and ErGFPcre Slc7a5LoxP/LoxP mice (n = 13) under baseline

conditions; in control mice (n = 18), ErGFPcre Slc7a5LoxP/+mice (n = 9) and ErGFPcre Slc7a5LoxP/LoxPmice (n = 16) after PHZ treatment; and in phlebotomized

control mice (n = 6), ErGFPcre Slc7a5LoxP/+ mice (n = 4) and ErGFPcre Slc7a5LoxP/LoxP mice (n = 6).

(B) Total number of circulating RBCs in control mice (n = 28), ErGFPcre Slc7a5LoxP/+ mice (n = 13), and ErGFPcre Slc7a5LoxP/LoxP mice (n = 18) under basal

conditions or in control mice (n = 13), ErGFPcre Slc7a5LoxP/+ mice (n = 9), and ErGFPcre Slc7a5LoxP/LoxP mice (n = 13) after PHZ treatment.

(C) Mean corpuscular volume (MCV, mm3) of circulating RBCs in control mice (n = 28), ErGFPcre Slc7a5LoxP/+ mice (n = 13), and ErGFPcre Slc7a5LoxP/LoxP mice

(n = 18) under basal conditions, and in control mice (n = 11), ErGFPcre Slc7a5LoxP/+ mice (n = 7), and ErGFPcre Slc7a5LoxP/LoxP mice (n = 12) after PHZ

treatment.

(D) Representative images of life imaging morphology cytometry (left) and 3D-cell rendering images (right) of RBCs of ErGFPcre Slc7a5LoxP/LoxP and control

mice. The RBC populations normally distributed their areas around a central average smaller for the ErGFPcre Slc7a5LoxP/LoxP specimens than for control

mice (central panels). Graph panels show the diameter (mm), area (mm2), and elongation (%) of RBCs in control, and ErGFPcre Slc7a5LoxP/LoxP mice. Data are

shown as mean G SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test when comparing three groups or two-

tailed Student’s t test with Welch’s correction when comparing two groups (*p < 0.05; ***p < 0.005).
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extracellular L-leucine, which leads to the activation of the central regulator of protein translation, the mamma-

lian target of rapamycin (mTOR).6,8 Therefore we considered whether reduced hemoglobin content in Slc7a5-

deficient red blood cells might be associated a reduced mTORC1 activity, which has been shown to control

erythroid hemoglobin translation.66 For this purpose, we evaluated by flow cytometry the mTORC1 activity in

erythroblasts assessing the phosphorylated form of the ribosomal protein S6 (rpS6) as a mTORC1 activation

marker.16,67 We first validated a phospho-rpS6Ser235/6 signal in CD71HI/Ter119HI erythroblasts in control mice

that were inhibited by treatment with the mTORC1 inhibitor, temsirolimus (Figure 5C). Importantly CD71HI

/Ter119HI erythroblasts from ErGFPcre Slc7a5LoxP/LoxP mice showed lower levels of phospho-rpS6Ser235/6 signal

when compared with control or heterozygous ErGFPcre Slc7a5LoxP/+mice (Figure 5C). Therefore reduced eryth-

roblastic mTORC1 activity provides a molecular explanation for the reduced hemoglobin content in red blood

cells of erythroid Slc7a5-deficient mice.

Reduced CD71 expression and mitochondrial activity in SLC7A5 deficient red blood cells

While ErGFPcre Slc7a5LoxP/LoxP mice had a similar number of circulating RBCs (Figure 4B), a more detailed

analysis revealed that they had fewer circulating CD71HI/Ter119HI reticulocytes with a simultaneous in-

crease of cells with intermedium CD71 expression CD71INT/Ter119HI (Figure 6A). These CD71INT

/Ter119HI cells have been previously shown to be in transition to mature erythrocytes.17,39–42 Furthermore,

we also observed an increased proportion of mature CD71NEG/Ter119HI erythrocytes (Figure 6A), which are

cells that have lost their protein synthesis potential.39 The transition of reticulocytes to mature erythrocytes

is driven by a progressive clearance of mitochondria as a consequence of increased mitophagy, which is

triggered by the inhibition of mTORC1 and the subsequent activation of the UNC51-like kinase-1

(ULK1).17,40 Indeed, the loss of Ulk-1-dependent mitophagy prevents the conversion of reticulocytes to

mature erythrocytes,17,40 suggesting that mitochondrial clearance drives this conversion. Therefore, we as-

sessed whether circulating CD71HI/Ter119HI reticulocytes in ErGFPcre Slc7a5LoxP/LoxP mice had a reduced

Figure 5. Erythroid-SLC7A5 deficient mice have red blood cells with lower hemoglobin content

(A) Mean corpuscular hemoglobin (MCH, pg) of circulating RBCs in control mice (n = 28), ErGFPcre Slc7a5LoxP/+ mice (n = 13), and ErGFPcre Slc7a5LoxP/LoxP

mice (n = 18) under basal conditions.

(B) Representative peripheral blood stainings with May-Grünwald-Giemsa of ErGFPcre Slc7a5LoxP/LoxP (right) and control (left) mice.

(C) Representative flow cytometry histograms comparing the phospho-rpS6Ser235/6 signal in CD71HI/Ter119HI splenic erythroblasts of control and

temsirolimus-treated mice (left panel). Representative flow cytometry histogram comparing the phospho-rpS6Ser235/6 signal in CD71HI/Ter119HI splenic

erythroblasts in control, and ErGFPcre Slc7a5LoxP/LoxP mice (right panel). Quantification of phospho-rpS6Ser235/6 signal from control (n = 6) and temsirolimus-

treated mice (n = 5) (left panel). Quantification of phospho-rpS6Ser235/6 signal from control (n = 9), ErGFPcre Slc7a5LoxP/+ mice (n = 8), and ErGFPcre

Slc7a5LoxP/LoxP mice (n = 7) (right panel). The dashed line represents unlabeled permeabilized cells. Data are shown as mean G SEM. Statistical analysis was

performed using one-way ANOVA followed by Tukey’s post hoc test when comparing three groups or two-tailed Student’s t test with Welch’s correction

when comparing two groups (*p < 0.05; ***p < 0.005).
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mitochondrial activity, which might accelerate their transition from CD71HI/Ter119HI reticulocytes to

mature CD71NEG/Ter119HI erythrocytes. We evaluated the mitochondrial activity of circulating CD71HI/

Ter119HI reticulocytes from ErGFPcre Slc7a5LoxP/LoxP and control mice using tetramethylrhodamine methyl

ester perchlorate (TMRM), which measures mitochondrial membrane potential as a surrogate marker of

mitochondrial activity.65,68 Control mice show TMRM signal in circulating CD71HI/Ter119HI reticulocytes

(Figure 6B). Interestingly circulating CD71HI/Ter119HI reticulocytes had weaker mitochondrial potential

signal in ErGFPcre Slc7a5LoxP/LoxP mice (Figure 6B). In addition, we also stained cells with MitoTracker

Green, a green-fluorescent dye that selectively accumulates in the mitochondria independently of mito-

chondrial potential. Similar to the TMRM signal, we found a lower MitoTracker Green signal in CD71HI

/Ter119HI reticulocytes from ErGFPcre Slc7a5LoxP/LoxP mice (Figure S3A). These data suggest

that reduced mitochondrial activity in CD71HI/Ter119HI reticulocytes from ErGFPcre Slc7a5LoxP/LoxP mice

can be attributed to a lower mitochondrial content. Furthermore, we also confirmed that mitochondrial ox-

ygen consumption was reduced upon Slc7a5 gene inactivation in circulating erythroid cells in ErGFPcre

Slc7a5LoxP/LoxP mice (Figure 6C). Finally, mTORC1 inhibition with temsirolimus also reduced TMRM

signal CD71HI/Ter119HI reticulocytes as well as the proportion of circulating CD71HI/Ter119HI reticulocytes

(Figures S3B and S3C). Collectively these data suggest that mitochondrial dysfunction in CD71HI/Ter119HI

reticulocytes lacking SLC7A5 expression as a consequence of reduced mTORC1 activity might be associ-

ated with premature transition of circulating reticulocytes toward mature erythrocytes.

Together the data presented here reveal the role of the SLC7A5/SLC3A2 amino acid carrier, which not only

ensures the correct size and hemoglobin content of circulating RBCs but also regulates the maturation fea-

tures of circulating reticulocytes such as reduced CD71 expression and mitochondrial activity.

Figure 6. Loss of SLC7A5 in the erythroid lineage increases the transition between circulating reticulocytes and mature erythrocytes

(A) Flow cytometry histogram comparing the CD71 expressed by circulating Ter119 positive cells in a control, and ErGFPcre Slc7a5LoxP/LoxP mice after PHZ

treatment. Quantification of the proportion of CD71HI/Ter119HI, CD71INT/Ter119HI, and CD71NEG/Ter119HI in control (n = 35), ErGFPcre Slc7a5LoxP/+ mice

(n = 19), and ErGFPcre Slc7a5LoxP/LoxPmice (n = 28) after PHZ treatment. The range of CD71 expression considered for the quantification of CD71HI/Ter119HI,

CD71INT/Ter119HI, and CD71NEG/Ter119HI RBCs is indicated.

(B) Flow cytometry histogram comparing the TMRM signal in circulating CD71HI/Ter119HI reticulocytes of control, and ErGFPcre Slc7a5LoxP/LoxP mice after

PHZ treatment. Quantification of TMRM signal from control (n = 7), ErGFPcre Slc7a5LoxP/+ mice (n = 6), and ErGFPcre Slc7a5LoxP/LoxP mice (n = 7) after PHZ

treatment. The dashed line represents unlabeled cells.

(C) Maximal mitochondrial oxygen consumption rate (OCR) in circulating cells of PHZ-treated mice (n = 14) and PHZ-treated ErGFPcre Slc7a5LoxP/LoxP mice

(n = 15).

Data are shown as mean G SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test when comparing three groups

or two-tailed Student’s t test with Welch’s correction when comparing two groups (*p < 0.05; **p < 0.01; ***p < 0.005).
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DISCUSSION

The pathophysiological role of key amino acid carriers such as SLC7A5/SLC3A2 (LAT1/CD98) in vivo has

raised great interest, especially in tumor biology and inflammatory diseases. Indeed, SLC7A5/SLC3A2 po-

tentiates cell autonomous proliferation of tumor cells by regulating the uptake of key amino acids that are

essential for mTORC1 activity, as well as for the translation of key pro-proliferative transcription factors such

as c-Myc.7,8,11,13,69 Moreover, SLC7A5/SLC3A2 is also fundamental for T lymphocyte and NK cell activation,

involving mTORC1-dependent and independent mechanism.16–18,20 However, the role of this amino acid

carrier in basal physiological conditions in adults remains poorly understood. In these conditions,

SLC7A5 was seen to be constitutively expressed in the endothelium of the BBB where it controls the amino

acid supply to the brain parenchyma.22 It was also shown to sustain mTORC1 activity and insulin sensitivity

in skeletal muscle.19

Here we evaluated the role of SLC7A5/SLC3A2 in erythrocytes, considering that erythroblasts presumably

require adequate amino acid supplies during erythropoiesis to maintain healthy circulating RBCs. SLC7A5/

SLC3A2 is expressed by CD71HI/Ter119NEG/LOW early progenitors as well as by CD71HI/Ter119HI cells in

baseline and anemic conditions contributing to amino acid uptake and mTORC1 activity in red blood cells.

Strikingly erythroid-Slc7a5 deficient mice did not show lower number of circulating RBCs in none of these

two conditions . However, it should be considered that strong expression of SLC7A5/SLC3A2 is observed in

those stages - including CD71HI/Ter119HI cells - in which hemoglobin is synthesized actively, even by retic-

ulocytes.39,70 Along this line, we found that erythrocyte Slc7a5-deficient mice had less hemoglobin in the

blood, lower mean corpuscular hemoglobin and the presence of circulating hypochromic erythrocytes,

suggesting that SLC7A5/SLC3A2 is essential for adequate cellular amino acid carrier activity required for

hemoglobin biosynthesis, a phenomenon that cannot be fully compensated by other amino acid carriers.

Our data also suggest that the reduced hemoglobin content in erythroid Slc7a5-deficient mice can be

attributed to their diminished mTORC1 activity. In this line, it has been previously shown that mTORC1

firstly regulates the translation of the erythroid Hba-a1 and Hbb-b1 transcripts, which encode a- and

b-globin respectively, the protein subunits of hemoglobin.66 Moreover, the expression of SLC7A5/

SLC3A2 mirrors the expression of the CD71 transferrin receptor in CD71HI/Ter119HI cells, suggesting

that amino acid and iron loading needs to be coupled for hemoglobin synthesis.

SLC7A5/SLC3A2 expression in erythroblasts is not only present in basal conditions but it is also induced in

splenic erythroid precursors in anemic conditions during erythropoietic stress. A more detailed analysis

showed that CD71HI/Ter119HI erythroblasts are nucleated (DRAQ5HI) cells in which surface SLC3A2 expres-

sion is partially inhibited in Slc7a5-deficient mice. These data suggest that other amino acid carriers that

heterodimerize with SLC3A2 might be also expressed in nucleated CD71HI/Ter119HI cells, which in princi-

ple are composed of basophilic, polychromatic, and orthochromatic erythroblasts.37,38 By contrast,

SLC3A2 expression is markedly reduced in CD71HI/Ter119HI/DRAQ5LOW enucleated reticulocytes in

erythroid Slc7a5-deficient mice, suggesting that SLC7A5/SLC3A2 is the predominant partner of SLC3A2

in splenic reticulocytes. CD71HI/Ter119HI reticulocytes but not CD71HI/Ter119HI nucleated erythroblasts

exit the spleen to enter circulation71,72 and hence, the predominant expression of SLC7A5 partnering

SLC3A2 was also found in circulating reticulocytes. In terms of the increased expression of SLC7A5/

SLC3A2 during erythroid differentiation, we found that EPO administration is sufficient to induce

SLC7A5/SLC3A2 in circulating reticulocytes. These data suggest that EPOR activation in early erythroblast

precursors during erythropoietic stress can act as an initial trigger for the sustained and elevated surface

expression of SLC7A5/SLC3A2 from early CD71HI/Ter119NEG/LOW to CD71HI/Ter119HI circulating enucle-

ated reticulocytes.

Our data show that - although RBCs are smaller and with low hemoglobin content - their number in circu-

lation is not altered in erythroid Slc7a5-deficient mice. This might be surprising taking into consideration

the influence of SLC7A5 on the tumor cell proliferation.11,13,73,74 However, it is conceivable that the pres-

ence of other amino acid carriers that heterodimerize with SLC3A2 in CD71HI/Ter119HI nucleated erythro-

blasts might be enough to sustain the proliferation of these cells. In this line, we found evidence that other

SLC3A2-dependent heterodimers - aside SLC7A5/SLC3A2 - seem to be expressed in CD71HI/Ter119HI

nucleated cells, which might still be competent to drive the normal proliferation of these cells. Moreover,

it should be consideredmore central participation of other types of amino acid carriers in erythroblasts pro-

liferation such as CAT1 because its global inactivation leads to severe anemia.75 Finally, we cannot rule out

that a modest defect in erythroblast proliferation following Slc7a5 gene inactivation compensated by an
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increase in circulating EPO, which reinvigorates erythroid precursor proliferation resulting in a normaliza-

tion of the number of circulating erythroid cells. In contrast to nucleated erythroblasts, SLC7A5 is the main

partner of SLC3A2 in enucleated reticulocytes, and therefore, the absence of SLC7A5 is sufficient to elicit a

reduction in their cell size and hemoglobin content that cannot be compensated by other SLC3A2-based

amino acid carriers.

Our data also show that SLC7A5/SLC3A2 not only controls the correct size and hemoglobinization of circu-

lating RBCs but also seems to regulate the transition of circulating reticulocytes to mature erythrocytes.

Indeed, erythroid-specific Slc7a5 gene inactivation decreases the proportion of circulating CD71HI/

Ter119HI reticulocytes paralleled by an increase of circulating CD71INT/Ter119HI cells characterized by a

weaker CD71 expression. In line with these data, an increased proportion of mature CD71NEG/Ter119HI

erythrocytes was also observed. These data suggest that SLC7A5 prevents the premature transition of

CD71HI/Ter119HI reticulocytes toward mature erythrocytes. Previous studies showed that weaker CD71

expression is a sign of reduced mitochondrial activity in reticulocytes.76 Moreover, Ulk-1-dependent mi-

tophagy and the ensuing mitochondrial clearance play a role in the transition of mature reticulocytes to

mature erythrocytes.17,40 Indeed, we show that SLC7A5-deficient CD71HI/Ter119HI reticulocytes have a

reduced mitochondrial activity and maximal oxygen consumption that can be attributed to their reduced

mitochondrial content. Hence, our data suggest that SLC7A5 expression in reticulocytes prevents the pre-

mature transition of CD71HI/Ter119HI reticulocytes toward mature erythrocytes by controlling mitochon-

drial clearance and surface expression of the CD71 transferrin receptor. This premature differentiation

of reticulocytes might also be linked to reduced hemoglobin content, particularly taking into consideration

that reticulocytes are characterized by a high rate of hemoglobin synthesis that is progressively lost as they

become mature erythrocytes.39 Furthermore, we also show that mTORC1 inhibition leads to reduced mito-

chondria activity in circulating CD71HI/Ter119HI reticulocytes as well as their proportion relative to mature

cells. In this line, it should be considered that mitochondrial clearance is favored by reduced mTORC1 ac-

tivity and subsequent Ulk-1 activation,17,40 suggesting that the reduced mitochondrial activity and

increased cells in transition from reticulocyte to mature erythrocyte in erythroid Slc7a5-deficient mice

might be attributed to the reduced mTORC1 activity.

In summary, the data presented here reveal the physiological role of the SLC7A5/SLC3A2 amino acid car-

rier in the control of erythropoiesis, specifically controlling erythroblast size and hemoglobinization and the

transition from circulating reticulocytes to mature erythrocytes.

Limitations of the study

As mentioned above the number of circulating RBCs is not altered upon Slc7a5 gene inactivation in

erythroid lineage, which might be surprising taking into consideration the influence of SLC7A5 on the

tumor cell proliferation. However, RBCs in these erythroid Slc7a5-deficient mice are smaller with less hemo-

globin thereby triggering compensatory hypererythropoietinemia most likely as a consequence of sys-

temic hypoxemia. Therefore, we cannot rule out that a potential defect in erythroblast proliferation

following Slc7a5 gene inactivation can be compensated by an increase in circulating EPO that reinvigorates

erythroid precursor proliferation, normalizing the number of circulating erythroid cells.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal Biotin Anti-Mouse CD71 BioLegend Cat# 113803, RRID:AB_313564

Rat monoclonal Anti-Mouse CD16/CD32 Tonbo Biosciences Cat#70-0161, RRID:AB_2621487

Rat monoclonal PE Anti-Mouse CD71 BD Pharmingen Cat#553267, RRID:AB_394744

Rat monoclonal Biotin Anti-Mouse TER-119 Tonbo Biosciences Cat#30-5921, RRID:AB_2621651

Rat monoclonal APC Anti-Mouse CD98 (4F2) BioLegend Cat#128211, RRID:AB_2750544

Rat monoclonal k Isotype APC Ctrl Antibody BioLegend Cat#400526, RRID:AB_2864284

Rat monoclonal PE/Cy7 Anti-Mouse CD98 (4F2) BioLegend Cat# 128213, RRID:AB_2750546

Rat monoclonal PE/Cy7 Anti-Mouse CD98 (4F2) BioLegend Cat#128211, RRID:AB_2750544

Rat monoclonal APC Anti-Mouse CD71 BD Biosciences Cat#567258

Rabbit monoclonal Pacific Blue Anti-Mouse

Phospho-S6 Ribosomal Protein (Ser235/236)

Cell Signaling Technology Cat#8520, RRID:AB_2797646

Mouse monoclonal PerCP Anti-Human CD45 BD Biosciences Cat#345809, RRID:AB_2868830

Mouse monoclonal APC-H7 Anti-Human CD71 BD Biosciences Cat#655431, RRID:AB_2870381

Mouse monoclonal PE Anti-Human Glycophorin A BD Biosciences Cat#340947, RRID:AB_400188

Rabbit polyclonal Anti-LAT1 (SLC7A5) Alomone Labs Cat# ANT-105, RRID:AB_2756724

Mouse Monoclonal Anti-beta-Actin-Peroxidase Sigma Aldrich Cat# A3854, RRID:AB_262011

Biological samples

Whole fresh blood from healthy or anemic human

donors

They were obtained and analyzed

in Immunology Department of

Hospital de la Princesa, Madrid,

(Spain).

N/A

Whole fresh blood of mice They were obtained from erythroid

Slc7a5-deficient and control mice

housed in the Animal Facility of

Autonomous University of Madrid

(UAM).

N/A

Spleen of mice They were obtained from erythroid

Slc7a5-deficient and control mice

housed in the Animal Facility of

Autonomous University of Madrid

(UAM).

N/A

Chemicals, peptides, and recombinant proteins

g-Globulins from human blood Sigma Aldrich Cat#G4386

Phenylhydrazine hydrochloride Merck Cat#114715

Binocrit� recombinant human EPO (rh-EPO) Sandoz GmbH Eprex/Erypo

Temsirolimus Sigma-Aldrich Cat#PZ0020

Hoechst 33342 Sigma-Aldrich Cat#B2261

Alexa Fluor 488-conjugated streptavidin Molecular Probes Cat#S32354

Pacific Blue-conjugated streptavidin Invitrogen Cat#S11222

DRAQ5 Thermo Fisher Scientific Cat#62251

Tetramethylrhodamine methyl ester (TMRM) Thermo Fisher Scientific Cat#T668

MitoTracker Green Thermo Fisher Scientific Cat#T668

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Julián Aragonés López (julian.aragones@uam.es).

Materials availability

ErGFPcre mice were provided by Dr Ursula Klingmüller under conditions of a Material Transfer agreement.

Slc7a5LoxP/LoxP mice provided by Dr. Peter Taylor are now available in The Jackson Laboratory (Slc7a5fl

#027252).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Mouse Erythropoietin ELISA Quantikine

Immunoassay kit

R&D Systems Cat#MEP00B

Experimental models: Organisms/strains

Mouse: Cre knock-in line (ErGFPcre) Provided by Dr Ursula Klingmüller

(Heinrich et al., 201464)

N/A

Mouse: Slc7a5LoxP/LoxP with LoxP sites flank exon

1 of the murine Slc7a5 locus

Provided by Dr Peter Taylor

(Poncet et al., 201419)

N/A

ErGFPcre Slc7a5LoxP/LoxP mice This manuscript N/A

Oligonucleotides

Primer: Epo Forward:

CAAAGTAACTTCTATGCTTGGAAAA.

Condalab N/A

Primer: Epo Reverse,

50-CAGGCCTTGCCAAACTTCTATG-30
Condalab N/A

Primer: Slc7a5 Forward:

TTCGCCACCTACTTGCTCAA.

Condalab N/A

Primer: Slc7a5 Reverse

50-CCTTTACGCTGTAGCAGTTC-30
Condalab N/A

Primer: 28S Forward:

GGTAGCCAAATGCCTCGTCAT. reverse 50-

GGATAGTAGGTAGGGACAGTGGGAAT-30

Condalab N/A

Primer: 28S Reverse

50-GGATAGTAGGTAGGGACAGTGGGAAT-30
Condalab N/A

Primer for amplification of murine genomic

region lacking Slc7a5 exon1 in

ErGFPcre Slc7a5LoxP/LoxP mice Forward:

50-GGCTCCTGGACTTATCTTGACCAATG-30.

Poncet el at. 201419 N/A

Primer for amplification of murine

genomic region lacking Slc7a5 exon1 in

ErGFPcre Slc7a5LoxP/LoxP mice Reverse, 50-

GTGGTGCTTTGCTGAAGGCAGGG-30

Poncet el at. 201419 N/A

Software and algorithms

QuantStudio5 Design and Analysis

Software v1.4

Applied Biosystems RRID:SCR_020240

ImageJ NIH RRID:SCR_003070

BD FACSDiva� software BD Biosciences RRID:SCR_001456

FlowJo� v10.7 software BD Biosciences RRID:SCR_008520

GraphPad Prism software GraphPad RRID:SCR_002798

Wolfram Mathematica Wolfram Mathematica RRID:SCR_014448
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Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

All experimental procedures involving mice were first approved by the research ethics committee at the

Autonomous University of Madrid (UAM - CEIC 55-1002-A049, approval date ninth May 2014 and CEIC

103-1993-341 approval date 25th November 2019). All the procedures were carried out in male and female

mice under the supervision of the animal welfare personnel at the UAM, and in accordance with Spanish RD

53/2013 and European (EU Directive 2010/63/EU) guidelines. Mice were used with an age between 8 and

48 weeks. Each experiment was performed with mice of similar age. ErGFPcre mice that express the Cre

recombinase under the control of the EPOR promoter were provided by Dr Ursula Klingmüller (Deutsches

Krebsforschungszentrum -DKFZ, German Cancer Research Center, Heidelberg Germany: Heinrich et al.,

2014).64 These mice were crossed with Slc7a5LoxP/LoxP mice, in which LoxP sites flank exon 1 of the murine

Slc7a5 locus, to generate ErGFPcre Slc7a5LoxP/LoxP mice. The Slc7a5LoxP/LoxP mice were provided by Dr Pe-

ter Taylor (University of Dundee, Dundee, United Kingdom).19

Patient samples

The analysis on human samples frommales and females was performed in accordance with the principles of

the Declaration of Helsinki and was approved and supervised by the Ethics Committee of Instituto de In-

vestigación del Hospital Universitario de la Princesa. For this analysis we used whole fresh blood from sub-

jects with iron-deficient or post-chemotherapy anemia or healthy donors with an age between 22 and 86

years. Blood (2 mL) was blocked with 100 mg/mL of human g-globulin (Sigma-Aldrich, St. Louis, MO,

USA) for 30 min. The samples were then stained with 100 mL of a mouse anti-human SLC3A2 (CD98)

mAb (clone 4F2) for 30 min and after washing, they were incubated for 30 min with an Alexa Fluor 488 con-

jugated goat anti-mouse secondary antiserum (1:100, Invitrogen, Waltham, MA, USA). After another

washing step, the samples were further stained for 30 min with the following mouse anti-human mAbs:

CD45-PerCP (clone 2D1), CD71-APC-H7 (clone M-A712), Glycophorin A-PE (clone GA-R2 -HIR2) (all from

BD Biosciences, Franklin Lakes, NJ, USA). The CD45-PerCP (clone 2D1) was used to exclude leukocytes

in the analysis. Samples were then acquired on a BD FACSCanto II and analyzed with the FlowJoTM

v10.7 software.

METHOD DETAILS

RT-PCR, PCR analysis and primers

The total RNA fromcells was isolatedwithUltraspec or TRIsure (BIO-38032, BiolineUSA, Inc.,Memphis, TN,USA)

and this RNA (1 mg) was then reverse-transcribed using Improm-II reverse transcriptase (Promega, Madison, WI,

USA). Polymerase chain reaction (PCR) amplifications were performed using the Power SYBRGreen PCRMaster

Mix kit (Applied Biosystems, Foster City, CA, USA) in aQuantStudio5 (Applied Biosystems, Foster City, CA, USA)

with the primer sets indicated below. The data were analyzed with QuantStudio5 Design and Analysis Software

v1.4 (Applied Biosystems, Foster City, CA, USA). The following set of primers were used: Epo (forward 5’ -CAAA

GTAACTTCTATGCTTGGAAAA-30 reverse, 50-CAGGCCTTGCCAAACTTCTATG-30); Slc7a5 (forward 50-TTC
GCCACCTACTTGCTCAA-30, reverse 50-CCTTTACGCTGTAGCAGTTC-30); 28S (forward 50-GGTAGCCAAATG

CCTCGTCAT-30, reverse 50-GGATAGTAGGTAGGGACAGTGGGAAT-30). For amplification of murine genomic

region lacking Slc7a5 exon1 in ErGFPcre Slc7a5LoxP/LoxP mice the following primers were used forward 50-
GGCTCCTGGACTTATCTTGACCAATG-30 reverse, 50- GTGGTGCTTTGCTGAAGGCAGGG-30).19

Phenylhydrazine (PHZ) treatment, phlebotomy, rhEPO administration and temsirolimus

treatment

Phenylhydrazine hydrochloride (PHZ: Merck KGaA, Darmstadt, Germany) was prepared in PBS (pH 7.2) at

18 mg/mL and it was administered intraperitoneally (ip) in a single 40 mg/g dose. Phlebotomy was per-

formed by three consecutive submandibular punctures, each at an interval of 24h. Mice were treated
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with two doses PHZ 60 mg/g in two days or a dose of PHZ 80 mg/g for western blot and oxygen consumption

analysis respectively. These higher doses of PHZ results in blood samples in which a larger proportion of

red blood cells are reticulocytes. For the treatment with recombinant human EPO (rhEPO, Epoetina, Binoc-

rit), 200 U of rhEPO was administered by two consecutive days. Flow cytometry and RT-PCR analysis were

performed two days after the first injection. Temsirolimus (Sigma-Aldrich, St Louis, MO, USA) was solubi-

lized at a 4 mg/mL stock solution in DMSO. The following two days after PHZ treatment, mice were treated

by intraperitoneal (ip) injection with temsirolimus (20 mg/kg) each day or with the same volume of DMSO as

control. Flow cytometry analysis was performed the following day after temsirolimus treatment.

Hematological analysis

Blood was collected into EDTA K3-coated microcapillaries (Sarstedt Inc., Nümbrecht, Germany), and the

hematocrit (%), hemoglobin (g/dL), RBC count (x106 cells/ml), mean corpuscular volume (MCV, mm3) and

mean corpuscular hemoglobin (MCH, pg) was determined in an ABX Pentra 80 analyzer (Horiba Medical,

Madrid, Spain). A parallel RBC count was also performed using a cell counter (EVETM PLUS Automated cell

counter, Nanoentek, Guro-gu, South Korea). May-Grünwald-Giemza staining was performed as follows:

initial staining with May-Grünwald reagent (eosin, methylene blue, methanol, glycerol) for 5 min; after

the pigment was removed, Giemza staining (azure II, eosin, methanol, glycerol) was performed for

25 min. After washing and drying, cells were evaluated using a light microscopy with attached camera (Le-

ica DMC2900, Leica Biosystems; Germany).

Life imaging morphology cytometry (LIMC)

Fresh blood samples were aliquoted (20 mL) and mixed with PBS+ buffer (500 mL). The suspension PBS was

composed of NaCl (130 mM) and Na3PO4 (20 mM) supplemented with glucose (10 mM); hereinafter named

PBS+ buffer. These components were first dissolved in distilled water, then, pH was adjusted to 7.4, and

BSA was finally added under mild stirring (BSA 1 mg/mL). NaCl (Sigma-Aldrich, MO, USA), Na3PO4

(Sigma-Aldrich, MO, USA), Glucose (Riedel-de Haën, USA), BSA (Sigma-Aldrich, MO, USA). This enriched

physiological buffer does not contain exogenously added ATP but supports endogenous ATP-production

through glycolysis.77 The RBC suspensions were 3-fold centrifuged (5000 rpm for 10 min at room temper-

ature) and further rinsed in PBS+ buffer. The erythrocytes were concentrated and leukocyte and platelet

supernatants were separated from the pelleted fraction. The RBC pellet (20 mL) was resuspended prior

use in PBS+ buffer (480 mL). To prepare living RBC smears a drop of the diluted RBC suspension (10 mL)

was poured on a microscopy slide placed on the observation chamber (at 37�C), which was immediately

sealed with a cover glass to avoid evaporation and uncontrolled osmotic stress. No chromogenic staining

nor fluorescent staining were considered in order to preserve the RBCs in a living status. These living RBC

smears were processed for imaging immediately after preparation.

For life imaging morphology cytometry (LIMC), the living RBC smears were photographed using an in-

verted Nikon 80i microscope (Tokyo, Japan) in the phase contrast mode (PlanApo oil immersion objective

100x, N.A. 1.45, zoom telescope 1.5x). The LIMC platform was equipped with an ultrafast sCMOS camera

(FastCAM SA3, Photron, Tokyo, Japan; 200 kfps maximal rate, 1 Mpixel; 12 Gbytes RAM). LIMC is a cyto-

metric in vitro tool allowing to assess morphological living cell phenotypes to gain quantitative apprecia-

tion on cell size and shape heterogeneities as appeared in physiological milieu. Per each RBC phenotype

we scanned more than ten different smear emplacements in at least three slides. For image post-process-

ing: 3D-cell rendering, we detected each RBC specimen by using a binary image segmentation approach,

followed by a detailed morphological analysis of the segmented components. All the scripts were con-

structed in Wolfram Language.78 A soft noise reduction step was first performed by processing the raw im-

ages through of a Gaussian kernel (two pixels radius). This pre-filtering is followed by an intensity rescaling

to cover the range from 0 to 1. The segmentation process started with the detection of the phase contrast

halo surrounding each cell, defined as the positions of the pixels whose intensities locate in the upper quar-

tile of the intensity histogram. Then, a binary segmentation of the color negated image was performed by

using the Kapur’s histogram entropy minimization method (Kapur et al., 1985). In order to reliable morpho-

logical analysis, a filling transform of the binarized components were performed, discarding small compo-

nents as well as any element in the border of the image.79 Finally, the binary mask was applied to the orig-

inal image.

For each single RBC both morphological (projected area, perimeter, elongation and circularity) and optical

(mean intensity, entropy and SD) properties were extracted. Some representative specimens were selected
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for image post-processing in which a pseudo-3D reconstruction is performed allowing better visualization

of the real cell volume as rendered from 2D images. The algorithm is based on a relief image where x-y im-

age intensities represent z elevations. For better description of the central concavity of the discocytes, we

exploit 3D-rendering that combines the raw image for the external area and its negative for the central re-

gion. Morphological and size parameters were expressed as populational means and their standard devi-

ations determined for size different animals per phenotype.

Amino acid uptake assay

Circulating CD71HI/Ter119HI reticulocytes were isolated from whole blood of PHZ-treated control and

ErGFPcre Slc7a5LoxP/LoxP mice by using the EasySep Release Mouse Biotin Positive Selection Kit and the

EasySep Magnet (17,655, 18,000, StemCell Technologies, Vancouver, Canada) according to the manufac-

turer’s instructions. Briefly, approximately 1x108 cells were incubated with a Biotin anti-mouse CD71 Anti-

body (2 mg/mL dilution: 113,803, BioLegend, San Diego, CA, USA) and streptavidin-coated magnetic par-

ticles. Circulating CD71HI/Ter119HI reticulocytes cells were positively selected and resuspended in RPMI

1640 Medium (Gibco, Carlsbad, CA, USA). For amino acid uptake assay cells were switched to RPMI

1640 Medium diluted 1/10 into RPMI 1640 Medium w/o Amino Acids (US Biological, Swampscott, MA,

USA) in order to dilute cold L-phenylalanine to a final concentration of 9.1 mmol/L. The 3H-radiolabeled

amino acid L-phenylalanine (PerkinElmer, Waltham, MA, USA) was added (0.5 mCi/mL) at a final extracel-

lular concentration of 5 mmol/L. Amino acid uptake was measured after an o/n incubation at 37�C. Uptake
was stopped by addition of 20 mmol/L cold L-Leu to quench L-System. Then, cells were harvested onto

glass-fiber filter using a Tomtec 96-well parallel harvester (Tomtec, Hamden, CT, USA). B-radioactivity

was counted in a Beckman LS 6500 Multi-Purpose Scintillation Counter (Beckman Coulter, Fullerton,

CA, USA).

Oxygen consumption measurements

Oxygen consumption rate was measured through a glucose-based mitostress test in an XF-96 Extracellular

Flux Analyzer (Seahorse Bioscience) in 6.5x106 red blood cells from PHZ-treated control and ErGFPcre

Slc7a5LoxP/LoxP mice. Three consecutive mix and measure steps were performed for resting conditions

and after each injection (3 min each). Cells were cultured in DMEMmedium (D5030, Sigma Aldrich) supple-

mented with 2 mM sodium pyruvate, 2 mM L-glutamine and 25 mM glucose) followed by the addition of

oligomycin (2.5 mM), fluoro-carbonyl cyanide phenylhydrazone (FCCP; 3 mM) in order to measure maximal

oxygen consumption, and finally rotenone/antimycin A (4 mM each).

Flow cytometry

Spleen fragments were filtered through sterile 70 mmpore cell strainers (431,751, Corning Inc., Nueva York, NY,

USA). Splenic and/or peripheral blood cells were suspended in PBS (PBS) supplemented with 1% fetal bovine

serum (FBS) and 1% EDTA 0.5M. For the flow cytometry analysis, cells were stained with anti-mouse CD16/

CD32 (1:100 dilution: 70–0161, Tonbo Biosciences, San Diego, CA, USA) and Hoechst 342 (:10,000 dilution:

H33342 B2261, Sigma-Aldrich, St. Louis, MO, USA). For SLC3A2 flow cytometry analysis in the different

erythroid cell populations the following antibodies (diluted 1:100) were used: (PE)-conjugated anti-mouse

CD71 (553,267, BD Pharmingen, Franklin Lakes, NJ, USA); Biotin anti-mouse TER-119 (30-5921-U500, Tonbo

Biosciences, San Diego, CA, USA); APC-conjugated SLC3A2 (CD98) (4F2: 128,211, 128,213, BioLegend, San

Diego, CA, USA); APC-conjugated IgG (400,526, BioLegend, San Diego, CA, USA). To detect the Biotin

anti-mouse TER-119 antibody, Alexa Fluor 488-conjugated streptavidin (S32354, Invitrogen, Waltham, MA,

USA) was used at a 1:200 dilution. For combined SLC3A2 and DRAQ5 flow cytometry analysis, cells were

stained with (PE)-conjugated anti-mouse CD71 (1:100 dilution), Biotin anti-mouse TER-119 (1:100 dilution),

PE/Cy7-conjugated SLC3A2 (CD98) (1:100 dilution: 4F2: 128,211, 128,213, BioLegend, San Diego, CA, USA),

IgG Pe-Cy7 IgG (1:100 dilution: 400,526, BioLegend, San Diego, CA, USA) and DRAQ5 (1:5,000 dilution:

62,251, Thermo Fisher, Waltham, MA, USA). To detect the Biotin anti-mouse TER-119 antibody, Alexa Fluor

488-conjugated streptavidin (1:200 dilution) was used. For TMRM analysis, (APC)-conjugated anti-mouse

CD71 (1:100 dilution: 567,258, BD Pharmingen, Franklin Lakes, NJ, USA); Biotin anti-mouse TER-119 and tetra-

methylrhodamine methyl ester probe (TMRM, 200 nM: T668, Thermo Fisher, Waltham, MA, USA) were used.

The Biotin anti-mouse TER-119 antibody was detected using Alexa Fluor 488-conjugated streptavidin (1:200

dilution). ForMitoTrackerGreen analysis, (PE)-conjugated anti-mouseCD71 (553,267, BD Pharmingen, Franklin

Lakes, NJ, USA); Biotin anti-mouse TER-119 and MitoTracker Green FM (MitoTracker Green, 20 nM: T668,

Thermo Fisher, Waltham, MA, USA) were used. To detect the Biotin anti-mouse TER-119 antibody, Pacific

Blue-conjugated streptavidin (S11222, Invitrogen, Waltham, MA, USA) was used at a 1:200 dilution. For
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Phospho-S6 Ribosomal Protein analysis, cells were first fixed with Paraformaldehyde (PFA) 1% and Glutaralde-

hyde 0.0075% for 10 min. Then, cells were permeabilized with 0.005% saponin for 10 min. After the fixation and

permeabilization protocol, cells were stained with (PE)-conjugated anti-mouse CD71 (1:100 dilution), Biotin

anti-mouse TER-119 (1:100 dilution), Pacific Blue-conjugated Phospho-S6 Ribosomal Protein (Ser235/236)

(1:100 dilution: 8520S, Cell Signaling Technology, Danvers, MA, USA) and DRAQ5 (1:5,000 dilution). The Biotin

anti-mouse TER-119 antibody was detected using Alexa Fluor 488-conjugated streptavidin (1:200 dilution). Cell

fluorescence was analyzed on a FACSCanto� II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), and

the data were analyzed with the BD FACSDiva� software and BD FlowJo� v10.7 software. Histograms are

normalized to mode.

Serum EPO measurement

EPO was measured in serum samples under basal conditions, as well as in PHZ-treated mice, with a Mouse

Erythropoietin ELISA Quantikine Immunoassay kit (MEP00B, R&D Systems, Minneapolis, MN, USA). Serum

samples from basal conditions were diluted 1/3 with RD6Z calibrator diluent and those from PHZ-treated

mice 1/15. Each dilution was incubated overnight with the RD1W assay diluent in polystyrene microplates

precoated with a monoclonal antibody specific for mouse EPO and thereafter the manufacturers’ protocol

was followed. Optic density was measured on a Spectra MR spectrophotometer (29,010, Dynex Technolo-

gies, Chantilly, VA, USA).

Western blot analysis

Cells were lysed in Laemmli buffer, and the non-heated protein extract was resolved on 10% SDS-polyacryl-

amide gels and transferred to 0.45 mm nitrocellulose membranes. The membranes were then blocked and

probed with antibodies against: LAT1 (SLC7A5) (ANT-105, Alomone Labs, Jerusalem, Israel); b-actin

(A3854, Sigma-Aldrich). Antibody binding was detected by enhanced chemiluminiscence (Clarity,

BioRad; and Super-Signal West Femto Maximum Sensitivity Substrate, Thermo Fisher, Waltham, MA,

USA) and visualized on a digital luminescent image analyzer (Image Quant LAS4000 Mini; GE Healthcare,

Chicago, IL, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data were expressed as the mean G SEM (SEM). Statistical analysis was performed using one-way

ANOVA followed by Tukey’s post hoc test when comparing three groups or two-tailed Student’s t test

with Welch’s correction when comparing two groups. All statistical analyses were performed using

GraphPad Prism software (San Diego, CA, USA).
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